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ABTRACT 

The microtubule (MT) cytoskeleton plays multiple functions in plant morphogenesis and 

development including cell division, expansion, hormonal signaling, and response to biotic and 

abiotic stress. During these diverse processes, the primary role of MTs is to modulate cell wall 

structure and to direct intracellular movement of organelles that mainly depend on MT 

organization. In meristematic cells, MT organization system is continuing by the MT 

organization at cell cortex called cortical MT (CMT) array and in cytoplasm called endoplasmic 

MT (EMT). The mechanism underlying microtubule organization in plants has been primarily 

studied using the CMTs array, which lines the plasma membrane and configures the cell wall 

properties that define plant cell shape. Much less is known about EMTs, which radiate from the 

nuclear envelope and attach end-on to the plasma membrane, and are abundant in meristematic 

cells. By studying two mutants having meristematic defects in root tip clasp-1 and knt1-2, I 

found that EMTs appeared to maintain cells in a meristematic state by providing a structural 

scaffold that stabilized the cytoplasm to counteract actomyosin-based cytoplasmic streaming 

forces, thereby preventing premature establishment of a central vacuole and rapid cell 

elongation. Besides actin filaments, the function of MT orientation in intracellular movement of 

organelles is necessary for many cellular functions. In plants which generate their own food 

supply and energy from light, water and carbon dioxide by photosynthesis, the photorelocation 

movement of chloroplast (CP) to optimize the photosynthesis efficiency is essential. CP 

movement is believed to be driven mainly by the actin cytoskeleton, but the participation of MTs 

is currently under debate. By using high-resolution live-cell imaging of MTs during the CP 

avoidance response, I found evidence that the CMT orientation is important for the CP 

movement. CP light avoidance movement was significantly affected by MT inhibitors, and 

changed corresponding to different CMT orientations. The movement of CPs was guided by 

minus-ends of treadmilling CMTs to travel from the periclinal wall to the anticlinal wall in long 

distance. It suggests that CMTs might function directly as tracks for stable and long-distance 

movement of CPs or indirectly by interacting with actin in CP movement. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1.0. Microtubule structure and dynamics 

1.0.1. Microtubule structure  

Microtubules (MTs), one of the cytoskeleton systems, are composed of α- and β-tubulin 

subunits to form a hollow cylindrical structure (Little and Seehaus, 1988; Mohri, 1968) (Fig 1.1). 

In Arabidopsis thaliana, there are six α-tubulin and nine β-tubulin genes which encode several α- 

and β-tubulin isoforms (Kopczak, 1992; Snustad, 1992). While α-tubulin proteins are highly 

similar (Kopczak, 1992), the β-tubulin proteins are variable at C-terminal regions (Snustad, 

1992) with different posttranslational modifications, which provides β-tubulin proteins a 

potential to bind partners (Elliott and Shaw, 2018a; Parrotta et al., 2014). The α- and β-tubulin 

proteins are simultaneously translated in a large chaperone complex that belongs to the PILZ 

gene family in Arabidopsis (Szymanski, 2002). The chaperone folds α- and β-tubulin 

polypeptides into heterodimer forms in the presence of GTP (Steinborn, 2002). Both α- and β-

tubulin have GTP-binding sites. The α-tubulin GTP-binding is stable within the heterodimer 

(Spiegelman et al., 1977). The β-tubulin GTP-binding site is exposed, which permits GTP 

hydrolysis and ATP exchange (Weisenberg et al., 1976).  

A microtubule usually is a set of 13 linear protofilaments comprising of α/β-tubulin 

heterodimer subunits assembled into a 25 nm-diameter lattice structure (Amos and Klug, 1974; 

Cote and Borisy, 1981; Ledbetter and Porter, 1964) (Fig 1.1B, D & E). There are two types of 

MT lattice structures, which depend on the interaction between the subunits of lateral 

protofilaments. The α-type lattice is formed from the interaction between adjacent α- and β-

tubulin subunits of lateral associated protofilaments, while the β-type lattice is formed from the 

interaction of the same kind of subunits (α-tubulin subunits, β-tubulin subunits) of lateral 

associated filaments. The β-type lattice is the primary arrangement within MTs (Nogales, 2000) 

(Fig. 1.1C). The α-tubulins are exposed at the minus-end and β-tubulins at plus-end of the 

polymer (Allen and Borisy, 1974) (Fig. 1.1D).   
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Figure 1.1. MT structure and composition 

(A)  A tubulin heterodimer of α-tubulin and β-tubulin subunits. 

(B)  A protofilament comprised of tubulin heterodimers. 

(C)  The 2D β-type lattice is formed from the inter-dimer interactions between adjacent 

protofilaments.  

(D)  The microtubule 3D cylindrical structure with the α-tubulins at the minus (-) end and the 

β-tubulins at the plus (+) end of microtubule. 

(E)  Microtubule view from top end with the hollow core 25-nm diameter resulting from the 

assembly of 13 protofilaments.  
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1.0.2. MT dynamic instability 

Microtubules are highly dynamic, meaning they alternate between states of growth 

(polymerization) and shrinkage (depolymerization). This phenomenon is called dynamic 

instability (Mitchison and Kirschner, 1984). The transition from growth to shrinkage is called 

catastrophe, and the transition from shrinking to growth is called rescue. During this, tubulin 

subunits dynamically assemble and disassemble from the plus-end of MT protofilaments (de 

Forges et al., 2012) (Fig 1.2). 

Guanine nucleotide molecule (GTP - Guanine Triphosphate) bound to the β-tubulin subunit is 

the predominant determinant in dynamic instability. GTP molecules are bound to each α- and β-

tubulin subunit. The GTP-bound α-tubulin subunits are stable while the GTP-bound β-tubulin subunits 

can be hydrolyzed. GTP hydrolysis reaction is a process when γ-phosphate bond in GTP is catalyzed, 

and releases GDP (Guanine Diphosphate) and Pi (Inorganic phosphate) (Fig. 1.2A). The GTP-bound 

β-tubulins are head-to-tail within the protofilament (Löwe et al., 2001; Nogales et al., 1998) and 

GTP is hydrolyzed shortly after being added to the polymer (Desai and Mitchison, 1997). At a 

stable state, the protofilament is almost straight because lateral interactions between GTP-tubulin 

subunits provide the force that holds these molecules together (Nogales and Wang, 2006; Wang 

and Nogales, 2005). However, a subtle change in the lateral interactions between the 

protofilaments can trigger microtubule disassembly (Fig 1.2B).  

MT polymerization occurs when GTP-tubulin dimers incorporate onto the end of 

protofilaments. The protofilaments then bind laterally to each other to form a two-dimensional sheet 

structure, which ultimately forms into a tubular structure (Chrétien et al., 1995; Mandelkow et al., 

1991) (Fig 1.2 C). The assembly of GTP-tubulin dimers at the polymerization end generates a 

GTP-cap. In MT depolymerization, the hydrolysis of GTP to GDP changes the interface 

conformation of the tubulin dimers (David-Pfeuty et al., 1977; Nogales et al., 1999), and releases 

the energy, which induces the compaction of α-tubulin subunits in the lattice structure of the 

MTs. The compaction promotes a curved conformation of protofilaments, causing them to bend 

outward and away from the wall of the MT (Alushin et al., 2014; Mandelkow et al., 1991; Zhang 

et al., 2015) (Fig. 1.2B & C). When the rate of GTP hydrolysis exceeds the number of new 

dimers, the GTP-cap is lost, leading to MT depolymerization or shortening (Caplow and Shanks, 
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1996; Carlier et al., 1987; Drechsel and Kirschner, 1994; O’Brien et al., 1987) (Fig 1.2C). MT 

rescue, where the MT stops depolymerizing and recovers growth, was proposed to occur when 

new GTP-bound tubulin subunits are incorporated into the ends of depolymerizing 

protofilaments to reestablish the GTP-cap (Bayley et al., 1990; Erickson and O’Brien, 1992). 

The GTP-bound tubulin dimer concentration is considered to contribute in rescue events. The 

observations using GTP-tubulin antibody found the presence of free GTP-bound tubulin at the 

sites of rescue events, which might contribute to reestablish the GTP-cap at shortening ends 

(Dimitrov et al., 2008).  

The dynamics of the MT minus-end, which grows more slowly, was initially proposed to 

be regulated by the inconsistency of the GTP-cap model. In this model, the minus-ends are 

thought to lose their GTP-cap more frequently than the plus-ends, so they are more likely to 

depolymerize than the growing plus-ends (Horio and Hotani, 1986). However, observations 

using video microscopy of living cells indicates that the opposite is true (Walker et al., 1988). 

Additionally, the newly exposed minus-end released from MT severing is quite stable because it 

used to be the middle part of a stable preexisting MT (Tran et al., 1997). After MT severing, new 

plus-ends and minus-ends are created with the predominant accumulation of GDP-bound tubulin 

subunits. From the GTP-cap model, both new MT ends are inclined to depolymerize. However, 

this is for only MT plus-ends. The minus-ends show very little dynamic activity or rapid 

depolymerization after severing (Dammermann et al., 2003; Elliott and Shaw, 2018a; Rodionov, 

1997; Waterman-Storer and Salmon, 1997). 

Steady polymerization at the plus-end coupled with the slow depolymerization of minus-

ends is called “treadmilling” (Fig. 1.2D), and was discovered from observations of purified MTs 

in vitro (Margolis and Wilson, 1978). Steady polymerization in treadmilling has been observed 

in the cell cortex of plant pavement cells (Ehrhardt and Shaw, 2006; Shaw, 2003). That the 

newly severed plus-ends usually move in a treadmilling pattern requires for the reorientation of 

CMT array (Shaw, 2003, 2013). 
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Figure 1.2. MT dynamic instability 

(A) GTP-tubulin is hydrolyzed into GDP-tubulin in GTP hydrolysis reaction. 

(B)  Straight conformation of a GFP-tubulin assemble turns into curved conformation after 

GTP hydrolysis (red arrows point at position of GTP-hydrolysis reaction along protofilament). 

(C)  MT polymerization with GTP-cap and MT depolymerization without GTP-cap. MT 

catastrophe and rescue occurs when MT polymerization switches to depolymerization and vice 

versa, respectively.  

(D)  Treadmilling occurs when the MT plus-end grows and MT minus-end shortens 

simultaneously.  
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1.1. Regulators of MT dynamics and array orientation 

1.2.1. MAPs 

MT dynamic instability and orientation are regulated by the activities of microtubule-

associated proteins (MAPs). MAPs were first identified as proteins co-purifying with MTs in 

vitro after several cycles of polymerization and depolymerization (Lloyd and Hussey, 2001). 

Recently, MAPs have been found to co-localize and associate directly or indirectly with MTs in 

vivo. MAPs have a wide range of functions. Some MAPs destabilize MTs, either by severing or 

promoting depolymerization of tubulin from MT ends, while others bind to MTs and increase 

MT stability or promote inter-MT interactions (Sedbrook, 2004a) (Fig. 1.3).  

A group of MAPs, called plus-end tracking proteins (+TIPs), localize specifically to 

growing MT plus-ends. END-BINDING1 (EB1), one of the +TIP proteins, binds GTP-bound 

tubulin in the lattice (Maurer et al., 2011), stabilizes MT plus-ends, and promotes MT growth 

(Rogers et al., 2002; Tirnauer et al., 2002). Furthermore, EB1 has been proposed to function in 

attracting and gathering other regulatory proteins at the MT plus-end (Lansbergen and 

Akhmanova, 2006). In Arabidopsis thaliana, there are three homologs of EB1: EB1a, EB1b, and 

EB1c. EB1a was found to localize at both MT plus- and minus-ends (Chan et al., 2003). The 

minus-end localization of EB1a was only observed in this study, which used transient 

overexpression in Arabidopsis suspension cells. Other studies using stable transgenic lines 

expressing EB1a under its native promoter have not reported any minus-end binding (Dixit and 

Ross, 2010; Dixit et al., 2006, 2009; Honnappa et al., 2009). It is an interesting finding that needs 

further observation in Arabidopsis seedlings expressing the specific promoter of EB1 since 

transient overexpression might cause positive-false artifact. EB1b shows enrichment at MT plus-

ends and organelle membranes. EB1c is localized to the nucleus during interphase (Mathur et al., 

2003). The triple mutant lacking all three EB1s only shows a mild phenotype (Bisgrove et al., 

2008), which suggests other proteins replace the plus-end tracking function in the absence of 

EB1 (Galva et al., 2014).  

CLIP 170-ASSOCIATED PROTEIN (CLASP) is another conserved +TIP that is a 

multifunctional protein. CLASP contains a MT-binding site called a TOG-domain, which 
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enables binding and capping of MT plus-ends to stabilize MTs and promote rescue events (Al-

Bassam and Chang, 2011; Al-Bassam et al., 2010; Kumar and Wittmann, 2012). In Arabidopsis 

thaliana, CLASP localizes in punctate pattern along the MT lattice with only moderate 

enrichment at plus-ends, where it is found slightly behind EB1 (Kirik et al., 2007). The CLASP 

loss-of-function mutant, clasp-1, is hyper-sensitive to Oryzalin, a MT-disrupting drug, 

supporting the role of  CLASP in stabilizing MTs (Ambrose et al., 2007). CLASP was also found 

to limit catastrophe events during interphase MT array organization by stabilizing CMT 

anchoring at the cell edges (Ambrose and Wasteneys, 2008; Ambrose et al., 2011).  

The conserved XMAP215 family, one group of MAPs, which localizes at tubulin dimers 

and growing MT plus-ends, function in supporting microtubule nucleation and inducing MT 

assembly and disassembly (Al-Bassam and Chang, 2011; Hamada, 2007, 2014a). Proteins 

belonging to this group also contain the TOG-domain but their functions are different from the 

CLASP family. CLASP proteins bind and stabilize the MT plus-ends by suppressing MT 

disassembly, whereas XMAP215 proteins bind to MT plus-ends and act as MT polymerase, both 

in the acceleration of MT polymerization and depolymerization in low tubulin concentrations 

(Al-Bassam and Chang, 2011). In Arabidopsis thaliana, MOR1 (MICROTUBULE 

ORGANIZATION1), the only XMAP215 ortholog in the genome, contains five TOG-domains 

(Whittington et al., 2001). MOR1 promotes MT plus-end growth and shrinkage, and reduces the 

frequency of plus-end pausing (Kawamura, 2005; Kawamura and Wasteneys, 2008). MOR1 loss-

of-function mutant mor-1 fails to form parallel MT arrays (Whittington et al., 2001) and has 

decreased MT growth and rate of shrinkage (Kawamura and Wasteneys, 2008). This indicates 

that the suppression of MT dynamics might limit MT interaction during MT reorganization.  

The MAP65/Ase1/PRC1 family of conserved MAPs contribute to MT bundle formation 

by crosslinking antiparallel MTs (Chang-Jie and Sonobe, 1993; Smertenko et al., 2000). 

Furthermore, MAP65-bound MTs are more flexible than free MTs, which indicates that MAP65 

is involved in the modification of MT mechanical properties (Portran et al., 2013). The modified 

MT is required for angle-dependent bundle formation, which is important for MT arrangement 

into cortical arrays in plant cells (Dixit, 2004; Dixit and Cyr, 2004; Eren et al., 2015). 
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SPIRAL1 (SPR1) and SPR1-LIKE are MAPs identified from a screen for root-skewing 

mutants (Furutani et al., 2000). Root skewing results from helical organ growth and is a common 

MT-related phenotype. SPR1 can bind MTs directly in vitro and in vivo or indirectly via binding 

with EB1b in vivo. SPR1 functions in increasing plus-end dynamics and frequency of MT rescue 

even without EB1b (Galva et al., 2014). SPR1 tracks growing MT plus-ends and functions in 

controlling cell expansion in Arabidopsis thaliana (Nakajima et al., 2004; Sedbrook, 2004b). 

SPR2 and SPR2-LIKE proteins localize at both MT plus- and minus-ends, as well as to the MT 

cross-over sites and along MT lattices (Fan et al., 2018). SPR2 was initially reported to promote 

MT polymerization by suppressing the pause state of MTs in vitro (Yao et al., 2008).  Recently, 

SPR2 was found to function in stabilizing MT minus-ends. The reduction of severing events in 

spr2 mutants suggested that the SPR2-stabilized minus-ends are more likely to cross over the 

existing MTs (Fan et al., 2018). Two additional plant-specific MAPs, GROWING PLUS-END 

TRACKING1 (GPT1) and GPT2 were identified with plus-end-tracking ability independent 

from EB1 and SPR1 protein (Wong and Hashimoto, 2017). The function and effect these 

proteins have on MT dynamics has not been identified. 

Kinesin motor proteins are another class of MAPs that, in addition to their motility 

functions, can influence microtubule dynamics by destabilizing and bundling MTs (Hamada, 

2014b). Kinesin typically destabilizes MTs by promoting catastrophe events. Various members 

of the kinesin family have been found to function in MT depolymerization in animals and fungi 

(Vaart et al., 2009). Kinesin-13 has a high affinity to bind and depolymerize curved 

protofilaments, and the 3D structure of kinesin-13 protein fits well to the region of curved 

protofilament of disassembling MTs. Accordingly, kinesin-13 was proposed to promote MT 

catastrophe by creating a curved conformation of protofilament (Moores et al., 2002; Newton et 

al., 2004). Similar to kinesin-13 in animals and fungi, the Arabidopsis kinesin-13A functions in 

MT disassembly both in vitro and in vivo (Walczak et al., 2013). Kinesin-13A is recruited to the 

plasma membrane of xylem cells by MIDD1 (MICROTUBULE DEPLETION DOMAIN1), a 

plant-specific MAP interacting with active ROP GTPase at the plasma membrane. In secondary 

wall pits, it interacts with MIDD1 to promote depolymerization of cortical microtubules at 

regions where cell wall pits are forming (Oda and Fukuda, 2013).  
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Arabidopsis thaliana Kinesin 5 (ATK5) belongs to the kinesin-14 family, which tracks 

MT plus-ends but functions as a minus-end motor (Ambrose et al., 2005). ATK5 was found to 

localize to the encounter position of two MTs and promotes MT bundling formation in vitro 

(Ambrose and Cyr, 2007). ATK5 loss-of-function mutant exhibits defects in spindle formation in 

mitosis. Therefore, ATK5 was proposed to function in binding antiparallel MTs and promoting 

MT bundling, which promotes the proper formation of MT spindles (Ambrose and Cyr, 2007).  

KCBP (kinesin-like calmodulin-binding protein) is unique in the kinesin family by 

containing a calmodulin-binding domain (CBD) and a MyTH4-FERM tandem binding both MT 

and actin (Oppenheimer et al., 1997; Reddy et al., 1996; Song et al., 1997). The MyTH4 binds 

MTs and CBD induces MT bundling under regulation of Calmodulin (Kao et al., 2000). KCBP 

has been found to localize in all plant tissues and function in mitosis (Bowser and Reddy, 1997; 

Buschmann et al., 2015; Kao et al., 2000; Smirnova et al., 1998) and trichome morphogenesis 

(Mathur, 2000; Oppenheimer et al., 1997; Preuss, 2003; Reddy and Day, 2000; Tian et al., 2015). 

In mitosis, KCBP localizes in preprophase band, mitotic spindle, and phragmoplast (Bowser and 

Reddy, 1997). KCBP was found to function in stabilizing MT plus-ends and connect 

kinetochore-fibers to sister chromosomes in anaphase (Smirnova et al., 1998). KCBP predicts the 

cortical division zone throughout mitosis and guides the expanding of phragmoplast from the 

cortical sites by interacting with AIR9 (Auxin-Induced in Root cultures 9) (Buschmann et al., 

2015). 

1.2.2. MAPs controlling MT nucleation and severing  

Spontaneous nucleation of MTs occurs when a critical concentration of GTP-bound 

tubulin dimers is reached in purified solutions of tubulin in vitro (Carlier et al., 1987). In vivo, 

MT nucleation can occur spontaneously, but is predominately generated by γ-tubulin ring 

complexes (γ-TuRCs) (Zheng et al., 1995) (Fig. 1.3). In Arabidopsis, the γ-tubulin ring 

complexes are comprised of γ-tubulin and five complex proteins (GCP2 (Gamma-tubulin 

complex protein 2) to GCP6), which assemble 13 γ-tubulins at positions matching with the 

protofilament arrangement in the microtubule lattice (Hashimoto, 2013). The γ-tubulin face 

associates with the α-tubulin face of the dimer on the protofilament, causing lateral contacts 

between protofilaments, which results in a new polymer growing at the exposed β-tubulin ends. 



 

10 

 

In plant cells, MT nucleation can occur freely at the plasma membrane (Chan et al., 2003), along 

existing MTs, at the nuclear surface (Erhardt et al., 2002), in the spindle (Dhonukshe, 2006), and 

in the phragmoplast (Smertenko et al., 2011).  

MTs nucleated from the existing MT are eventually severed from the γ-TuRC by 

KATANIN, another MAP protein (Nakamura et al., 2010) (Fig. 1.3). KATANIN is an AAA 

ATPase severing protein formed from catalytic p60 and regulatory p80 subunits (Hartman, 

1999). KATANIN p60 and p80 are highly conserved in animal, higher plants, and protozoa. 

Many organisms, including Drosophila melanogaster and humans, also contain additional 

katanin-p60-like (katanin-like) proteins (Roll-Mecak and McNally, 2010; Sharp and Ross, 2012). 

The other two MAPs having severing activity related to KATANIN are SPASTIN and 

FIDGETIN. They are found in animals but not in plants (Roll-Mecak and McNally, 2010).  

In Arabidopsis, KATANIN has a single KATANIN p60 and four KATANIN p80 

homologs (Bouquin et al., 2003; Keech et al., 2010). KATANIN severing activity at branching 

nucleation sites is regulated by the RHO OF PLANTS6 (ROP6)-signaling pathway (Lin et al., 

2013). The effector of ROP6, ROP-INTERACTING CRIB-CONTAINING PROTEIN1 (RIC1), 

physically interacts and stimulates the severing activity of KATANIN (Lin et al., 2013). Besides 

MT severing at nucleation sites, KATANIN binds and severs at MT crossover sites (Lindeboom 

et al., 2013; Wightman et al., 2013; Zhang et al., 2013). KATANIN activity at crossover sites is 

controlled by another MAP, called SPIRAL2 (SPR2) (Wightman et al., 2013). SPR2 binds to 

MT crossover sites to stabilize these crossovers and prevent severing. When SPR2 localization 

along the MTs rapidly changes, the crossover sites were more likely exposed to KATANIN 

binding and severing (Wightman et al., 2013). 
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Figure 1.3. CMT behaviors along plasma membrane and localization of relevant MAPs.  

Both MT plus-end and minus-end undergo dynamic instability including growth (brown arrows) 

and shortening (dark arrows) (the arrow lengths indicates the relative velocities). The MT plus-

end (+TIPs) and minus-end tracking proteins localize at growing ends and prevent 

depolymerization. MTs initiate from the existing MTs by γ-TuRCs at certain angles and the new 

MTs released from the existing MTs by severing activity of KATANIN. The severing activity 

also occurs at MT cross-over sites. MTs that encounter the existing MTs at a shallow angle leads 

to MT zippering and bundling by MT bundling proteins. Adapted from (Sedbrook and Kaloriti, 

2008). 

 

1.2. MT organization and function in plant cells 

In plant cells, MT organization with specific function changes in different stages of their 

cycle (Wasteneys, 2002). Changes in MT dynamic instability parameters, MT nucleation, and 

severing position creates specific MT lengths and dynamicity for MT reorganization between 
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stages (Dhonukshe and Gadella, 2003; Sedbrook, 2004a). In interphase cells, the MT system 

exists as a network of cortical microtubules (CMTs) lining the plasma membrane and as 

endoplasmic microtubules (EMTs), which connect the nuclear envelope and plasma membrane. 

Before entering mitosis, CMTs reorganize into a narrow ring called the preprophase band (PPB). 

The PPB encircles the nucleus and predicts the future site of the division plane (Pickett-Heaps 

and Northcote, 1966). During pro-metaphase, the PPB disappears and MTs form into the mitotic 

spindle. The position of the PPB is “memorized” throughout mitosis and recruits factors 

necessary to guide the cell plate to the former PPB site during cytokinesis (Rasmussen et al., 

2011; Van Damme, 2009). The cell plate is constructed by the phragmoplast, which guides 

vesicles containing cell wall materials to the expanding cell plate for separating the newly 

formed daughter cells (Bao et al., 2001; Jürgens, 2005; Lucas and Shaw, 2012; Müller et al., 

2009). After exiting cell division, CMTs reorganize into varied cell-type dependent 

configurations. For example, parallel CMT arrays along the transverse axis promote elongation 

along the longitudinal axis, while random/mixed CMT arrays lead to isotropic expansion of the 

cell.  

The microtubule cytoskeleton plays multiple functions in plant development (cell 

division and expansion), and environmental responses (biotic and abiotic stress). During these 

diverse processes, the primary role of MTs is to modulate cell wall formation and structure. The 

involvement of MTs in plant cell morphology and growth was inferred from drug studies even 

before MTs had been seen (Green, 1962; Hepler, 1964; Ledbetter and Porter, 1964). MTs 

influence cell wall formation in three ways: first, by forming the phragmoplast to build and direct 

the cell plate during cytokinesis; second, by ensuring efficient delivery of cellulose synthase 

complexes (CSCs) into the plasma membrane by anchoring CSC-loaded Golgi vesicles (Chan et 

al., 2010; Crowell et al., 2011; Gutierrez et al., 2009); and third, by guiding the trajectories of the 

CSCs as they extrude the new cellulose microfibrils into the cell wall (Baskin, 2005).  

1.2.1. Cortical microtubule behaviors in plant cells  

In recent years, live-cell imaging and fluorescent protein marker methods have been used 

to understand how MTs behave and organize at the plant cell cortex. Despite lacking defined 

organizing centers such as centrosomes, plant CMTs exhibit self-organization, which results 
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from the interactions between individual MTs (Dixit and Cyr, 2004). CMTs initiate at the cell 

cortex from γ-TuRCs mostly with existing MTs (Murata and Hasebe, 2007; Nakamura and 

Hashimoto, 2009; Nakamura et al., 2010; Shaw, 2003). New CMTs initiate at a 40° angle to the 

mother MT (branched nucleation) or in parallel with the mother MT (intrabundle nucleation) 

(Kirik et al., 2012; Murata and Hasebe, 2007; Nakamura and Hashimoto, 2009; Nakamura et al., 

2010). MT minus-ends remain anchored to the nucleation sites until released by KATANIN-

dependent severing at the nucleation sites (Chan et al., 2003; McNally et al., 1996; Stoppin-

Mellet et al., 2006). The nucleation sites and angle-dependent nucleation are known to contribute 

to the organization of the CMT array (Ehrhardt, 2008). After released by KATANIN severing, 

MTs treadmill along the plasma membrane with biased polymerization of MT plus-ends and 

slow depolymerization of MT minus-ends. Treadmilling causes a significant amount of MT-MT 

interactions, which leads to different MT arrangements depending on the angle of the encounter 

between the interacting MTs. If a growing CMT plus-end encounters an existing CMT at the 

angle less than 40°, the MT will grow alongside the existing MT to form a bundle in a process 

called zippering (Dixit and Cyr, 2004; Ehrhardt, 2008; Ehrhardt and Shaw, 2006). Vice versa, 

when the MT encounter angle is more than 40°, the growing CMT plus-end will either cross over 

the barrier MT, or it will undergo catastrophe and depolymerize (Chi and Ambrose, 2016; Dixit 

and Cyr, 2004; Wightman and Turner, 2007). The outcomes of these CMT interactions have 

been shown to be highly dependent on the degree of lateral anchoring of the polymerizing CMTs 

plus-ends to the plasma membrane, where a loosely anchored plus-end is more free to bend, 

bundle, and cross over the barriers it encounters (Allard et al., 2010; Chi and Ambrose, 2016; 

Mirabet et al., 2018; Wasteneys and Ambrose, 2009).  

The degree of CMT bundling facilitates the orientation of MT polymerization and 

increases the persistence of MTs along a given track at the cell cortex (Shaw and Lucas, 2011). 

This spatiotemporal persistence of CMT bundles is important for modulating cell wall 

patterning, particularly given that the cellulose synthase complexes move at 1/3 the velocity of a 

treadmilling MT (Lucas and Shaw, 2008; Paredez, 2006; Shaw, 2003). CMTs have not been 

found sliding or moving laterally, likely because they are attached to the plasma membrane by 

linker proteins such as phospholipase D (Dhonukshe, 2003; Gardiner, 2001).  
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1.2.2. Mechanisms of CMT reorientation in response to external cues 

The orientation of CMTs is necessary for plant morphogenesis since it determines the 

direction of cell growth. Computer simulations have demonstrated the reduction of MT 

catastrophe by cell end walls could orient the CMT array transverse to the cell axis (Eren et al., 

2010). The sharp cell-edges present in root meristematic cells induce MT catastrophe in the 

absence of CLASP, which is required to stabilize  MT plus-ends encountering sharp cell edges 

and facilitate their growth around the edges (Ambrose et al., 2011). Specifically, CLASP protein 

becomes enriched at newly-formed cell edges, where it suppresses catastrophe of MT plus-ends 

encountering edges. Computer simulation indicated that modulating the edge effect was 

sufficient to orient the CMT arrays (Ambrose et al., 2011), which supports results of Eren et al 

(2010) and is confirmed by recent finding of Mirabet et al., 2018. By applying different cell 

shapes and external geometric cues in computer simulation, they found that microtubule 

behaviors and orientations changed corresponding to the conditions (Mirabet et al., 2018).  

In addition, studies showed that CMT arrays change their orientation in response to 

external (e.g., light) and internal (e.g., plant hormones) stimuli (Lindeboom et al., 2013; 

Vineyard et al., 2013). When CMT arrays of epidermal cells in Arabidopsis hypocotyls are 

reorganized from longitudinal to transverse by the simultaneous application of gibberellin and 

auxin, reorientation starts from the center of the tangential cell surface (Vineyard et al., 2013). 

Counting the number of EB1-labeled MT growing ends showed that the number of MTs 

generated in the center of the tangential cell surface decreased after hormone application. 

Therefore, changes in the orientation of new growing MTs reorient the CMT array (Vineyard et 

al., 2013). 

The reorganization of CMTs in the stimuli of blue light has been extensively analyzed 

(Lindeboom et al., 2013). When dark-grown Arabidopsis seedlings are irradiated by blue light, 

CMT arrays rearrange from transverse to longitudinal with respect to the cell axis. KATANIN 

severing activity at the MT crossover sites significantly increases in response to blue light. The 

MT severing generates new growing MTs oriented longitudinally, which gradually replace the 

transverse MTs (Lindeboom et al., 2013). MT nucleation on existing MTs is suppressed when 



 

15 

 

blue light irradiation stops. The suppression might be involved in inhibiting further reorientation 

of MTs (Lindeboom et al., 2013).  

1.2.3. CMT and EMT in root tips 

The Arabidopsis root tip has become a useful system for studies of the MT cytoskeleton 

in terms of cell division and unidirectional cell expansion. Root tips include three distinct zones:  

a division zone where cells are actively dividing, an elongation zone where cells exhibit 

directional cell expansion, and a differentiation zone where cells differentiate to specific 

morphologies to match their specific function (i.e root epidermal cell develops into a root hair).  

CMT arrays throughout the meristematic cell zone of root tips have different 

organizations. The different CMT arrays in division and elongation zones play an important role 

in maintaining cell morphology and function in meristems. In contrast to CMTs, which are found 

in essentially all vacuolated cell types, EMTs are more specialized, being abundant in 

cytoplasmically dense cells, such as meristematic cells (root hairs) and tip-growing cells (pollen 

tubes). While EMTs generally have no connections to the cell cortex in tip-growing cells, in 

meristematic cells, they form a radial network connecting the nucleus and cell cortex (Collings 

and Wasteneys, 2005; Doonan et al., 1985) (Fig. 1.4). This radial EMT configuration is thought 

to influence cell expansion indirectly, by randomizing the CMT array. Specifically, by growing 

into the cell cortex in multiple directions, EMTs foster mixed CMT orientations, which limit cell 

elongation and promote isotropic cell expansion (Ambrose and Wasteneys, 2014; Baluška et al., 

1992). EMT abundance is highest following cytokinesis and then gradually dissipates as cells 

initiate elongation, which is accompanied by the gradual development of a central vacuole, 

vigorous cytoplasmic streaming, and establishment of a transverse CMT array (Ambrose and 

Wasteneys, 2014; Baluška et al., 1992; Kumagai et al., 2003; Liu et al., 1993; Mizuno, 1993; 

Wick, 1985). EMTs are also abundant in pre-mitotic cells, where they connect the nucleus to the 

preprophase MT band to assist in the normal formation of the mitotic spindle (Ambrose and Cyr, 

2008; Bakhuizen et al., 1985; Brown and Lemmon, 1992; Lloyd and Chan, 2006; Panteris et al., 

1991). Although the continuity of the EMT-CMT system is important to plant cell 

morphogenesis, the mechanisms underlying their relationship and how EMTs attach to the cortex 
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are not well understood. Despite many mutants in MAPs that show defects in CMT array 

function, EMT phenotypes have not been widely documented.  

 

Figure 1.4. CMTs and EMTs. 

This schematic of a typical plant cell shows the overall arrangement of CMTs (grey lines) and 

some represented EMTs (yellow lines) in interphase. Adapted from (Cyr, 2005). 

 

 

 

1.3.  Goal of the thesis 

The discovery of MT organization and function has been intensively focused on MT at 

the cell surface (e.g. CMT at epidermal cell). However, there are little studies about MT below 

the surface because of difficulty and limitation of techniques. My research focuses on observing 

MT organization and function below the cell surface by using high resolution live-cell imaging 

and data analysis in details. My projects are studying EMT below CMT in root meristematic 

cells and CMT at mesophyll cells, which is the cell layer right below epidermal cells in leaves.  
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Besides the difference in CMT arrays at the cell surface (mixed arrays in dividing cells 

and parallel arrays in elongation cells) and EMT number (abundance in dividing cells and 

drastically decrease in elongation cells), meristematic cells display changes in cytoplasmic 

streaming (minimal in dividing cells and dynamic in elongation zone). I hypothesize that the 

number of EMT in cytoplasm might affect the dynamics of cytoplasmic streaming in 

meristematic cells. To study this hypothesis, I use MAP protein loss-of-function mutants, clasp-1 

and ktn1-2. Both of them have defects in root developmental zones and opposite phenotypes in 

meristematic cells. Specifically, clasp-1 meristematic cells have CMT hyper-parallel arrays and 

enter early into elongation phase, while ktn1-2 cells maintain mixed CMT arrays and delay entry 

into elongation phase. The changes in CMT arrays in the mutants will affect the EMT 

organization due to the continuity of CMT-EMT system. Therefore, these two mutants might 

have opposite EMT organization and cytoplasmic streaming phenotype.  

Mesophyll cells are distinguished from other cell types due to the presence of 

chloroplasts, which are often found at the surface (cortex) of the cells. Thus, I study CMT 

organization and function during chloroplast movement. Compared to actin, the other 

cytoskeleton system has been well studied and known to function in chloroplast movement in 

plants, MT function is still under debate. By using live-cell imaging techniques, I study MT 

organization and dynamics during chloroplast movement and hypothesize that MT might 

contribute to this process in Arabidopsis besides actins.  
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CHAPTER 2. MATERIALS AND METHODS 

2.0. Plant materials and growth conditions 

Seeds were sterilized by 70% EtOH and put at 4ºC in dark for 2 days for stratification. 

Plants were grown in continuous light conditions on vertical agar plates containing ½ MS, 0.7% 

Phytagel, and 1.0% Sucrose medium. Meristem cell zone in root tips was imaged at 5 – 7 days.  

The Arabidopsis thaliana Columbia ecotype plants are used for both wild-type and 

mutant lines. Wild type and clasp-1 mutant plants expressing CLASP::GFP-

CLASP/UBIQUITIN(UBQ)::RFP-TUB6 were used for visualizing CLASPs and microtubules 

(Ambrose et al., 2011) and 35S::GFP-ɣTIP for visualizing vacuoles (Saito et al., 2002) at root 

tips. Wild type and clasp-1 mutant plants expressing UBQ::GFP were used for visualizing 

cytoplasmic streaming at root tips. Wild type and ktn1-2 mutant plants expressing UBQ::GFP-

TUB6 were used for visualizing endoplasmic microtubules at root tips. Wild type, clasp-1, and 

ktn1-2 mutant plants expressing UBQ::GFP-TUB6 or S1B::WASABI(WSB)-TUB6 were used for 

visualizing microtubules and auto-florescence CPs at mesophyll cells.  

2.1. Molecular biology and construct design 

For UBQ::GFP-MBD, GFP-MBD fragment was amplified from existing Arabidopsis 

thaliana (Col-0) plants expressing 35S::GFP-MBD, and cloned into the SalI/SacI sites of a 

modified pCAMBIA1300 vector containing UBQ promoter (Ambrose et al., 2011). Primers are 

listed in Table 2.1. 

For CLASP::RFP-CLASP, TAGRFP (Ambrose and Wasteneys, 2008) was generated via 

gene synthesis (Invitrogen DNA Strings) and cloned into a modified pCAMBIA2300 vector 

containing CLASP::GFP-CLASP (Ambrose et al., 2011) to replace the position of GFP gene at 

the SalI/BamHI sites. 

For UBQ::GFP-TUB6, TUB6 fragment was amplified from Arabidopsis thaliana (Col-0) 

plants, and cloned into the BamI/SacI sites of UBQ::GFP-MBD to replace MBD. Primers are 

listed in table 2.1. 
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For S1B::WSB-TUB6, RbcS1B (RUBISCO S1B) fragment (Sawchuk et al., 2008) was 

amplified from Arabidopsis thaliana (Col-0) plants, and cloned into the HindIII/SalI sites of 

UBQ::GFP-TUB6 to replace UBQ. WSB fragment was cloned into the SalI/BamHI sites of 

S1B::GFP-TUB6 to replace GFP. Primers of RbcS1B and WSB fragment are listed in table 2.1. 

All constructs were transferred into Agrobacterium tumefaciens strain GV3101 and 

selected on LB medium containing 12.5 µg mL-1 tetracycline, 25 µg mL-1 gentamycin, and 50 µg 

mL-1kanamycin (Sigma-Aldrich) A. tumefaciens containing the constructs were transformed into 

plants by the floral dip method (Clough and Bent, 1998). 

Table 2.1. List of primers 

Gene name Forward primer Reverse primer 

RbcS1B 5’-aagcttgatttatcagtcgtccaaaa 

ttaaaatagttatcc-3’ 

5’-gtcgactacttcttcttcttcttcttttgcttaa 

ttgtttttctattgg-3’ 

TUB6 5’-ggatccatgagagaaatccttcac 

attc-3’ 

5’- gagctctcactcatgatccaatatctcttc-3’ 

UBQ pro. 5’-cctaggatgagtaaaggagaagaac 

ttttcactgg-3’ 

5’-tgtttgaacgatctgcagccg-3’ 

WSB 5’-gtcgacatggtgagcaagggcgagg-3’ 5’-ggatcctgctgctgctgctgctgctgctgct 

gctgccttgtacagctcgtccatgcc-3’ 

 

2.2. Light treatment 

For the high intensity white light treatment, the 7-day-old cotyledons in Nunc chamber 

was imaged right after mounting, which is considered as 0-time point. The samples, then, were 

exposed to high intensity white light from transmitted light source of LSM Zeiss 510 confocal 

microscope for 1 minute. The image was captured right after 1-minute treatment and considered 

as 1-time point. The samples were exposed continuously to white light for another 1 minute and 

imaged right after that until total 5-time point for drug treatment and 10-time point for MT-

defect mutants.  

For the blue light treatment, the 7-day-old cotyledons in Nunc chamber was imaged right 

after mounting, which is considered as 0-time point. The cotyledons are, then, scanned by strong 
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blue light in a small area (1 – 3 cells) under 488nm laser beam (2% intensity) for 9 minutes (8 

second time interval). 

2.3. Drug treatment and staining 

Plants were grown vertically on MS media as described above. For treatment, roots were 

cut off at the basal region near the junction with hypocotyl, and placed in coverslip chamber 

(Lab-Tek; Nunc) containing 50 µM Oryzalin in (0.5% DMSO) or 0.5% DMSO for mock 

treatments. Treatments were typically 30 – 60 min and are indicated in the figure legends.  

Similar to roots, cotyledons were cut off at the region near the junction with petiole, 

placed in coverslip chamber containing either 50 µM Oryzalin, 50 µM Taxol, 20 µM Latrunculin 

B (LatB) in (0.5% DMSO) or 0.5% DMSO for mock treatment. Treatments were typically 30 – 

60 min and are indicated in the figure legends.  

For staining, the whole seedlings was incubated in 5 µM Synapto red C2 (FM4-64; VWR 

International) for 2 hours. Then the root tips of the seedlings were cut and placed in staining 

solution (100µM BCECF or 10µM Propidium Iodide) for 10 minutes. The root tips were covered 

by solidified 1% agarose and imaged right after that. 

2.4. Immunofluorescence 

Arabidopsis seedlings grown on vertical agar plates were fixed for 40 min in solution 

containing 4% formaldehyde (EMS; https://www.emsdiasum.com/microscopy/) and 0.1% 

glutaraldehyde (EMS; https://www.emsdiasum.com/microscopy/). Following fixation, plants 

were rinsed in PME (5mM PIPES + 2mM EGTA + 2mM MgSO4); and digested with cell-wall-

degrading enzymes (0.05% cellulose, 0.1% pectolyase), with 0.2% Triton X-100 for 30 min. 

Specimens were then treated with 3% bovine serum albumin in PBS buffer for 1 h, rinsed in 

PME, and incubated in DM1A α-tubulin antibody (1:1000 dilution; ThermoFisher Scientific) at 

4ºC overnight. Specimens were rinsed and incubated in Alexa Fluor® 488 goat anti-mouse IgG 

(H+L; 1:200 dilution) for 4 h. Specimens were rinsed and mounted in 25% Citifluour AF1 anti-

fade agent. 

https://www.emsdiasum.com/microscopy/
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2.5. Tissue Preparation and Microscopy 

For live cell imaging, roots were cut 0.5 cm above root tips and cotyledons were cut off 

at the region near the junction with petiole, mounted in Nunc chambers (Lab-Tek) under 

Perfluoroperhydrophenanthrene (PP11) (Littlejohn et al., 2014), and covered by 2 ~ 3-mm-thick 

1% agarose. Images were obtained via point-scan confocal microscopy (Zeiss Meta 510 with 

Zeiss Axiovert 200M inverted microscope, 63X water immersion), or Zeiss 880 LSM Airyscan 

with 40X or 63X water immersion. The wavelength of laser excitation used for fluorescence 

protein GFP, WSB, Alexa Fluor® 488 goat anti-mouse IgG, and dye BCECF is the 488 nm line 

from a 25mW Argon laser. The emission wavelengths range from 500 nm to 530 nm. For 

TagRFP, Synapto red, and PI a 543 nm HeNe laser was used. The emission wavelengths range 

from 580 to 650 nm.  

2.6. Image and Data Analysis 

Images were processed with Image J software (http://rsb.info.nih.gov/ij/) and 3DMOD 

software (http://bio3d.colorado.edu/imod/doc/3dmodguide.html). In addition to the below 

details, other specifics and processing/plugins used for each image analysis are mentioned in 

results of each chapter.  

Tracking MT plus-end polarity in Image J: Using GFP-TUB6 time-lapses, individual MT 

plus-ends were extracted by subtraction of sequential time-points using Image Calculator. Next, 

the best parameter filter to reduce the background noise and point out the plus-end signals was 

determined using the macro “Find_Best_Parameter” made by Dr. Ambrose, which provides 

several optional image convolution methods to assist processing. For my data, a bandpass FFT 

convolution worked well.  

The plus-ends in each period of time were manually tracked by using MTrack plugin. 

The whole tracking is presented in max projection image (Image/Stack/Z Project/Max) and 

overlays are in the same color. The overlay tracks in different angles were colored manually by 

changing overlay color.  

http://rsb.info.nih.gov/ij/
http://bio3d.colorado.edu/imod/doc/3dmodguide.html
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Figures were assembled using Corel Draw software (www.Corel.com; Corel System. 

Ottawa, ON, Canada), and Inkscape vector graphics software (www.inkscape.org). Statistical 

analysis was performed using Microsoft Excel (Microsoft, Edmond, WA) and RGui (64-bit) 

software (https://cran.r-project.org/; The Comprehensive R Archive Network). 

http://www.corel.com/
https://cran.r-project.org/
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CHAPTER 3. CLASP PROMOTES STABLE TETHERING OF ENDOPLASMIC 

MICROTUBULES TO THE CELL CORTEX TO MAINTAIN CYTOPLASMIC 

STABILITY AND PREVENT VACUOLATION IN ARABIDOPSIS MERISTEMATIC 

CELLS (Published in June 2018, partially modified herein). 

Citation: Le PY, Ambrose C (2018) CLASP promotes stable tethering of endoplasmic 

microtubules to the cell cortex to maintain cytoplasmic stability in Arabidopsis meristematic 

cells. PLoS ONE 13(6): e0198521. https://doi.org/10.1371/journal.pone.0198521 

 

Authors’ contribution: YL and CA performed experiments, conducted data analysis and figure 

assembly, and wrote the manuscript. CA conceived the study. 

3.0.   Introduction and Goals 

CLASP (CLIP-Associating Protein) is an evolutionary conserved MAP belonging to the 

DIS/TOG family, and plays diverse roles in animals, fungi, and plants (Ambrose et al., 2007; 

Bratman and Chang, 2007; Hannak and Heald, 2006; Lansbergen and Akhmanova, 2006; 

Mimori-Kiyosue and Tsukita, 2003; Sousa et al., 2007). In animals, CLASPs are often enriched 

at growing MT plus-ends, where they locally stabilize MTs in order to facilitate attachment to 

intracellular structures such as the cell cortex and chromosomal kinetochores (Galjart, 2005; 

Hamada, 2014b; Lansbergen and Akhmanova, 2006; Lansbergen et al., 2006; Maiato et al., 

2003). In animal mitotic cells, CLASP localizes at MT tip and lattice where it interacts with 

membrane during interphase under control of kinase activities (Akhmanova et al., 2001; 

Wittmann and Waterman-Storer, 2005). CLASP associates with EB1 and CYTOPLASMIC 

LINKER PROTEINS (CLIP-170) (Patel et al., 2012). Biochemical analysis of CLASP activity 

showed that CLASP has wide range of function in MTs, and the majority among them is the 

ability to alter catastrophe and rescue (Akhmanova et al., 2001; Al-Bassam and Chang, 2011; Al-

Bassam et al., 2010; Moriwaki and Goshima, 2016). 

Arabidopsis contains a single copy of the CLASP gene, which has been implicated in a 

wide array of functions during cell division, expansion and differentiation (Ambrose and 

Wasteneys, 2008; Ambrose et al., 2013, 2007; Brandizzi and Wasteneys, 2013; Kirik et al., 

2007; Pietra et al., 2013). Consistent with this, clasp-1 null mutants have a dwarf phenotype, 

https://doi.org/10.1371/journal.pone.0198521
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smaller apical meristems, and show generalized defects in cell division and expansion (Ambrose 

et al., 2007; Kirik et al., 2007; Landrein et al., 2015). Arabidopsis CLASP shows only a mild 

enrichment at MT plus-ends, instead distributing along the sidewall lattice of CMTs in a punctate 

manner in enlarging/mature cells, where it functions to maintain lateral attachment of CMTs with 

the plasma membrane (Ambrose and Wasteneys, 2008; Ambrose et al., 2007; Kirik et al., 2007). 

Overexpression of CLASP shows high level of CLAP decoration along MT lattices which cause 

highly curved MTs and polymerization defects. It indicates that the level of CLASP binding can 

change the MT steady state (Kirik et al., 2007).  

In recently divided (i.e. post-cytokinetic) meristem cells, CLASP becomes heavily enriched 

at newly formed cell edges, where it modulates CMT array organization by facilitating CMT 

growth around sharp cell edges (Ambrose et al., 2011). Passage of CMTs around cell edges 

promotes the formation of mixed/longitudinal CMT organization in division zone cells, which by 

interrupting formation of transverse CMTs, may be important in preventing premature cell 

elongation and exit from the meristem. This inability to generate mixed CMT arrays has been 

proposed as an explanation for the reduced meristem size in clasp-1 mutants (Ambrose et al., 

2011). Recent work suggests that CLASP might indirectly regulate CMT array organization by 

affecting the apical-basal polarization of PIN2 (PIN-FORMED_auxin gradient mediators) 

proteins (Ambrose et al., 2013; Ruan and Wasteneys, 2014). CLASP has been proposed as an in 

vivo stabilizer of new plus-ends initiated by KATANIN-mediated severing in Arabidopsis 

(Lindeboom et al., 2017). The function of CLASP in cell morphogenesis has also been detected 

by function in maintaining the number of growing MT plus-ends during transition between CMT 

array patterns (Thoms et al., 2018).  

In this cell study, I studied CLASP function in Arabidopsis root tip cells. Since CLASP 

localizes at EMT-cortex attachment sites, I examined the EMT organization in the mutants 

compared to wild type by using immunofluorescence. I also observed the EMT dynamic and 

detected any defects in condition without CLASP by live-cell imaging. As a result, I found that 

CLASP functions in stabilizing EMT-cortex attachment, which maintains stable cytoplasmic 

streaming and prevents early vacuolation and cell elongation.  
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3.1.  Results 

3.1.1.  CLASP localizes to stable sites of EMT cortex tethering. 

In root meristematic cells, in addition to CLASP’s MT localization and cell edge 

enrichment, I observed numerous CLASP-labelled structures of varied shape and size associated 

with CMTs at non-edge regions of the cell cortex (Fig 3.1A). Co-labelling between GFP-CLASP 

and MTs using RFP-TUB6 revealed that these spots coincide with sites where EMTs attach to 

the cell cortex and incorporate into the CMT array (Figs 3.1A, 3.1B, and 3.1C). Quantification 

showed that 92% ± 7% of CLASP cortical spots corresponded to EMT-cortex attachment sites 

(Fig 3.1D; n = 25 cells, 316 cortical CLASP spots). 

The same pattern was observed using a native promoter-driven RFP-CLASP fusion and 

the MT reporter GFP-MBD, which, owing to its lower cytosolic fluorescence compared to RFP-

TUB6, allows clearer images from deeper into the cell, where EMTs can be seen attached to sites 

on the transverse and radial walls (Fig 3.1E, arrows).  

The EMT-cortex labelling pattern of CLASP is distinct from that seen in mature 

vacuolated cells of the root epidermis, where it decorates CMTs along their length, and is also 

not enriched at cell edges (Fig 3.1F). In general, the higher the levels of GFP-CLASP, the more 

pronounced the EMT labelling was. In cases where EMTs exist as bundles, higher levels of 

CLASP were present at cortex attachment sites, where it formed hook-like structures, with 

CLASP signal often extended partially into the cytoplasm along unattached regions of EMTs 

(Fig 3.1G). In contrast to the rapid dynamics of CMT ends, EMT tethering sites were relatively 

long-lived and exhibited little lateral movement over time (Fig 3.1H).   

In order to determine if MTs are required for CLASP localization at EMT-cortex 

attachment sites, I treated plants expressing GFP-CLASP with the MT-depolymerizing drug 

Oryzalin. This resulted in rapid loss (<30 minutes) of GFP-CLASP from EMT-cortex sites, as 

well as cell edges (Fig 3.1I), indicating that MTs are required for recruitment of CLASP to these 

areas. 
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Figure 3.1. CLASP is enriched at EMT-cortex anchor points. 

(A) Surface view of a root tip epidermal cell co-expressing pCLASP::GFP-CLASP (cyan) 

and pUBQ1::RFP-TUB6 (gray). EMTs often extend into the cortex, and often link to GFP-

CLASP at cell edges. Dotted lines indicate cell outline. Cell edge localization is indicated by 

asterisk. Bar, 5 µm. 

(B) Fluorescence Intensity profile plot corresponding to the EMT-cortex anchor point from 

panel A. Dotted arrow is drawn next to the region for the plot for reference. Grey line = MTs; 

Cyan line = CLASP. 

(C) Confocal sections through the cell in A, starting at the surface and moving in at 0.35 µm 

increments. Arrowhead traces an EMT into the cell interior. The position of each section is 

indicated by dot blue line in the illustration below. The square box, black line, and orange line 

illustrate root cell, EMT, and CLASP, respectively.  

(D) Quantification of GFP-CLASP/RFP-TUB6 association. (n = 5 roots, 25 cells, and 316 

CLASP spots). p < 0.01, Student’s t test.  

(E) Midplane confocal sections through root tip epidermal cells co-expressing 

CLASP::TagRFP-CLASP and UBQ1::GFP-MBD, showing enrichment of RFP-CLASP (orange) 

at sites corresponding to EMT-cortex attachment points (arrows). MTs are visualized by GFP-

MBD (grey). Bar, 5 µm. 

(F) GFP-CLASP localization in an elongating root epidermal cell. GFP-CLASP decorates 

CMTs along their lengths. Cell edge and EMT-anchor enrichment is absent. Bar, 5 µm. 

(G) Confocal sections through cell mid-planes of division stage cells with strong GFP-

CLASP accumulation along EMT bundles (arrows). Bar, 5 µm.  

(H) Time series montage showing GFP-CLASP enrichment at sites of stable EMT-cortex 

attachment (arrow). Intervals between frames is 32 sec, and total time is 16 minutes. Bar, 2.5 

µm. 

(I) Root tip epidermal cells expressing GFP-CLASP treated with Oryzalin (50 µm, 45min) or 

mock (45min, 0.5% DMSO). Bar, 5 µm. 

 

 

3.1.2.  CLASP is required for normal EMT organization in root meristematic cells. 

To determine the function of CLASP at EMT-cortex anchor points, I compared EMT 

organization in clasp-1 and wild-type roots using anti-tubulin immunofluorescence. As shown in 

figure 3.2, clasp-1 showed strong defects in EMT organization throughout all developmental 

regions of the root tip. Specifically, there were marked reductions in both the number of EMTs 

(Table 3.1), as well as the proportion of EMTs that were attached to the cell cortex (Table 3.2). 

Figure 3.2A shows this via cellular mid-plane images of epidermal cells in WT and clasp-1, and 
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figure 3.2B shows the outer epidermal surface, where EMT attachment sites appear as spots 

within the cortical array.  

To accurately assess and quantify these EMT defects, a number of caveats must be taken 

into account in order to accurately define the growth status of a given cell. First, there is a normal 

gradual depletion in EMTs as cells mature (Baluška et al., 1992). Second, hair-forming cells 

(trichoblasts) and non-hair forming cells (atrichoblasts) form distinct files within the root 

epidermis, and do not initiate elongation and vacuolation synchronously (Berger et al., 1998; 

Dolan et al., 1994; Schneider et al., 1997). Third, clasp-1 mutants have smaller meristems due to 

fewer division zone cells, and shorter cell lengths at maturity (Ambrose et al., 2007; Kirik et al., 

2007). All of these factors will influence measurements of EMT organization. To bypass any 

bias in defining distinct developmental “zones” along the root tip, classifications were instead 

made on a cell-by-cell basis to accurately assess their individual growth states. Cells were thus 

classified into division, transition, and elongation stages. Division stage cells have not undergone 

any apparent elongation, transition stage cells have just begun elongation and are roughly square 

in medial sections, and elongation stage cells are distinguished by their large length: width aspect 

ratio, the appearance of a large vacuole, and highly transverse CMT arrays. 

For quantification, I measured total EMT numbers per cell and EMT lengths using the 3D 

tracing software 3Dmod (Kremer et al., 1996). Surprisingly, the lengths of EMTs showed no 

apparent differences (Table 3.1). However, EMT numbers in clasp-1 showed an approximate 

30% reduction in division and transition stage cells, and a ~ 50% reduction in elongation stage 

cells compared to wild type (Fig 3.2C and Table 3.1). Since the volume of clasp-1 cells in each 

cell stage often differs from that of wild-type cells, I performed additional calculations of EMT 

numbers within a cell as a function of that cell’s volume. This revealed that pre-normalization 

measurements were moderately underestimated in division and transitioning cells (~ 50% 

reduction compared to ~ 30%), but similar in elongating cells (~ 50% reduction in clasp-1) (Fig 

3.2D and Table 3.1). 

In addition to the reduced EMT abundance, I found a large reduction in the percentage of 

EMTs that were attached to the cell cortex in clasp-1 (Fig 3.2E and Table 3.2). In wild type, the 
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abundance of attached EMTs gradually drops as cells mature. However, clasp-1 had roughly 

similar numbers for the three stages. Using 3Dmod, I directly quantified the percentage of EMTs 

attached to the cell cortex (Summarized in Table 3.2). In division stage cells, 80% of EMTs were 

attached in wild type, compared to 15% in clasp-1. In transition stage cells, 65% of EMTs were 

attached in wild type, compared with 19% of attached EMTs in clasp-1. In elongation stage cells, 

48% of EMTs were attached in wild type, compared with 19% in clasp-1 (Fig 3.2E and Table 

3.2).  

Interestingly, in clasp-1 cells, the small percentage of EMTs that were attached to the cell 

cortex tended to do so at shallower angles than wild type. For quantification of EMT attachment 

angles, I defined a straight-on attachment between EMT and cortex as 90°. For all cell stages, the 

attachment angle of EMTs in clasp-1 was roughly 50° compared to 65° in wild type (Fig 3.2F 

and Table 3.2). 

Table 3.1. EMT organization in WT and clasp-1. 

Genotype Cell stage EMT number a 
EMT number/ 

Cell volume b 
EMT length (µm) c 

WT 

Division 111.3 ± 5.5 0.07 ± 0.004 3.77 ± 0.08 

Transition 213.9 ± 13.3 0.07 ± 0.008 4.13 ± 0.06 

Elongation 148 ± 7.4 0.02 ± 0.001 3.88 ± 0.07 

clasp-1 

Division 73.5 ± 6.1 0.03 ± 0.004 3.75 ± 0.11 

Transition 144.5 ± 5.0 0.04 ± 0.002 3.82 ± 0.07 

Elongation 73.4 ± 6.6 0.01 ± 0.001 3.20 ± 0.09 

Data are means ± SE (Standard error) 
a & b n = 24 for each genotype, p < 0.01, Student’s t test 
c n = 24 cells for each genotype, n= 600 ~ 1000 EMTs clasp-1 and 800 ~ 1700 EMTs WT for 

each cell stage 
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Table 3.2. EMT-cortex attachment in WT and clasp-1. 

Genotype Cell stage Attached EMTs (%) a 
EMT-cortex attachment angle 

(Deg.) b 

WT 

Division 80 ± 4 65.6 ± 0.9 

Transition 66 ± 3 63.7 ± 0.9 

Elongation 48 ± 4 64.7 ± 1.1 

clasp-1 

Division 15 ± 2 51.0 ± 3.3 

Transition 19 ± 2 50.6 ± 1.7 

Elongation 19 ± 1 54.4 ± 2.2 

Data are means ± SE 
a n= 24 cells for each genotype; n= ~ 600 EMTs clasp-1 and ~ 1000 EMTs WT for each cell 

stage 
b n= 12 cells each genotype, n=60 ~ 100 EMTs clasp-1 and 300 ~ 400 EMTs WT for each cell 

stage 

p < 0.01, Student’s t test 
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Figure 3.2. EMT phenotypes in clasp-1 plants. 

(A) Anti-tubulin immunofluorescence images of root tip epidermal cells of wild type (left) 

and clasp-1 (right). EMT abnormalities are seen in all three developmental stages. Cellular mid-

planes are shown for each stage, using average Z-projections. Division stage shows average 

projections of 4 Z-slices, corresponding to 2 µm. Transition and elongation stages show average 

projections of 6 Z-slices corresponding to 3 µm. The red lines overlay the EMT structure for 

easy identification. Bars, 5 µm. 

(B) Anti-tubulin immunofluorescence images at the outer epidermal surface of root tip 

epidermal cells of wild type (left) and clasp-1 (right). Images are average projections of 4 Z-

slices, corresponding to 2 µm. The red circles mark EMT spots. Bars, 5 µm. 

(C) Total EMT numbers per cell in wild-type and clasp-1 root tip epidermal cells. EMT 

numbers are reduced in all three developmental stages in clasp-1 compared to wild type. n = 24 

cells for each genotype; 800 ~ 1700 total EMTs wild type, 600 ~ 1000 EMTs in clasp-1; 3 roots 

in wild type and 5 roots in clasp-1. 

(D) EMT numbers normalized for cell volumes (EMT number/cubic µm) in each 

developmental zone of wild type and clasp-1. Taking into account the larger cell volumes of 

clasp-1, the EMT reductions are more severe.  

(E) Percentage of attached EMTs in clasp-1 compared to wild type in each developmental 

zone. n= 24 cells for each genotype; n= ~ 600 EMTs clasp-1 and ~ 1000 EMTs WT for each cell 

stage. 

(F) The EMT attachment angles in clasp-1 are smaller than in wild type in each zone of the 

root tip. n= 12 cells each genotype, n=60 ~ 100 EMTs clasp-1 and 300 ~ 400 EMTs WT for each 

cell stage. 

 

 

3.1.3.  CLASP promotes attachment and stable tethering of EMTs to the cell cortex. 

To determine the basis for the EMT defects in clasp-1, I performed live-cell imaging on 

root tip division and transition zone cells of clasp-1 and wild type stably expressing 

UBQ1::GFP-MBD. In wild type, EMTs typically grow outward through the cytoplasm until 

reaching the cell cortex, where they attach, become stably tethered, and show very little lateral 

movements (illustrated by continuous straight lines in the kymograph in Fig 3.3A and by the 

“3D-kymograph” in Fig 3.3B). The attachment time of EMTs in wild type is quite stable, usually 

exceeding our observation periods of 200 – 250 seconds (2.5 second acquisition intervals; Fig 

3.3C). In clasp-1 however, upon encounter with the cortex, EMTs failed to form stable 

attachments, instead undergoing catastrophe and depolymerization (Figs 3.3A – D). 

Depolymerization and detachment were often preceded by a brief pause, and in many cases, 
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bending and swinging away from the site without depolymerization (Fig 3.3D). Untethered 

EMTs in clasp-1 exhibited significant lateral mobility (i.e. waving around) within the cytoplasm, 

and showing continuous “searching” behavior as plus-ends switched between growth and 

shortening upon cortex encounter. 



34 

 

 

Figure 3.3. Dynamics of EMT-cortex attachment in clasp-1. 

(A) Single time point image in the mid-plane of transition zone cell in both wild type (left) 

and clasp-1 (right). The kymograph on the right side of each image correspond to the white 

dotted line. Arrowhead indicates EMT with lateral mobility in clasp-1. Time course t=200 

second (4 second intervals). Bars, 5 µm. 

(B) Life histories of individual EMTs from a transition zone cell over the course of 200 

second (4 second intervals). Different coloured traces correspond to individual EMT. Images are 

tilted 3D projections. The rear and side walls are kymographs for spatial and temporal reference. 

Bar, 5 µm.  

(C) Histogram showing EMT-cortex attachment times for wild type and clasp-1. Since most 

EMTs remained attached beyond the duration of the observation in wild type, these are grouped 

as ‘more’. n = 5 roots each genotype, 5 cells per root, 100 EMTs. 

(D) Time series images showing establishment of stable EMT-cortex attachment in wild type 

and failed attachments in clasp-1. Green arrowheads indicate growing ends; red arrowheads 

indicate shrinking ends; asterisks indicate onset of EMT encounter with cortex (on left). Two 
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examples of clasp-1 are shown. Top panel is brief encounter without MT bending, and bottom 

panel is brief encounter with bending. The time series is 180s in wild type and 70s in clasp-1 top 

panel, and 60s in clasp-1 bottom panel. Bars, 3µm. 

 

3.1.4. clasp-1 mutants have dominantly globular-shaped vacuoles and enhanced 

cytoplasmic dynamics. 

In meristematic cells, cytoplasmic streaming is normally minimal, and vacuoles show a 

tubular organization. As cells prepare for elongation, these tubular vacuoles gradually enlarge 

and take on a globular appearance (Oda et al., 2009a). Given CLASP’s involvement in 

endomembrane trafficking (Ambrose et al., 2013) and its role in blocking premature cell 

elongation in meristematic cells (Ambrose et al., 2011, 2007; Kirik et al., 2007), I hypothesized 

that the detached and waving EMTs in clasp-1 lead to defects in cytoplasmic stability and 

premature vacuolation. To visualize vacuole structure, I stained roots with 100µM BCECF 

(vacuolar lumen) and propidium iodide (cell wall).  Figure 3.4A shows that clasp-1 plants indeed 

show a reduction in tubular vacuoles and a corresponding enhancement of the globular type. To 

directly visualize vacuolar membranes (VMs), I used wild-type and clasp-1 plants expressing the 

tonoplast marker ɣTIP-GFP (Hunter et al., 2007; Saito et al., 2002). Because this reporter 

showed too much non-specific membrane labelling in root tips, I used expanding cells from 

young cotyledons, where its localization is distinct and specific to VMs (Fig 3.4B). In both wild-

type and clasp-1 cells, ɣTIP-GFP labelled the tonoplast at the cell periphery and in transvacuolar 

stands. In clasp-1 however, I also observed large spherical dilations of VM both within 

transvacuolar strands and at the cell periphery (Fig 3.4B, arrowheads). 

To visualize cytoplasmic dynamics, I used wild-type and clasp-1 plants expressing free 

GFP under control of the UBQ1 promoter. The exclusion of GFP from vacuoles provided 

confirmation of the enlarged globular vacuoles in clasp-1, as observed with BCECF and ɣTIP-

GFP. Compared to the dense and relatively stable cytoplasm in wild-type meristematic cells, the 

cytoplasm in clasp-1 cells was more mobile and unstable (Figs 3.4C – F). This enhanced 

dynamicity is illustrated in Fig 3.4, which show plants expressing UBQ1::eGFP to visualize the 

cytoplasm and vacuoles. Figure 3.4 shows images from time series processed as: (C) single time 

point for reference; (D) time projections (standard deviation method), (E) two-color merges of 
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two time points; and (F) kymographs. Standard deviation projections turned out to be a very 

good method for assessing cytoplasmic movement, as areas showing change over time appear 

white, while stable regions appear black. As seen in Fig 3.4D, clasp-1 has brighter and larger 

white areas compared to wild-type cells of the same stage and size. Similarly, the two-color 

merges of clasp-1 show enhanced magenta or green areas, indicating movement between the two 

time points. In kymographic analyses, the enhanced cytoplasmic dynamicity in clasp-1 appears 

as sloping variations in fluorescence intensity, with greater variations in size and length of dark 

regions, as compared to the relatively stable and straight lines in wild type (Fig 3.4F).   

For quantitative analysis of cytoplasmic dynamics, I tracked changes in vacuolar 

morphology over time in GFP-expressing wild-type and clasp-1 plants. Figure 3.4G shows 

projections of 160-second time lapses with visibly distinct regions of vacuoles color-coded and 

traced over time. Using 3Dmod for tracing also allows time projections to be tilted for a three-

dimensional perspective (i.e. “3D kymographs”; right panels). The numerical data from these 

traces was then used for quantitative analysis of cytoplasmic movement. To this end, I measured 

changes in individual vacuolar areas over time as a proxy for cytoplasmic movement. Temporal 

variation in vacuolar area is expressed as standard deviation of the mean (coefficients of 

variation) vacuole area to normalize for the large range in areas between individual vacuoles (Fig 

3.4H; see legend for details). As shown in figure 3.4H and table 3.3, temporal variation in 

vacuole areas in clasp-1 was roughly 1.9x higher than wild type in division stage cells, 1.6x 

higher in transition stage cells. In contrast, elongation stage cells showed no significant 

difference between wild type and clasp-1.  

 

Table 3.3. Coefficients of variation of vacuole area. 

Cell stage WT a clasp-1 b 0.5 % DMSO c 50 µm Oryzalin d 

Division 0.20 ± 0.04 0.36 ± 0.04 0.30 ± 0.03 0.70 ± 0.16 

Transition 0.32 ± 0.06 0.50 ± 0.10 0.38 ± 0.06 0.72 ± 0.08 

Expand e 0.86 ± 0.36 0.93 ± 0.48 1.28 ± 0.30 1.00 ± 0.22 

Data are means ± SE  
a & b n= 30 vacuoles for each genotype 
c & d n= 30 vacuoles for  each genotype 

p < 0.01, Student’s t test 
e not significant. 
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Figure 3.4. Globular vacuole appearance and cytoplasmic instability in clasp-1. 

(A) Vacuole morphology of transition stage cells were visualized by BCECF (100µM) and 

presented in single view (top) and 3D view (bottom) in both wild type and clasp-1. Red is 

propidium iodide. Bars, 10µm. 

(B) Tonoplast morphology in expanding cotyledon cells of wild-type and clasp-1 plants 

expressing 35S::GFP-ɣTIP. Arrowheads indicate spherical dilations of vacuolar membranes in 

clasp-1. Bars, 10µm. 

(C) Single time-point image of epidermal root division zone cells from wild-type and clasp-1 

plants expressing UBQ1::eGFP. Bar, 5 µm. 

(D) Time projection (standard deviation method) of cells in A showing the enhanced 

vacuole/cytoplasm movement in clasp-1. White areas indicate regions that underwent 
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positional/morphological change over the course of observation. Images correspond to 120 

second time-lapses, 4 second intervals. 

(E) Color merge of two time points from same time series. Green is start and magenta is 

t=120 seconds later. White areas indicate no movement between time points. 

(F) Kymographs corresponding to the black line in the two-colour merged images in C. The 

enhanced cytoplasmic movements of clasp-1 appear as large dark areas of variable size, position, 

and duration. Total time is 120 seconds.  

(G) Life histories of several vacuoles from transitioning cells of wild type and clasp-1.  

Different coloured traces correspond to individual vacuoles. Left image shows all time-points 

projected onto a single image frame for reference. Right images are tilted 3D projections. The 

rear and side walls are kymographs for spatial and temporal reference. Total time for each series 

is 160 second (4 second intervals). Bar, 5 µm. 

(H) Variations in vacuolar area over time in wild-type and clasp-1 root epidermal cells. Time 

series were acquired at 4 second intervals for 80 seconds, and vacuolar coefficients of variation 

(co. var.) were calculated for each vacuole. The bars show the means ± SE of 30 vacuoles for 

each genotype in each cell stage. P < 0.01, Student’s t test. 

 

3.1.5.  MT depolymerization causes the appearance of globular vacuoles and increased 

cytoplasmic dynamics. 

The above data suggest that the loss of stable EMT-cortex tethering in clasp-1 may lead 

to the enlarged, globular-shaped vacuoles and enhanced mobility of the cytoplasm. To probe this 

further, I depolymerized MTs in wild-type plants using Oryzalin, and then observed vacuole 

morphology and cytoplasmic dynamics. I used the same staining (BCECF) and lines (35S::ɣTIP-

GFP) as for the comparison between WT and clasp-1 for vacuole morphology. In order to 

minimize any downstream pleiotropic effects caused by MT depolymerization, I restricted our 

observations to within 1 hour of treatment. I found that EMT disruption using Oryzalin treatment 

induced changes in vacuole morphology from tubular- to globular-shaped in WT meristematic 

root cells (Fig 3.5A). This response was rapid, becoming apparent after 30 – 45 minutes in 

Oryzalin. In WT cotyledons expressing ɣTIP-GFP, I found that spherical dilations of tonoplast 

membrane started to appear after 30 – 45 minutes of Oryzalin treatment (Fig 3.5B). These data 

show that depolymerization of MTs with Oryzalin lead to similar effects on vacuolar 

morphology and cytoplasmic mobility as observed with clasp-1 mutants. However, unlike the 
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clasp-1 mutation, drug-induced MT polymerization removes not only EMTs, but also CMTs, so I 

cannot exclude potential effects of CMT depolymerization on vacuole morphology. 

In order to visualize the cytoplasm while simultaneously monitoring MT polymer status, 

I used GFP-TUB6, which shows relatively high levels of cytoplasmic fluorescence from 

unpolymerized subunits. This also allowed me to minimize treatment times to avoid potential 

indirect or downstream effects of MT depolymerization. Depolymerization of MTs with 50µM 

Oryzalin resulted in enlarged, globular vacuoles and enhanced cytoplasmic mobility within both 

division and transition zone cells relative to mock treatment (Figs 3.5C – F). This change was 

evident after short treatment times (30 – 60 minutes). In standard deviation projections, Oryzalin 

treatment has brighter and larger white areas compared to control DMSO of the same stage and 

size cells (Fig 3.5D). Similarly, the two-color merges of Oryzalin treatment show enhanced 

magenta or green areas, indicating movement between the two time points compared to DMSO 

control (Fig 3.5E). In kymographs, the enhanced cytoplasmic dynamicity in Oryzalin treatment 

appears as sloped or varied size and length dark regions, as compared to the relatively stable and 

straight lines in DMSO (Fig 3.5F). Fig 3.5G shows time-compressed images of vacuolar traces, 

as in Fig 3.4G.   

Quantification showed higher temporal variation in vacuole area (expressed as coefficient 

of variation) in Oryzalin-treated cells compared to mock treatments (Fig 3.5H). These results 

show that drug-induced MT depolymerization leads to a clasp-1-like effect on vacuole 

morphology and cytoplasmic dynamics.  

In moss, EMTs have been shown to physically associate with vacuoles and induce 

morphological changes such as tubular protrusions during their polymerization (Oda et al., 

2009b). To test for a similar relationship between EMTs and vacuoles in Arabidopsis, I 

simultaneously visualized EMTs and vacuoles by staining root tips expressing UBQ::GFP-MBD 

with FM4-64 (which follows the endocytic pathway from plasma membrane to tonoplast). In 

short, I saw no evidence of EMT dynamics causing vacuole tubulation or contortion (for 

example, a growing EMT plus-end associating with and pulling an extended tubular structure), 

and there was no obvious overall pattern of association between EMTs and vacuoles. Some 



40 

 

EMTs showed no contact with vacuoles, while others did appear to have sites of lateral contact 

with vacuoles at some point(s) along the EMT sidewall. These lateral contact sites did not appear 

to correlate with vacuolar morphology, and were often small relative to the associated vacuole. 

On the other hand, lateral contacts were often stable over the course of minutes, and showed 

coordinated movement over short distances in the lateral dimension, although this apparent 

relationship may merely be a result of two dense cytoplasmic components responding to the 

same local actomyosin-based cytoplasmic movement. These results suggest an indirect role for 

EMTs in influencing vacuole morphology and dynamics. 

 

Figure 3.5. Globular vacuole appearance and cytoplasmic instability in wild-type plants 

treated with Oryzalin. 

(A) Single view (top) and 3D view (bottom) of vacuoles in wild-type transition stage cells. 

Vacuoles were visualized following staining with 10µm BCECF staining (10 µm) of mock (0.5% 

DMSO) and 50µm Oryzalin-treated roots. Red is propidium iodide to visualize cell walls. Bars, 

10µm. 



41 

 

(B) Cotyledon epidermal cells from wild-type plants expressing 35S::GFP-ɣTIP, treated for 

30min with 50µm Oryzalin (right), or mock 0.5% DMSO (left). Bars, 10µm. 

(C) Single time-point images of root epidermal division zone cells from wild-type plants 

expressing UBQ::GFP-TUB6 treated with mock 0.5% DMSO or 50µm Oryzalin. Images were 

taken after 45 minutes of treatment. 

(D) Time projection (standard deviation method) of cells in A showing the enhanced 

vacuole/cytoplasm movement in Oryzalin-treated plants. White areas indicate regions that 

underwent positional/morphological change over the course of observation. Images correspond 

to 120 second time-lapses, 4 second intervals.   

(E) Color merge of two time points from same time series. Green is t=1 and magenta is 

t=120. White areas indicate no movement between time points. 

(F) Kymographs corresponding to yellow lines in the two-colour merged images. Enhanced 

dynamicity of vacuoles mirrors that observed in clasp-1 cells. Total time is120 seconds. Bars, 

10µm. 

(G) Life histories of individual vacuoles from a transition stage cell over the course of 160 

seconds (4 second intervals). Different coloured traces correspond to individual vacuoles. Left 

image shows all time-points projected onto a single image frame for reference. Right images are 

tilted 3D projections. The rear and side walls are kymographs for spatial and temporal reference. 

Bars, 10µm. 

(I) Coefficients of variation (co.var.) for vacuole area in control (0.5% DMSO) and roots 

treated with 50 µm Oryzalin. Time between compared time points 80 second. n= 30 vacuoles for 

each genotype. Bars indicate SE. P < 0.01, Student’s t test. 

 

3.2.  Discussion 

Our data show that CLASP is required for EMT-cortex tethering, and suggest that this 

tethering is required to stabilize the cytoplasm from cytoplasmic streaming and vacuolation. To 

our knowledge, this is the first characterization of a molecule with this localization pattern and 

function in plants. CLASP’s role in stabilizing radial EMT arrays in plants is remarkably similar 

to the case in animal cells, where CLASP localizes at the cell cortex to provide local stabilization 

to the plus-ends of EMTs that radiate outward from the centrosome (Lansbergen et al., 2006; 

Mimori-Kiyosue and Tsukita, 2003). A key difference is that in plants, when an EMT plus-end 

encounters the cell cortex, it can bend and enter into the cell cortex, where it remains laterally 

anchored to the plasma membrane, thereby establishing a continuous CMT-EMT system. In 

animal cells, EMTs radiate out from the centrosome, but do not curve into the cell cortex to form 
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cortical arrays.  Instead MT plus-ends are stabilized near the cell membrane, where CLASPs 

promote MT pause and rescue (Akhmanova et al., 2001; Al-Bassam et al., 2010; Mimori-

Kiyosue and Tsukita, 2003; Sousa et al., 2007). Despite a likely role for plant CLASP in directly 

influencing MT dynamic instability in plants, evidence to date suggests that CLASP primarily 

influences CMT organization indirectly by modulating MT-plasma membrane association 

(Ambrose and Wasteneys, 2008; Chi and Ambrose, 2016). Interestingly, our data also show that 

in clasp-1, the EMTs that do form attachments with the plasma membrane do so at a smaller 

angle of incidence than normal, indicating that the compressive forces associated with end-on 

collisions of EMTs with the membrane may cause depolymerization, as in the case with cell 

edges (Ambrose et al., 2011). Alternatively, these EMTs may represent partially detached 

regions of CMTs, as observed in clasp-1 mutant cotyledon cells (Ambrose and Wasteneys, 

2008). 

Perhaps because of these differences, the other molecules known to form complexes with 

CLASP during EMT-cortex stabilization in animals appear to be lacking in plants (Ambrose et 

al., 2007). While it is unknown if this lack of homologs explains the difference in the manner of 

EMT-cortex association between plants and animals is unknown, one may speculate that 

additional plant-specific proteins likely complex with CLASP at EMT-cortex attachment sites, 

where they encourage direct plasma membrane contact and continued growth into the CMT 

array.  

EMTs in plants are generally accepted to play a role in generating mixed CMT array 

orientations, which promotes the characteristic isodiametric cell expansion phase in post-

cytokinetic cells (Baluška et al., 1992, 2001; Bichet et al., 2001). As cells mature, a gradual loss 

of EMTs correlates with the establishment of transverse CMT arrays and central vacuoles, both 

of which facilitate rapid cell elongation. Aside from facilitating CMT array repopulation and 

mixing in post-cytokinetic cells, little is known as to additional roles of EMTs. 

With respect to a possible role of EMTs in cytoplasmic stabilization, evidence to date is 

mostly circumstantial. First, there is an inverse correlation between EMT abundance and 

cytoplasmic streaming (Flanders et al., 1989). In meristematic cells with dense EMT arrays, 
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cytoplasmic streaming is typically minimal, instead showing jiggling or saltatory motions. In 

contrast, rapidly streaming cells typically contain large, dynamic vacuoles with numerous 

transvacuolar strands. Our data show that EMT-cortex attachment is lost prior to disintegration 

of EMTs (Fig 2), suggesting that cortical tethering stabilizes EMTs. In support of this, in tip 

growing cells such as root hairs, EMTs are present, but not well-tethered to the cell cortex, and 

these cells have very dynamic cytoplasm and large vacuoles (Ambrose and Wasteneys, 2014). 

Furthermore, it has been shown that CMTs are generally more resistant to the MT-disrupting 

drug colchicine than are EMTs, suggesting that attachment to the cell membrane may indeed 

provide some degree of stabilization to MTs (Kubiak and Tarkowska, 1987). Clasp-1 mutants, 

which have reduced CMT-cortex attachment and destabilized EMTs, are hypersensitive to 

Oryzalin treatment (Ambrose and Wasteneys, 2008; Ambrose et al., 2007), although this may 

also be due to more generalized reductions in MT stability in clasp-1.  

While streaming is a characteristic of vacuolated cells, it is unclear whether streaming is 

required for formation of central vacuoles. With respect to actin organization in 

division/transition stage cells, these cells have mostly fine actin, and lack the large actin cables 

associated with cytoplasmic streaming in mature cells (Scheuring et al., 2016). Removal of F-

actin with LatB leads to small spherical vacuoles instead of a central vacuole (Scheuring et al., 

2016). Conversely, treatment of root meristematic cells with the auxin NAA leads to an increase 

in fine actin and disrupts the central vacuole, creating smaller and more convoluted vacuoles, 

although an influence on cytoplasmic movement was not documented (Scheuring et al., 2016). 

Interestingly, the botero-1 mutant of KATANIN, which has increased EMT abundance, is 

hypersensitive to treatment with LatB (Collings et al., 2006). Whether this is due to a direct 

actin-EMT relationship or to a more generalized susceptibility due to pleiotropic MT-based 

defects is not known. 

With respect to a relationship between EMTs and vacuoles, studies on the moss 

Physcomitrella patens have shown a close association between EMTs and vacuolar membranes 

(Oda et al., 2009b). Specifically, growing EMT plus-ends attached to vacuole membranes and 

physically “pulled” on the membrane to produce vacuole protrusions. Furthermore, the study 

showed that Oryzalin treatment caused vacuoles to lose their normal tubular shape, becoming 
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enlarged and more spherical, while depolymerization of actin with LatB had no effect on 

vacuolar shape or movement. This contrasts to higher plants, where the actin cytoskeleton 

appears to have taken the dominant role in guiding vacuole shape and dynamics, as well as 

cytoplasmic and organelle trafficking in general (Coué et al., 1987; Field and Lénárt, 2011; van 

der Honing et al., 2007; Scheuring et al., 2016; Shimmen et al., 1995). Our data are in agreement 

with this. While I cannot rule out a direct physical interaction, it is likely that the observed lateral 

contacts between EMTs and vacuoles may be coincidental as a result of the high densities of 

EMTs and vacuoles. Because EMTs form stable (both spatially and temporally) connections 

between the nuclear envelope and the cell cortex, their influence on vacuole morphology may 

instead be indirect, such as stabilization of the cytoplasm to buffer against cytoplasmic 

streaming, or by acting as barriers that vacuoles must bend around or remain small to fit in the 

available open spaces. During entry into expansion phase, the open spaces resulting from loss of 

EMTs may then allow vacuoles to enlarge. 

3.3.  Summary and Conclusion 

 Following cytokinesis in plants, EMTs assemble on the nuclear surface, forming a radial 

network that extends out to the cell cortex, where they attach and incorporate into the cortical 

microtubule (CMT) array. In these post-cytokinetic cells, the MT-associated protein CLASP is 

enriched at sites of EMT-cortex attachment, and is required for stable EMT tethering and growth 

into the cell cortex. Loss of EMT-cortex anchoring in clasp-1 mutants results in destabilized 

EMT arrays, and is accompanied by enhanced mobility of the cytoplasm, premature vacuolation, 

and precocious entry into cell elongation phase. This research provides the first discovery of 

EMT function in the continuity of CMT-EMT system in meristematic cells. The lack of EMT-

cortex attachment in clasp-1 does not only reduce feeding into the CMT array to facilitate mixed 

CMT organization, but also enhances cytoplasmic streaming in dividing cells that both cause the 

cell exist early to elongation phase. 
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CHAPTER 4. KATANIN IS REQUIRED FOR SEVERING EMT-CORTEX 

ATTACHMENT AT A SHARP ANGLE IN ARABIDOPSIS MERISTEMATIC ROOT 

CELLS. 

4.0.  Introduction and Goals 

Due to its microtubule severing function, KATANIN is well-known in affecting cortical 

microtubule organization (Komis et al., 2017; Lindeboom et al., 2013; Nakamura et al., 2010; 

Stoppin-Mellet et al., 2006; Wightman and Turner, 2007; Wightman et al., 2013; Zhang et al., 

2013), and the orientation of the cell division plane (Komis et al., 2017; Panteris and Adamakis, 

2012; Panteris et al., 2011). KATANIN is essential during the transition from isotropic to 

anisotropic cell expansion in root meristems (Bichet et al., 2001; Burk et al., 2001). In hypocotyl 

cells, KATANIN severs the emergent ɣ-tubulin which branch-off from pre-existing MTs 

(Nakamura et al., 2010), as well as MTs that cross each other during their elongation (Wightman 

and Turner, 2007, 2008; Zhang et al., 2016). Moreover, KATANIN activity might support 

microtubule bundling (Deinum et al., 2017; Stoppin-Mellet et al., 2006). In the absence of 

KATANIN severing, CMTs in Arabidopsis interphase epidermal leaf cells exhibit reduced 

bundling, excessive branched microtubule formation, and significantly slower rates of 

microtubule growth (Komis et al., 2017). 

In root division zone cells, KATANIN was found to localize around the nucleus and 

spindle poles by immunofluorescence (McClinton et al., 2001). Therefore, it is believed that the 

inability to sever EMTs at the nuclear envelope in KATANIN mutants is the cause of the delay 

of EMT disappearance at the transition zone. In root tip meristematic cells, AtKSS (katanin p60 

ortholog)-GFP signal was found blurry in the entire cytoplasm, as dots near the cell surface in 

division and transition cell zones and associated with CMTs in the elongation zone by live-cell 

imaging (Bouquin, 2003). This suggests that KATANIN acts not only at the nuclear surface, but 

also along cytoplasmic regions of EMTs and EMT-cortex attachment sites.  

To further confirm the EMT-cortex anchoring function in the meristematic cell zone, I 

studied KATANIN function in Arabidopsis root tips. I chose KATANIN because KATANIN 

loss-of-function mutants, ktn1-2, lue1, fra2, and bot-1, have a delayed disappearance of EMTs in 

meristematic cells and a subsequent failure of CMTs to reorient from mixed to transverse (Bichet 
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et al., 2001; Burk et al., 2001). This phenotype is the reverse of clasp-1, which has a loss of 

EMT-cortex anchoring and early disappearance of EMTs (Chapter 3). Examining EMT 

organization and dynamics in KATANIN mutants will allow me to test the hypothesis that 

EMTS are required to stabilize the cytoplasm in meristematic cells. 

4.1.  Results 

4.1.1. ktn1-2 has abnormal EMT distribution and decreased EMT number. 

As Burk et al. 2001 reported an increase in EMT numbers in ktn1-2 mutants, I wanted to 

first confirm this phenotype. To this end, I used immunofluorescence to visualize EMT 

organization in wild-type and ktn1-2 root tips. Figure 1A shows sections from confocal z-stacks 

at the cell surface and mid-plane throughout the three developmental zones of root tips of wild 

type and ktn1-2. The ktn1-2 EMTs seem more abundant near the surface view but less in mid-

plane view compared to wild type in all three zones (Fig. 4.1A). This suggests that EMT 

distribution between different cell faces is altered in ktn1-2 cells, where ktn1-2 EMTs in the mid-

plane view might not reach the anticlinal (side) walls but do reach the outer periclinal wall. EMT 

length in ktn1-2 is longer compared to wild type, particularly in transition zone (Table 4.1, figure 

4.1D).  

To assess possible changes in EMT numbers, I counted the total numbers of EMTs per 

cell. However, this is quite challenging since EMT organization is 3D within a cell. To get 

accurate results, I tracked individual EMTs through each Z-plane using 3Dmod. This method 

gave a 3D view of EMT organization as well as the number of EMTs per cell. Averaging all 

three root zones, the total EMTs per cell is not significantly different between wild type and 

ktn1-2 (94.85 ± 16.65 vs 93.08 ± 34.75, Mean ± SE, ~ 1200 EMT, 13 cells for each genotype) 

(Table 4.1, Fig. 4.1C). However, when considered by zone, the number of EMTs in ktn1-2 is 

higher in the transition zone, whereas ktn1-2 EMTs were fewer in the division and elongation 

zones compared to wild type (Table 4.1).  

Although ktn1-2 cells in the transition zone appeared to have higher numbers of EMTs, 

this is not accurate because the ktn1-2 mutant has a swollen root phenotype. That is, its root cells 

expand more in the radial direction and therefore have larger volumes. The difference in cell 
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volume is not obvious between ktn1-2 and wild type in the 2D view, but is noticeable in the 3D 

view. Since the volume of ktn1-2 cells in each cell stage differs from wild-type cells, I performed 

additional calculations of EMT numbers within a cell as a function of that cell’s volume. The 

number of EMTs in dividing cells significantly decreases compared to wild type (~ 50%), 

slightly decreases in transition cells (~ 12%), and does not change in elongation cells (Table 4.1, 

Fig. 4.1D). These results do not agree with the observation of Burk et al. (2001). 

Table 4.1. EMT counting in wild type and ktn1-2. 

Genotype Cell stage EMT number a 
EMT number/ 

Cell volume b EMT length (µm) 
c
 

WT 

Division 90.8 ± 6.8 0.04 ± 0.004 4.05 ± 0.12 

Transition 125.5 ± 21.1 0.03 ± 0.002 3.41 ± 0.93 

Elongation d 68 ± 4.8 0.009 ± 0.001 2.96 ± 0.58 

ktn1-2 

Division 73 ± 8.3 0.02 ± 0.003 4.19 ± 0.10 

Transition 160.8 ± 13.1 0.02 ± 0.001 4.35 ± 1.24 

Elongation e 45.5 ± 2.9 0.009 ± 0.000 3.19 ± 0.61 

Data are means ± SE 
a & b n = 4 for each genotype 
c n = 4 cells for each genotype, n= 200 ~ 600 EMTs ktn1-2 and 300 ~ 500 EMTs WT for each 

cell stage. 

p < 0.01, Student’s t test. 
d vs e Not significant, Student’s t test. 
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Figure 4.1. The reduction of EMT number in ktn1-2 mutants. 

(A) The anti-tubulin immunofluorescence images of the outer epidermal surface and 

midplane of root tip epidermal cells in dividing, transition, and elongation zones of wild type 

(left) and ktn1-2 (right). The illustration at the top shows the position of the surface and midplane 

view in the 3D cell. Scale bars, 5 µm. 

(B) Total EMT numbers per cell in wild-type and ktn1-2 root tip epidermal cells. n = 12 cells; 

600 ~ 1500 EMTs for each genotype. p < 0.1, Student's t-test.  

(C) Quantification of EMT length in meristematic cells of wild-type and ktn1-2 root tips. n = 

12 cells; 600 ~ 1500 EMTs for each genotype. p < 0.1, Student's t-test.  

(D) EMT numbers normalized for cell volumes (EMT number/cubic µm) in each 

developmental zone of wild-type and ktn1-2 root tips. The ktn1-2 cell volume in dividing and 

transition zones is larger, while the transition zone is smaller than wild type. The results after 
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normalization significantly change. There are fewer EMTs in knt1-2 in dividing and transition 

cell zone compared to wild type. n = 12 cells for each genotype; 200 ~ 600 EMTs ktn1-2 and 300 

~ 500 EMTs WT for each cell stage).  

 

 

4.1.2. ktn1-2 mutants have more and brighter EMT dots attached to the cortex at a sharp 

angle.  

The above results show that EMTs in ktn1-2 mutants accumulated at the outer periclinal 

wall and appeared as dots with a significant number near the surface view. Therefore, further 

analysis was conducted to compare this phenotype between wild type and ktn1-2. To present the 

relationship between CMT and EMT organization in meristematic cells, I overlaid the cell 

surface (CMTs; pseudocolored cyan) onto the subsurface (EMTs; pseudocolored magenta) to 

allow visualization of the overlapping signal between the two (Figure 4.2A). The white areas in 

the merged images are where cyan CMTs and magenta EMTs meet at the cell surface and feed 

into the CMT array. Normally these are present mainly in division zone cells, gradually 

disappearing as EMTs release from the cortex during transition to elongation, which results in a 

transverse parallel CMT array. However, in ktn1-2, the white dots were also abundant in 

transition zone cells (Fig 4.2A). In agreement with this and with Burk et al (2001), CMTs in 

these cells had mixed CMT arrays instead of parallel (Fig. 4.2A). Furthermore, overlays show 

that EMTs incorporate into CMT branched structures in ktn1-2, while only a few of them were 

found in wild type (Green arrowheads in Figure 4.2A). These results confirm the observation of 

delayed EMT disappearance and mixed CMT arrays reported by Burk et al. (2001). 

Further quantification shows that EMT dots at the cell surface of ktn1-2 meristematic 

cells increases and is brighter compared to wild type. Since EMTs radiate from nuclear envelope 

to cell cortex, it is normal to see the EMTs as dots at the cell plane between the nuclear surface 

and cell cortex. The bigger and brighter dots result from the higher number of EMTs. EMT dots 

at the cell surface in ktn1-2 are more abundant and prominent compared to wild type (Fig. 4.2B). 

In fact, the amount of EMT dots increased in ktn1-2 compare to wild type (23.75 ± 9.36 vs. 

18.25 ± 6.24, Mean ± SE, ~ 100 EMT dots, four cells for each genotype) (Table 4.2, Fig. 4.2C). 
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Also, the gray value of EMT dots in ktn1-2 is higher than wild type (131.44 ± 6.71 vs. 181.82 ± 

4.38, Mean ± SE, ~ 100 EMT dots, four cells for each genotype) (Table 4.2, Fig. 4.2D).  

In addition, EMTs in ktn1-2 mutants show a sharper attachment angle to cell cortex 

compared to wild type (Fig. 4.2E). To present this observation, I used 3D Viewer plugin in 

ImageJ. The red arrowheads point at the attachment sites of EMTs at the cell cortex. At the cell 

surface, any EMTs reaching the cell cortex at an angle close to 90º will appear as dots, while 

EMTs with smaller attachment angles (<90º) will appear as lines of varying lengths, 

corresponding to their attachment angles. At the 3D top view of the wild type, EMTs reaching 

the cell cortex appear as both dots (indicating 90º cortex attachment), and as short strings 

(indicating attachments at <90º angles) that represent the different attachment angle of EMTs. In 

fact, the EMT string becomes more recognizable when the 3D cell is tilted to 45º in 3D side 

view. Whereas, ktn1-2 EMTs appeared only as dots at the 3D top view and side view (Fig. 4.2E). 

The quantification of the attachment angle confirmed that the EMT attachment angle in ktn1-2 is 

sharper compared to wild type (77.51 ± 0.41 vs. 61.18 ± 0.7, Mean ± SE, ~ 450 EMT dots, ten 

cells for each genotype) (Table 4.2, Fig. 4.2F). 

Table 4.2. EMT dot related measurement in WT and ktn1-2. 

Genotype EMT dot number EMT dot intensity a 
EMT-cortex attachment angle 

(Deg.) b 

WT 18.25 ± 6.24 131.44 ± 6.71 61.18 ± 0.7 

ktn1-2 23.75 ± 9.36 181.82 ± 4.38 77.51 ± 0.41 

Data are means ± SE 
a n= 5 cells for each genotype; n= ~ 300 EMT dots ktn1-2 and ~ 200 EMT dots WT 
b n= 5 cells each genotype, n= ~ 500 EMTs ktn1-2 and ~ 400 EMTs WT 

p < 0.1, Student’s t test. 
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Figure 4.2. The majority of EMT dots which attached to cell cortex at sharp angles in ktn1-

2 mutants. 

(A) Max projection images of MTs in dividing and transition zone of wild-type (left) and 

ktn1-2 (right) root tip epidermal cells. The MTs were visualized by anti-tubulin 

immunofluorescence. CMT images (pseudocolored cyan) show the surface of the cells using 

maximum projections of the outer 3 slices from a z-stack (0.7 µm intervals). EMT images 

(pseudocolored magenta) are max projection of 5 z-stacks (0.7 µm) right below CMT layer until 

mid-plane of the cell. The merged images are the combination of two max projection images of 

CMT and EMT. White regions indicate overlap between green and magenta signals. The green 

arrows point at white dots where EMTs reach the cell cortex and incorporate into the CMT array. 

Scale bars, 5 µm. 

(B) The anti-tubulin immunofluorescence image (top) shows the surface of dividing zone cell 

in both wild type (left) and ktn1-2 (right). The pink circle overlay indicates the dots, which cross-

section of growing EMTs from intracellular (bottom).  Scale bars, 5 µm.  

(C) Quantification of the EMT dots at the cell surface per cell between wild type and ktn1-2. 

n= 5 cells for each genotype; n= ~ 300 EMT dots ktn1-2 and ~ 200 EMT dots WT. p < 0.1, 

Student's t-test.  

(D) Quantification of the number of EMT dot intensity at the cell surface between wild type 

and ktn1-2. n= 5 cells for each genotype; n= ~ 300 EMT dots ktn1-2 and ~ 200 EMT dots WT. p 

< 0.01, Student's t-test.  

(E) 3D view from the top (left) and side view (right) of epidermal transition cells of wild type 

(top) and ktn1-2 (bottom). The red arrows point at the position of EMT attachment to the cell 

cortex. EMT-cortex attachment appears as strings or dots in wild type while only bright dots in 

ktn1-2. Scale bars, 5 µm. 

(F) Quantification of EMT-cortex attachment angles in wild type and ktn1-2. n= 5 cells each 

genotype, n= ~ 500 EMTs ktn1-2 and ~ 400 EMTs WT. p < 0.01, Student’s t test. 

 

 

4.1.4. KATANIN severing at sharp-angle EMT-cortex attachment is required for 

drastically disappearance of EMTs in transition cell zone.  

 To determine the basis for the EMT defects in ktn1-2, I used live-cell imaging on root 

tips of ktn1-2 and wild type stably expressing UBQ1::GFP-TUB6. I found that the EMT-cortex 

attachment at a sharp angle is more stable in ktn1-2 compared to wild type (Fig. 4.3). I use an 

image montage to present this observation. The main idea of this method is showing the dynamic 

or movement of an object through a timeframe. In wild type, the EMT dots at the cell surface, 

which attached to cell cortex at a sharp angle, have variable time life and dominantly less than 60 
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seconds (Fig. 4.3A & C). In Le and Ambrose (2018), EMT-cortex attachment lasts in a very long 

lifetime (exceed 200-seconds observation). However, most of the attachment angles range from 

56º to 65º. The sharp angles mentioned here to be considered as close to 90º, or at least beyond 

70º. Most of EMT dots in wild type disappeared, and new EMT dots appeared in the same or 

different spots after at least 25 seconds (Fig. 4.3A). The brighter EMT dots have longer lifetime 

than dimmer ones. Most of EMT dots in ktn1-2 stayed for a long time (Fig. 4.3A) and were quite 

stable, over 200 seconds, which exceeded my observation. The shortest lifetime was 100 seconds 

(Fig. 4.3A &C).  

Furthermore, it is rare to find a direct connection between EMT dot and CMT in wild 

type. I found that new MTs grew from EMT dots and gradually joined into the CMT array. 

Meanwhile, EMT dots directly connect to CMT at the cell cortex were usually found in ktn1-2 

(Fig. 4.3A, B, & D). They were so stable that they remained throughout my observation time 

(over 200 seconds). In figure 4.3D, 3D projection was used to detect the relationship of CMT 

array at cell surface and EMT behavior right below it. In wild type, the beginning of new 

growing CMTs at the cell surface and severing of EMT strings below happens within 4-seconds 

timeframe. The EMT, then, gradually disappears with the continuing growth of new CMTs from 

EMT dots to different directions. The new growing CMTs are either simply polymerized at plus-

end (arrowheads) or are treadmilling (white dot line in 60-76s timeframe) (Fig. 4.3D). In 

contrast, the EMT dots at the top view and EMT string at the side view are stable for the whole 

observation time in ktn1-2. There are still CMTs growing out from stable EMT dots but not as 

much as after EMT severing (Fig 4.3D). This suggests that KATANIN might function in 

modulating the arrangement of the MT system by severing EMT anchoring at sharp angle to 

promote new growing CMTs into the array at the cell surface.  
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Figure 4.3. EMT dots at the cell surface have longer duration attachment in ktn1-2. 

(A)  Time series images show the stable lifetime of EMT dots at the cell surface in ktn1-2. 

The arrowheads point to EMT dots. Different color of arrowheads indicates different EMTs. The 

time series is 52 seconds in both wild-type (top) and ktn1-2 (bottom) root tips expressing 

UBQ::GFP-TUB6. Scale bars, 5 µm. 

(B) Close-up images of inset in (A, 0 sec.). The time series images show stable EMT dots 

where they meet CMTs at the cell surface in ktn1-2. The red dot-line circles indicate the EMT 

dots in wild-type and ktn1-2 root tip cells. The cyan and magenta arrowheads follow the plus-end 

of new growing CMTs from EMT dots at wild-type cell surface. Total time is 56 seconds. Scale 

bars, 5 µm. 

(C) Histogram showing EMT dot lifetime for wild type and ktn1-2. Since most EMT dots 

remained stable beyond the duration of the observation in ktn1-2 mutants, these are grouped as 

‘more’. n = 5 roots each genotype, 5 cells per root, 100 EMT dots. 

(D) Time series images of 3D projections indicate the relationship of CMT and EMT over 

time in wild-type and ktn1-2 root tips expressing UBQ::GFP-TUB6. The top view of 3D 

projection images show EMT as a dot incorporating into CMT array at cell surface. In the side 
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view of 3D projection images corresponding to the top view, EMT appears as a line connecting 

cell surface (left side of the image) and nuclear envelope (right side of the image). The CMT 

arrays appear as dots in the area near the end of EMT in the left side of the images. The cyan dot-

line circles indicate EMT dots. The color arrowheads point at the plus-ends of new growing 

CMTs. The while dot lines show the track of treadmilling CMTs. The white arrow in wild-type 

side view indicates the position of EMT severing at the same time as new CMT starts to grow 

out from EMT dots in wild-type top view. The total time is 100 seconds (time interval is 4 

seconds). Scale bars, 2 µm. 

 

 

4.1.5. ktn1-2 mutants have stable cytoplasm in root meristematic cells 

To test the hypothesis that the stable EMT-cortex attachment in ktn1-2 will lead to stable 

cytoplasmic streaming in meristematic cells, I used wild-type and ktn1-2 root tips expressing 

UBQ::GFP-TUB6 for imaging and analysis. Since GFP-TUB6 exists in both polymerized MT 

and unpolymerized pools in the cytoplasm, the exclusion of cytosolic GFP-TUB6 from vacuoles 

provides a good indicator for cytoplasm dynamics. I found that ktn1-2 cytoplasm is more stable 

as compared to wild type (Figure 4.4). The figure is presented in the same style used to 

demonstrate enhanced cytoplasmic motility in clasp-1 mutants (chapter 3). The single time point 

images (Fig. 4.4A) was used as a reference for standard deviation projection of 120-second time 

lapses (Fig. 4.4B), two-color merge of two-time points (Fig. 4.4C), and kymographs (Fig. 4.4D).  

In the time-lapse projections, the dominance of dark areas in ktn1-2 mutant indicates that 

cytoplasmic movement is reduced compared to wild-type cells of the same stage and size (Fig. 

4.4B). Similarly, the two-color merged image of ktn1-2 shows reduced magenta and green areas, 

indicating movement between the two-time points (Fig. 4.4C). The stability of cytoplasmic 

streaming in ktn1-2 is again confirmed by the completely straight dark lines of cross-section 

vacuoles in kymographic analyses compared to more the varied and short-lived dark regions in 

wild type (Fig. 4.4D).   

In order to obtain quantitative data on vacuolar morphology and dynamics in wild-type 

and ktn1-2 meristematic cells, I used 3Dmod software (Kremer et al., 1996). Figure 4.4E shows a 

3D projection of 160-second time lapsed was presented in top view (left) and side view (right). 

The stable of vacuole in ktn1-2 was shown by nicely lined-up column of distinct vacuole regions 
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over time compared to the changes in size of vacuoles and titled column in wild type (Fig. 4.4E). 

The measurement of changes in individual vacuolar areas over time is considered as a proxy for 

cytoplasmic movement. The temporal variation in a vacuolar area is expressed as standard 

deviation of the mean (coefficients of variation) of vacuole area to normalize for the large range 

in areas between individual vacuoles (Fig. 4.4F). The temporal variation in vacuole areas in ktn1-

2 was lower than wild type in transition stage when cells exhibit higher EMT attachment dots. 

Meanwhile, the variation in vacuole areas in ktn1-2 was higher in dividing stage and not different 

in elongation stage compared to wild type (Table 4.3, Fig, 4.4F). These results indicate that the 

EMT-cortex attachment plays an important role in proper cytoplasmic streaming.  

Table 4.3. Coefficients of variation of vacuole area. 

Cell stage WT a ktn1-2 b 

Division 0.23 ± 0.02 0.3 ± 0.03 

Transition 0.36 ± 0.06 0.34 ± 0.03 

Expand 0.52 ± 0.03 0.48 ± 0.09 

Data are means ± SE  
a & b n= 30 vacuoles for each genotype 

p < 0.1, Student’s t test 

  



57 

 

 

Figure 4.4. The stabilization of cytoplasm dynamics in ktn1-2. 

(A) Single time-point images of root epidermal division zone cells from wild-type (top) and 

ktn1-2 (bottom) plants expressing UBQ::GFP-TUB6. Scale bars, 5µm. 

(B) Time projections (standard deviation method) of cells in A showing the reduced 

vacuole/cytoplasm movement in ktn1-2. White areas indicate regions that underwent 

positional/morphological change throughout the observation. Images correspond to 120-second 

time-lapses with 4-second intervals. 

(C) Colour merges of two time points from same time series. Green is t=1 and magenta is 

t=120. White areas indicate no movement between time points. 

(D) Kymographs corresponding to the black lines in C. The stable dynamicity of vacuoles in 

ktn1-2 appears as persistent, straight horizontal black regions. Total time is 120 seconds.  

(E) Life histories of individual vacuoles from a transition stage cell over the course of 120 

seconds (4 second intervals). Different colored traces correspond to individual vacuoles. The left 

image shows all time-points projected onto a single image frame for reference. Right images are 

tilted 3D projections. The rear and side walls are kymographs for spatial and temporal reference. 

Bars, 5 µm.  

(F) Coefficients of variation (co.var.) for vacuole area in wild type and ktn1-2. The time 

between compared time points is 160 seconds. n= 30 vacuoles for each genotype. p < 0.1, 

Student's t-test. 
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4.2.  Discussion 

In animal cells, EMTs nucleate from centrosomes and the number of EMTs in the mitotic 

spindle is mediated by KATANIN severing by generating new short EMTs, which become new 

growing EMTs (Roll-Mecak and Vale, 2006; Srayko et al., 2006). Therefore, loss of KATANIN 

activity caused fewer, but longer spindle microtubules. Compared to EMTs of animal cells, 

EMTs in root meristematic cells are generated from the nuclear envelope. The knt1-2 mutants 

also exhibit decrease in MT number but increase in MT length of mitosis spindle (Komis et al., 

2017; Panteris et al., 2011). Furthermore, the fact that KATANIN localizes around nucleus 

(McClinton et al., 2001) combined with the reduction of EMT number and increase in EMT 

lengths in ktn1-2 mutants specifies that KATANIN might function as severer in maintaining 

proper EMT organization. The observation of EMT organization in relation with CMT array 

supports the study of Bichet et al., 2001 and Burk et al., 2001, which showed that lack of 

KATANIN activity caused the delayed disappearance of EMTs and promote branching 

phenotype in CMT array. However, the cell volume-normalized EMT count method does not 

support the observation of Burk et al., 2001 because the number of EMT in transition zone is 

actually reduced compared to wild type. The disorganization of EMTs and different cell volume 

in ktn1-2 cells might be the cause of misinterpretation. Therefore, my results show that detailed 

quantification is essential. 

The abundance and stable lifetime of ktn1-2 EMT dots which attached to the cell cortex 

at a sharp angle together with the localization of KATANIN as dots near the cell surface in 

meristematic cells (Bouquin, 2003) imply that KATANIN might function as severer at the EMT-

cortex sharp angle attachment sites. In wild type, when EMTs reach the cell cortex at a sharp 

angle, new MTs grow out from the dots into the cortex, which leads to the eventual 

disappearance of the EMT dots. It is possible that KATANIN severs the attached EMTs and 

generates new MTs incorporating into the CMT array at the cell cortex. In Arabidopsis 

hypocotyl CMT arrays, KATANIN has been shown to sever MTs at MT-MT cross-over sites, 

which leads to more, but shorter, CMTs that facilitate re-orientation of CMT arrays in response 

to blue light (Lindeboom et al., 2013, 2017; Thoms et al., 2018). With respect to my EMT data, 

KATANIN also plays a role in CMT reorganization, but by a separate (or additional) mechanism 

in meristematic cells. Specifically, KATANIN promotes the establishment of well-organized 
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parallel CMTs and the disappearance of EMTs by severing at cell cortex where EMTs attach and 

feed into the CMT array.  

I found it hard to detect severing events in cytoplasm and near nuclear surface in the 

meristem cell zone. This might be because of technical limitations and methods. It is also 

possible that KATANIN severing is not required in this area. The reasons for this conclusion are 

(i) there was no pattern of AtKSS-GFP localization in the entire cytoplasm in Arabidopsis 

dividing and transition zone (Bouquin, 2003). (ii) EMT severing was infrequently observed in 

Physcomitrella patens protonemal cells (Nakaoka et al., 2015).  

 The longer lifetime and stable position of EMT dots at the cell surface together with a 

more stable cytoplasm in ktn1-2 mutants indicate the involvement of sharp angle EMT-cortex 

attachments in cytoplasmic streaming. Since EMT-cortex attachment plays an important role in 

stabilizing cytoplasmic streaming (Le and Ambrose, 2018), the additional EMT sharp angle 

attachments increase the number of EMT attached to the cell cortex, which likely enhances the 

stabilization of the cytoplasm. The number of EMTs in ktn1-2 dividing cells significant 

decreased (lower than 50%) compared to wild type. The decrease in EMTs will lead to a smaller 

number of EMT attachment sites, and a less stable cytoplasmic streaming (Le and Ambrose, 

2018). This could explain the slightly enhanced cytoplasm dynamics in ktn1-2 dividing cells 

(Table 4.3, fig. 4.4F). Even though the number of EMTs in ktn1-2 mutants is slightly lower 

compared to wild type in transition and elongation zones, the number of EMT-cortex 

attachments is higher and the cytoplasm in ktn1-2 is quite stable compared to wild type. 

Therefore, it is the number of EMT-cortex attachments, not the number of EMTs, that is 

determinant in the stabilization of the cytoplasm and the state of vacuolation.  

 4.3.  Summary and Conclusion 

This chapter described research of KATANIN function in EMT organization and 

dynamics with respect to the relationship of EMT-cortex attachment and cytoplasmic 

dynamics/streaming. I found that KATANIN plays an essential role in severing EMT-cortex 

attachment at a sharp angle, close to 900, in root meristem cells. This function is important for 

proper EMT organization and cytoplasmic streaming during meristematic activities. It explains 
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that the delay of existing to elongation stage in ktn1-2 root tip cells is caused by the 

disappearance of EMTs and enhanced cytoplasmic streaming. The number of EMT-cortex 

anchoring sites increases and the cytoplasm is more stable in ktn1-2 cells, which is the opposite 

to the phenotype of clasp-1. This supports the beginning hypothesis and provides strong 

evidence for the importance of EMT-cortex attachment in meristematic cell activities.  
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CHAPTER 5. MICROTUBULE FUNCTION DURING CP LIGHT AVOIDANCE 

MOVEMENT IN ARABIDOPSIS THALIANA MESOPHYLL CELLS. 

5.0.  Introduction and Goals 

The distribution of two cytoskeleton systems, MT-based and actin-based, in intracellular 

transport has been known for many years. Depending on cell type and movement, each system 

plays a certain role during the process. Traditionally, the MT-based system was considered to 

mainly function in intracellular transport in animal cells, and the actin-based system in plant 

cells. However, both systems were later found to contribute to transport functions in both animal 

and plant cells. One of many examples in animal cells is the movement of pigment granules in 

melanophores, black pigment-containing cells in deeper skin layers. Actin filaments were found 

to function in the uniform distribution of granules throughout the cytoplasm, which is required 

for granule movement in addition to function of the MT tracks in the rapid dispersion of granules 

from the cell center to the cell margin (Euteneuer and McIntosh, 1981; Rodionov et al., 1991, 

1998). In plant cells where actin predominates in long-distance transport via actin cables, MTs 

play a lesser role and mainly function in anchoring or moving vesicles/organelles in short 

distance (Cai et al., 2015; Geitmann and Nebenführ, 2015; Lin et al., 2016; Romagnoli et al., 

2007). Similar to other organelles, CP movement in higher plants, ferns, and moss has been 

considered to be mainly controlled by actin.  

CPs are important for plants with photosynthesis function. Photosynthesis generates 

usable energy and complex organic chemicals from water, carbon dioxide, and light. Among 

other factors, light has a strong effect on plant photosynthesis. To adapt to different light 

conditions, plant cells display CP photorelocation movements for maintaining efficient 

photosynthesis. When the light is dim, CPs accumulate on the mesophyll cell surface (i.e. outer 

periclinal wall) to maximize light interception. This is called the accumulation response. When 

the light is too strong, CPs move to the anticlinal walls of the cell to minimize light exposure and 

prevent photo-inhibition. This is the avoidance response (Kasahara et al., 2002; Koniger et al., 

2008; Königer, 2014; Suetsugu and W, 2012; Wada and Kong, 2018).  

CPs in vacuolated cells are lens-shaped and attached to the plasma membrane. To move, 

they can slide in any direction without turning or rolling along the plasma membrane (Tsuboi 
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and Wada, 2011; Tsuboi et al., 2009; Wada and Kong, 2018). Actin filaments are thought to help 

CPs anchor and move them along the plasma membrane (Königer, 2014; Suetsugu and W, 2012; 

Wada and Kong, 2018). Numerous studies have shown that ring-like, basket-like, and 

honeycomb-like actin structures associate with CPs in Arabidopsis thaliana, Nicotiana tabacum, 

Spinacia oleraceace, Vallisneria gigantean, Adiantum capillus-veneris, and moss Physcomitrella 

patens (Dong et al., 1996; Kadota and Wada, 1989, 1992; Kandasamy and Meagher, 1999; Sato 

et al., 2001a). These actin structures influence the anchoring of CPs to the plasma membrane, but 

are not involved in CP movement (Kadota and Wada, 1992; Takagi et al., 2009).  

5.0.1. CP-actin drives CP photorelocation 

The actin system driving CP movement is called cp-actin (CP-actin; Figure 5.1). In land 

plants, the cp-actin-mediated mechanism is unique for CP movement. Cp-actin appear as dense 

short filaments at the leading edge of CPs during the photorelocation response, and by attaching 

to the plasma membrane, is believed to generate CP movement via cp-actin polymerization 

dynamics (Kadota et al., 2009). The abundance and distribution of cp-actin filaments are 

influenced mostly by blue light (Kadota et al., 2009; Kong et al., 2013). When CPs are stationary 

and stable, cp-actin evenly distributes around them. When CPs are irradiated by strong blue light 

to induce an avoidance response, cp-actin filaments disappear at the irradiated site, and then 

newly polymerize at the side opposite of the irradiation in order to move the CPs away (Kadota 

et al., 2009; Kong et al., 2013) (Fig. 5.1).  

During the CP accumulation response, the cp-actin filaments accumulate in the front edge 

of the CPs near the weak light irradiated sites and generates the force for CP move forward to the 

sites. Unlike CP avoidance response, cp-actin filaments in the opposite sites still remain in CP 

accumulation response. 
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Figure 5.1. Light-induced cp-actin reorganization during CP light avoidance response.  

The cp-actin filaments evenly distribute around CPs when there is no CP movement. When the 

strong blue light shines on the middle of the periclinal wall (the back dotted line indicates the 

strong light area), cp-actin at the CP edge near the strong light area disappears and accumulates 

at the other side of CP edge, which would be the front edge of moving CPs. As a result, the CPs 

will move from the middle of periclinal wall to the anticlinal walls.  

 

 

The cp-actin-mediated photorelocation responses are proposed to consist of three steps: 

photoreception, signal transduction, and motility (Fig. 5.2). When the light is received by 

photoreceptors, the signal generated by photoreceptors activates cp-actin nucleation at the CP 

edge (Ichikawa et al., 2011). The photoreceptors responsible for accumulation movement are 

Phot1 and Phot2. Both Phot1 and Phot2 are localized to the plasma membrane. The light-

activated Phot1 and Phot2 generate an accumulation signal to activate the cp-actin filament 

nucleation complex at the CP leading edge. The complex creates the force for the CP to move 

forward to the weak light-irradiated area.  

The avoidance response is mediated by a second population of Phot2 receptors that 

localizes at the CP outer envelope (Jarillo et al., 2001; Kagawa, 2001; Sakai et al., 2001). The 

Phot2 receptor at the CP edge near the strong light-irradiated area creates an avoidance signal. 
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The signal promotes the disappearance of cp-actin filaments in the irradiated site and activates a 

cp-actin filament nucleation complex on the opposite side of CPs. Therefore, cp-actin filaments 

accumulate at the leading edge and cause CPs to slide out of the irradiated area (Fig. 5.2). 

5.0.2. The cp-actin nucleation complex 

The cp-actin filament nucleation complex includes CHUP1 (CP Unusual Positioning 1), 

KAC (Kinesin-like protein for Actin-based CP movement), and THRUMIN1. The CHUP1 

protein has multiple functions including binding to the CP outer envelope, anchoring the CP to 

the plasma membrane, and binding profilin (an actin polymerization factor) due to its protein 

structure (Oikawa, 2003; Oikawa et al., 2008; Schmidt von Braun and Schleiff, 2008). CHUP1 

loss-of-function mutants lack cp-actin filaments and have detachment of CP from the plasma 

membrane without any movement (Kong et al., 2013; Oikawa, 2003).  

KAC proteins belong to the kinesin-14 family of MT motor proteins but appear to lack 

motility (Suetsugu et al., 2010). There are two paralogs, KAC1 and KAC2, present in the 

Arabidopsis genome. KAC loss-of-function mutant kac1kac2 has a significant decrease of the 

cp-actin filaments, detachment of CPs from the plasma membrane, absence of the accumulation 

response, and an enhanced avoidance response (Suetsugu et al., 2010, 2016). The exhibition of 

strong avoidance response in conditions without cp-actin filaments in kac1kac2 indicates the 

possibility of other mechanisms involved in CP avoidance movement.  

  THRUMIN1 protein is localized at the plasma membrane and might function in cp-actin 

bundling, which may help with the anchoring of cp-actin filaments to the plasma membrane 

during the light response (Wada and Kong, 2018; Whippo et al., 2011). THRUMIN1 loss-of-

function mutants also show defects in cp-actin organization during the CP avoidance response 

which leads to significantly reduced CP velocity (Kong et al., 2013). 

To summarize, the combined function of proteins in the complex creates the actin 

polymerization-based motive force for CP movement. In combination with profilin, CHUP1 

anchors CPs to the plasma membrane to generate cp-actin filaments. The newly generated cp-
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actin filaments continue polymerizing by mediation of CHUP1 and KAC. Then, THRUMIN1 

promotes bundling of new cp-actin filaments and anchors the filaments to the plasma membrane.  

 

 

 
Figure 5.2. Model of cp-actin filament-mediated CP movement. 

Adapted from (Suetsugu and W, 2012; Wada and Kong, 2018). 
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5.0.3. CMTs and CP movement 

 While actin appears to be the primary system for CP motility, several studies have 

implicated the MT cytoskeleton as well, although results are varied and often specific to 

particular taxa. In the moss Funaria hygrometrica, CPs have been observed to be closely 

associated with both actin and CMTs (Quader and Schnepf, 1989; Wacker et al., 1988), and in 

the moss Physcomitrella patens, both cytoskeletal  systems function in CP photorelocation (Sato 

et al., 2001). In Physcomitrella patens, CPs can move along both cytoskeleton systems and show 

different trajectories depending on avoidance or accumulation response as well as different kind 

of photoreceptors (Sato et al., 2001). Specifically, in the dark, CPs utilize CMTs as a track for 

fast and long-distance movement along the longitudinal axis of the cell, while actin filaments 

drive slow movement in any direction. CP movement depends on MT-based responses to both 

red light (via phytochrome receptors) and blue light receptors but shows different velocity and 

pattern. Meanwhile, CP movement depends on the actin-based system only responses to the blue 

light receptor. 

In addition, a recent study revealed the function of CMTs in directing CP movement in 

Arabidopsis epidermal pavement cells (Kumar et al., 2018). The stromules of these small CPs 

extend along CMTs and connect to actin filaments. The movement of stromules directs the 

movement of CP to nuclei during innate immunity, which is the first defense mechanism of cells 

from infection. Stromules are tubular structure extended from plastids, including CPs, in higher 

plants (Gray et al., 2001; Hanson and Sattarzadeh, 2008; Köhler and Hanson, 2000; Kwok and 

Hanson, 2004a; Natesan, 2005; Sampath Kumar et al., 2014). The mechanism of stromule 

formation is not well understood, yet stromules has been found to play important roles in plant 

defense mechanism (Hanson and Hines, 2018; Kwok and Hanson, 2004b). In addition, stromule 

extension was found to associate with nuclei, tonoplast, mitochondria and peroxisomes (Barton 

et al., 2018). Since stromules extension is guided by CMTs, CMTs might be involved in the 

interaction of stromules and other organelles.  

5.0.4. Goals of this study 

In Arabidopsis, the avoidance movement of CPs is controlled by the polarized 

accumulation of cp-actin filaments at the CP leading edge opposite the site of strong light 
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irradiation (Kadota et al., 2009). Yet, the strong avoidance phenotype in kac1kac2 mutants 

suggests another system might be involved in CP movement besides cp-actin. CPs themselves 

were suggested to have the ability to determine the closest location to move out of the strong 

light because they move out of irradiated areas in the shortest routes (Suetsugu and W, 2012; 

Tsuboi and Wada, 2011). However, this is not applicable for CPs in the center of the cell surface 

who take the longer routes instead of shorter ones. In addition, studies on the directionality of CP 

movement have used micro-beam irradiation to illuminate small parts of the cell. What about the 

more natural situation where light illuminates the entire cell? Therefore, the factor that decides 

the route of CP movement is under debate. The fixed-cell condition of immunofluorescence 

indicated actin filaments, but not microtubules, function in anchoring CP at plasma membrane 

(Kandasamy and Meagher, 1999). However, this method cannot detect the CMT orientation and 

dynamics during CP photorelocation movement. By using live-cell imaging, I found that CMTs 

play a role in CP light avoidance response by influencing CP velocity and direction of 

movement.  

5.1.  Results 

5.1.1. CP light avoidance velocity is affected by MT inhibitors 

To identify the influence of CMTs on CP movement, I first conducted drug treatments on 

Arabidopsis leaves expressing S1B::WSB-TUB6 to visualize microtubules. The mesophyll-

specific RbcS1B promoter (Sawchuk et al., 2008) was used to observe CMTs only in top-layer 

palisade mesophyll cells. Oryzalin was used to depolymerize CMTs, and Taxol was used to 

prevent CMT depolymerization (i.e. stabilizing CMTs by increasing their polymer mass in the 

cell). The actin depolymerizer Latrunculin B (LatB) was used as a positive control to completely 

disrupt CP movement. After 20-30 minutes of being drug treated, confocal z-stacks were 

acquired every minute during continuous exposure to high intensity white light (using the 

microscope’s transmitted light source). CP auto-fluorescence was used to track CPs. 

I found that CP velocity during the light avoidance response was affected by MT drug 

treatments (Fig. 5.3). In 0.5% DMSO control, CPs at the cell surface dispersed and moved to the 

anticlinal sides within 5 minutes. Meanwhile, when CMTs were stabilized by 50 µM Taxol, CPs 

seemed to move a little bit faster when on highly bundled CMTs (an effect of Taxol). In the 
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opposite treatment, when CMTs were disrupted by 50 µM Oryzalin, CP movement was delayed. 

As expected, the 20 µM LatB treatment stopped CP movement (Fig. 5.3A). The time-lapse 

projections in Figure 5.3B illustrate the photorelocation tracks of CPs in 5 minutes under strong 

white light for each treatment. The gradient of the color corresponds to the timeframe of CP 

movement: the first frame is purple at the 0-minute time point, and the last one is white at the 5-

minutes time point. The red tracks illustrating the CP trajectories show that Taxol tracks are 

longer, and Oryzalin tracks and LatB tracks are much shorter (looking like dots) compared to the 

control. In fact, the quantification of CP velocity indicates the difference in each treatment. The 

Taxol treatment is ~ 1.1x higher, Oryzalin is ~ 2x lower, and LatB is ~ 3x lower compared to the 

DMSO control (Fig. 5.3C and table 5.1). Interestingly, the track displacement of CPs in Taxol 

and Oryzalin is ~ 1.5x higher and ~ 1.5x lower respectively compared to DMSO (Fig. 5.3D and 

table 5.1). The difference in velocity and track displacement of CPs between Oryzalin and 

control indicates that CPs do not follow a clear linear track and end up in short distance 

movement with higher total travel distance in the absence of MTs. Conversely, CPs follow the 

stable MT track in Taxol in more linear direction with higher distance movement. 

These results clarify that photorelocation movement of CPs, CP velocity in particularly, 

is not only affected by actin, but also by microtubules. Like moss, CMTs might act as tracks for 

CP movement in higher plants, or the CMTs may interact with actin during the process. 

Table 5.1. Quantification of CP movement in drug treatment under the strong white light. 

 
0.5% DMSO 50 µM Taxol  50 µM Oryzalin  20 µM LatB  

Velocity (µm/minute) 0.68  ±  0.00 0.74  ±  0.00 * 0.33  ±  0.00 ** 0.23  ±  0.00 ** 

Track displacement 

(µm) 
1.95  ±  0.04 2.80  ±  0.04 ** 1.14  ±  0.03 ** 0.45  ±  0.01 ** 

Data are means ± SE 

n = ~ 50 cells for each treatment, n= 900 ~ 2000 CPs for each treatment 

one-way ANOVA with RGui.  ** p < 0.0001, * p < 0.001 
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Figure 5.3. CMT disruption in Oryzalin and stabilization in Taxol treatment affect CP 

photorelocation velocity. 

(A) Montage images of CMTs and CPs in mesophyll cells of Arabidopsis seedlings 

expressing S1B::WSB-TUB6 under strong white light after 30-minute drug incubation. Drug 

treatment includes 50 µM Oryzalin, 50 µM Taxol, 20 µM LatB, and 0.5% DMSO control. Total 

time exposed under strong white light is 5 minutes. Red arrows indicate the direction of CP 

movement. Scale bars, 10 µm. 

(B) Maximum projections of time series illustrate CP movement corresponding to the drug 

treatments in (A). The color range (blue-white) labels the time frame (0 – 5 minute) to point out 

the movement of CPs. CPs that move long distance shows the separated color range and vice 

versa. The red lines illustrate the CP trajectory movement.  
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(C) Velocity of CP during photorelocation movement in mesophyll cells in Taxol, Oryzalin, 

and LatB compared to DMSO control. (n = 50 cells, 900 ~ 2000 CPs for each treatment). one-

way ANOVA with RGui.  ** p < 0.0001, * p < 0.001 

(D) The track displacement of CP during photorelocation movement in mesophyll cells in 

Taxol, Oryzalin, and LatB compared to DMSO control. (n = 50 cells, 900 ~ 2000 CPs for each 

treatment). one-way ANOVA with RGui.  ** p < 0.0001. 

 

 

5.1.2. CP trajectory correlates to CMT array orientation during avoidance movement.  

  Since CMTs affect CP velocity in drug treatment, the observation of CP movement in 

different CMT orientations was conducted. I used Arabidopsis cotyledons expressing 

UBQ::GFP-TUB6 to visualize CMTs. For the light treatment, I used the 488nm Argon laser to 

excite GFP fluorescence and provide the blue light cue to trigger CP photorelocation. I found 

that the low laser intensity used to excite GFP fluorescence (~ 2% on 30 mW argon laser, 8-

second time intervals) was sufficient to induce photorelocation movements. By scanning a small 

area (1 – 3 cells) of cotyledons with the 488nm laser beam (2% intensity) for 9 minutes (8 

second time interval), I found that CPs develop several directional movements depending on 

different CMTs arrangements (Fig. 5.4) 

Figure 5.4 shows three types of CMT arrangements in mesophyll cells and the 

corresponding CP movements. When CMTs are arranged transversely in mesophyll cells, CPs 

tend to transversely move to the anticlinal walls (Fig. 5.4A1, A2, & A3). To quantify the angles 

of CP trajectory during the avoidance response, I used the Mtrack plugin in imageJ. The CMT 

angles in the array were measured by the line tool in imageJ to compare with CP angles. Since 

CMTs are not always straight in the array, the measurement area was divided into small parts 

until CMT fragments look almost straight. The line was drawn from left to right to keep the 

angle measurement consistent. CMT angles in transverse array are mostly between 10º and 50º, 

and the CP trajectory angles also dominantly range from 10º to 40º (Fig 5.4A4).  

In mesophyll cells with predominately longitudinally oriented CMT arrays, CPs avoiding 

the strong blue light travel along the longitudinal direction of the cell to anticlinal walls (Fig. 
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5.4B1, B2, & B3). The angles of both CMT arrangement and CP trajectory predominantly at 40º 

and 90º (Fig. 5.4B4).  

Sometimes, CMTs organize in several orientations, which is called a mixed/aster-like 

array. In this mixed/aster-like CMT array, CP movement direction tended to match the local 

CMT (Fig 5.4C1, C2, & C3). As a result, the angle range of CP trajectories in a given cell is 

correlated with CMT arrangement angles (Fig. 5.4C4).  

Taken together, these results show a correlation between CMT array angles and CP 

trajectories during avoidance movement.  
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Figure 5.4 Three different kinds of CMT arrangement with associated CP trajectories 

during light avoidance movement. 

Each CMT arrangement was labeled by A, B, and C. The analyzed images and quantification 

represented for each arrangement was put in order 1, 2, 3, and 4. For example, CPs move out to 

the anticlinal wall in a transverse direction in CMT transverse array (A1 – A4). (A1) Maximum 

time projection image of CMTs and CPs in mesophyll cells expressing UBQ::GFP-TUB6 

exposed to blue light in 9 minutes. (A2) Max projection image of CP movement corresponds to 

A1. The color range (blue – white) labels the period (0 – 9 minute) to point out the movement of 
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CPs. CPs, which move long distance shows the separated color range and vice versa. The cyan 

arrows illustrate the trajectory and direction of CP movement. (A3) Max projection of CMT 

arrangement and corresponding CP trajectory movement (cyan arrow overlays) under blue light. 

Scale bar, 10 µm. (A4) Polar histogram of CMT arrangement angles and CP trajectory angles in 

9 minutes in mesophyll cells (n = 52 CMTs and 22 CPs in 2 cells). Similarly, CPs move out to 

the anticlinal wall in a longitudinal direction in CMT longitudinal array (B1 – B4), and in several 

directions in CMT mixed array (C1 – C4). 

 

 

5.1.3. CP movement is coordinated with CMT growth polarity until CPs reach the 

anticlinal walls. 

Since the trajectory of CP movement is highly correlated with CMT arrays, the 

reorientation of CMT on a smaller time scale is hypothesized to affect CP movement during the 

avoidance response. Various studies on CMT organization during plant growth show that the 

CMT reorientation involves CMT dynamic instability, growth polarities, and MT-MT 

interactions (Ambrose and Wasteneys, 2014; Chan et al., 2003, 2005, 2007, 2009; Dixit et al., 

2006; Elliott and Shaw, 2018b). In particular, the CMT reorientation depends on the CMT 

growth polarity, which is the polarity of CMT growing plus-ends, in local regions during 

hypocotyl cell growth and morphogenesis (Chan et al., 2007; Dixit et al., 2006; Elliott and Shaw, 

2018b). Therefore, I observed CMT growth polarity in relation to CP avoidance movement in 

mesophyll cells expressing UBQ::GFP-TUB6 under strong blue light (same levels as figure 5.4).  

Interestingly, I found that the polarities of CMT growing plus-ends match CP trajectories 

until CPs reach the anticlinal walls (Fig. 5.5). The growing plus-ends of MTs were extracted 

from the time series by subtracting sequential time frames from each other, which removes all 

signal that was present at both time points (using ImageJ’s image calculator function), leaving 

only newly-polymerized regions of MTs. The polarities of growing plus-ends were labeled with 

different colors for different angles (Fig. 5.5A & B).  

Figure 5.5 shows CMT growth polarity and CP movement in mesophyll cells having 

dominant CMT transverse array under blue light in 6 minutes. The CMT arrangement appears as 

a parallel array in the top and as a mixed array in the bottom of the cell. The CP movement 
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trajectories are also different between the top and bottom corresponding to the CMT arrangement 

(Fig. 5.5A).  

During the first time point (0 – 120s) of the light treatment, CMT plus-ends grow in the 

same direction as CPs. When CPs moved out of the center of surface plane, new CMT growing 

plus-ends at different orientations appear (for example, an aster-like packet of CMTs grow in 

from the left at the 120 – 240s time period (green arrows). From that time point, new growing 

plus-ends from different angles continue feeding in and do not correspond with the direction of 

CP movement (Fig. 5.5A – C).  

CPs still follow the CMT tracks built in the beginning but the trajectory of the CP 

movement after 120s time point is not linear anymore. The angles of CP movement are slightly 

drifted around the main trajectory (Fig 5.5C & D). These results indicate that CP movement is 

correlated to CMT growth polarities in the beginning and independent from them once CPs reach 

the anticlinal walls. 

In addition, I found that the CMT growth polarity pattern in local regions were mainly in 

two patterns in mesophyll cells, parallel and aster-like, and the predominant one is the aster-like 

pattern (Fig 5.5 E & F). In the parallel pattern, CMTs orientate either in traverse or longitudinal 

axis of the cell. In the aster-like pattern, CMTs grow out from a center area (Fig. 5.5A). Similar 

to the CMT transverse parallel array, the longitudinal parallel array appears to change growth 

polarity to an aster-like pattern at 150 seconds. Meanwhile, the CMT mixed/aster-like array do 

not change much in orientation until 250 seconds. By observing and counting the number of 

CMT growth polarity in parallel and aster-like patterns, I found that frequency (i.e. frequency of 

occurrence) of the aster-like pattern was 3x higher compared to the parallel pattern in mesophyll 

cells during avoidance movement (Fig. 5.5F). 
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Figure 5.5. CP trajectory matches with MT orientation but is independent from MT 

growth polarity when chloroplasts reach the anticlinal walls.  

(A) Max projection images of CMTs and CP within each 120 second of total 360 seconds in 

mesophyll cells expressing UBQ::GFP-TUB6 under blue light. The overlay arrows illustrate the 

polarity of growing plus-ends. Different colors indicate different plus-end growth trajectory 

angles. Scale bars, 10 µm. 

(B) The image with only overlay arrows of A.  

(C) Max projection image of CP movement corresponding to A. The color range (blue – 

white) labels the timeframe (first – last) to point out the movement of CPs. CPs which moves 

long distance shows the separated color range and vice versa. The black dot arrows point out a 

direction of CP movement in 120 seconds.   

(D) Polar histogram of CMT growing plus-end and CP trajectory angles in every 120 seconds 

in total 360 seconds in mesophyll cells (n = 75 ~ 130 CMTs and 15 ~ 20 CPs). 

(E) Different CMT orientations in mesophyll cells expressing UBQ::GFP-TUB6 at 0 second 

(top) rearrange by new growing CMTs from new directions in aster pattern (red lines) at ~ 250 

seconds (bottom) exposing to blue light. 

(F) CMT aster pattern is dominant in mesophyll cells compared to parallel pattern (0.725% 

vs 0.275%, n = 20 cells). 

 

 

5.1.4. CP avoidance movement is strongly correlated with minus-ends of treadmilling 

CMTs.  

It is well known that CMT reorientation requires local growth polarity and treadmilling. 

The new CMT orientation is established by the appearance of new growth polarities and 

treadmilling of new growing CMTs in new directions (Dixit, 2004; Ehrhardt and Shaw, 2006; 

Shaw, 2003, 2013). The previous results show that CP trajectory is highly coordinated with CMT 

growth polarity before CPs reach the anticlinal walls. Therefore, CMT treadmilling is 

hypothesized to be involved in the process when CPs move from periclinal to anticlinal walls. I 

observed treadmilling CMTs and CP avoidance movement in mesophyll cells expressing 

UBQ::GFP-TUB6 under strong blue light (same levels as figure 5.4 and 5.5), and analyzed CMT 

dynamics and CP avoidance movement by using the overlay function in ImageJ. The CMTs were 

marked and tracked for 3 minutes (6-second intervals) before most of CPs were at the anticlinal 

walls. 
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I found that the CP movement is strongly coordinated with CMT treadmilling, and CP 

speed matches the shrinking rate of minus-ends (Fig. 5.6). In aster-like pattern, CMTs 

continuously grow out from the center area (cyan dot-circles) in a treadmilling pattern (magenta 

lines) with the growing plus-ends and shortening minus-end (yellow dots) at the same time (Fig 

5.6A). The CPs from the center area move along minus-ends of CMT treadmilling (green 

arrows) and corresponds to the direction of MT treadmilling (Fig. 5.6B). When CPs reach the 

anticlinal walls, the coordination of CP and CMT minus-end disappears and CPs keep moving in 

the same direction to the anticlinal walls (Fig. 5.6A & B). The angles of treadmilling CMTs are 

coordinated with the angles of CP trajectory (Fig. 5.6B & C). In addition, the CP speed is almost 

equal to minus-end shrinking rate compared to high growth rate of plus-end growth of CMT 

treadmilling (Table 5.2 and Fig. 5.6D). It indicates that CP avoidance movement follows the 

tracks of CMT treadmilling during CMT orientation in the same speed with minus-end shrinking 

rate. 

Table 5.2. CP speed matches CMT minus-end shortening rates, not plus-end growth rates. 

 
CMT plus-end growth CMT minus-end shrink CP speed 

µm/minute 7.43  ±  1.22 2.15  ±  0.14 2.02  ±  0.18 

Data are means ± SE 

n = 5 cells, n= 17 CMTs and 17 CPs 
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Figure 5.6. CP avoidance trajectory and speed match with the direction and 

depolymerization rate of minus-ends in treadmilling CMTs. 

(A) The merge image presents both CMT organization and auto-fluorescence CPs movement 

under blue light. Total time is 225 seconds (top). The CMT image shows the aster organization 

of CMT and treadmilling CMTs (magenta lines) from the center (cyan dot-circles) (middle). The 

treadmilling CMT image indicates the direction (magenta arrows) and minus-ends (yellow dots) 

of treadmilling CMTs (bottom).  

(B) The image points out the coordinate movement of CPs and minus-end of treadmilling 

CMTs (green arrows). The max projection with color range (blue – white) labels the timeframe 

(0 – 3 minutes) to indicate the movement of CP within 3 minutes. CPs which moves long 

distance shows the separated color range and vice versa. The black dot-arrows illustrating 

directions of CP movement aligns with treadmilling CMTs.  Scale bars, 10 µm. 

(C) Polar histogram of CMT treadmilling angles and CP trajectory angles in 9 minutes in 

mesophyll cells (n = 143 CMTs and 52 CPs in 5 cells). 

(D) Quantification of CMT plus-end growth rate, minus-end shrink rate and CP speed during 

light avoidance movement.  
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5.1.5. CP light avoidance movement diminishes by the lack of CMT treadmilling in ktn1-2 

mutants. 

In previous results, CP speed matches with shortening minus-end of CMT treadmilling. 

To confirm whether treadmilling is involved in CP movement, I used ktn1-2 mutants, which lack 

MT severing and display significantly reduced treadmilling events. It is well-known that ktn1-2 

mutants have disorganized CMT arrays with lots of branched and aster-like CMTs resulted from 

the failure to release treadmilling CMTs in root cells (Bichet et al., 2001; Burk et al., 2001) and 

epidermal cells (Komis et al., 2017). The lack of KATANIN severing in ktn1-2 mutant is 

expected to cause aster-like CMT structures and reduce CP moving along new-released minus-

end in mesophyll cells.  

Leaves expressing UBQ::GFP-TUB6 in wild-type and ktn1-2 mutants were exposed to 

strong white light and images captured every minute for long term observation (as used for the 

drug studies above). I found the movement of CPs was abnormal and corresponding to the CMT 

orientation in mutants (Fig. 5.7A). As normal reaction to high intensity light, CPs in wild type 

moved to anticlinal walls of the top-layer palisade cells within 5 minutes (Fig. 5.7A). The 

trajectories of avoidance CPs were shown in max time projection images with clear separation of 

color representing for each time point (Fig. 5.7A). In ktn1-2 mutants, a few CPs near the 

anticlinal walls moved normally (red arrows), whereas many CPs became trapped at the 

branched/aster-like CMT structures (yellow stars) nearer the middle of the periclinal wall. These 

aster-associated CPs, lacked linear trajectories, but instead jiggled in one area for the whole 10-

minutes observation (Fig 5.7A). To confirm the trajectory of CP, I randomly picked a region in 

the time-lapse and generated kymographs of CP movement by using dynamic reslice in imageJ. 

The images on the right side correspond to the line in the images on the left side (Fig 5.7C). 

Direction of the movement is from A to B. In wild type, CP moved to the B position, which is 

the anticlinal wall in 5 minutes. Meanwhile, the CP in ktn1-2 surrounded by CMT aster move 

back and forth between A and B.  

For a closer look at treadmilling CMT, I used the 488nm Argon laser with low intensity 

to provide the blue light cue to trigger CP avoidance movement (same experimental setup as 

figure 5.5 and 5.6). I found the trapped CPs with no avoidance movement when there is no 
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released minus-ends of treadmilling CMTs in ktn1-2 (Fig. 5.7B). In total 4-minutes observation, 

the aster-like structures of CMTs were quite stable and there were only two CMTs treadmilling 

out from the center of aster structure (cyan dot-circle). The minus-ends of these two treadmilling 

CMTs did however shorten normally in coordination with the overlying CP (Fig. 5.7B bottom 

panel). In accordance to the significant reduction of treadmilling minus-ends, the CP movement 

in avoidance response also diminishes, shown by overlap of different colors in max time 

projection images (Fig. 5.7B). The frequency (i.e. frequency of occurrence) of CMT treadmilling 

from each genotype was quantified for comparison. To obtain reliable quantification, I cropped 

the area around aster-like CMT structures (20 µm high x 20 µm wide) and counted CMT 

treadmilling events initiated there in 4 – 6 minutes for both wild type and ktn1-2. I found that the 

occurrence of CMT treadmilling in ktn1-2 mutant is ~ 37-fold lower compared to wild type (Fig 

5.7D). The mutant results strongly support the previous results that minus-ends of treadmilling 

CMTs are required for guiding CP movement in avoidance response.  
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Figure 5.7. Defective CMT orientation with lack of CMT treadmilling in ktn1-2 strongly 

affects CP movement in avoidance response. 

(A) Montage images present the corresponding movement of CP to CMT organizations in 

mesophyll cells of wild type (top) and ktn1-2 (bottom) expressing UBQ::GFP-TUB6. The cells 

were exposed to strong white light in 10 minutes and observed by live-cell imaging. The time 

interval is 1 minute. The red arrows point out the direction of a single CP movement. The yellow 

stars direct the CPs without avoidance movement in ktn1-2. The max projection with color range 

(blue – white) labels the timeframe (0 – 10 minutes) to indicate the movement of CP within 10 

minutes. CPs which moves long distance shows the separated color range and vice versa. The 

cyan dot-arrows and the black stars respectively illustrate the directional movement and no 

avoidance movement of CPs. Scale bars, 10 µm. 
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(B) The series of montage images of merged channel (top), CMT channel (middle), and auto-

fluorescence channel (bottom) present the absence of avoidance movement of CP in ktn1-2 

mutant. The cells were exposed to 488nm Argon laser (~ 2% intensity) in 4 minutes. Time 

interval is 6 seconds. The significant decrease of treadmilling CMTs (magenta arrows) 

diminishes the avoidance movement of CP. The minus-ends of treadmilling CMTs are labelled 

by yellow dots. Max projection of CP movement within 4 minutes is described as (A). Scale 

bars, 5 µm. 

(C) Kymographs (right) corresponds to the red lines in the images (left) in wild type and 

ktn1-2. A position is at the middle of periclinal wall and B position is at the anticlinal wall. Total 

time is 10 minute. Scale bars, 10 µm. 

(D) Quantification of CMT treadmilling frequency (micron/second) in wild type and ktn1-2 

(0.17 ± 0.02 vs 0.0046 ± 0.0008 (Mean ± S.E), n = 6 cells for each genotype).  

 

 

5.2.  Discussion 

5.2.1. CMT function in CP avoidance movement 

By using live-cell imaging methods, I was able to detect a relationship between the 

organization and dynamics of CMTs and CP movement during the light avoidance response. It 

has been the first study with detailed observation and analysis to prove that CMTs, alongside 

actin, function in CP photorelocation movement in Arabidopsis. 

In moss Physcomitrella where both of MT-based system and actin-based system function 

in CP avoidance response, the CP is suggested to move along CMT tracks by motive force 

generated from biased relocalization of cp-actin meshwork (Sato et al., 2001; Yamashita et al., 

2011). Drug treatment studies in Physcomitrella found that CPs decreased velocity and increased 

random movement in MT-disrupted treatment (Sato et al., 2001). Also, the movement of CP was 

blocked in Oryzalin treatment although the biased relocalization of cp-actin filaments was clearly 

seen (Yamashita et al., 2011). The mechanism behind motive force of cp-actin relocation in moss 

is suggested to be similar to higher plants since moss chup1 mutants had similar phenotypes to 

Arabidopsis chup1 mutants (Usami et al., 2012). Recently, the kinesin-14, KCBP in 

Physcomitrella was identified to be required for minus-end-directed transport of CP (Yamada et 

al., 2017) which might contribute to the mechanism of MT-based system in moss.  
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In my study, the drug treatment results suggest that CMTs might function as tracks for 

CP avoidance movement. Similar to moss, the disruption of CMTs in Oryzalin treatment causes 

movement of CP in significantly slower speed and less linear directions. Vice versa, Taxol 

treatment shows a slightly increased speed and more linear trajectories of CP movement, which 

might be due to the persistent CMT tracks and more CMT bundles in MT-stabilized condition. 

The evidence that CPs move along MT tracks in avoidance movement was confirmed by the 

correlation of different CMT orientations and corresponding CP trajectories. 

CMTs not only present as a track for CP sliding, but also might guide the movement of 

CP in avoidance response. Cp-actin filament has been proposed to play a role in directing the 

movement of CPs by accumulation of cp-actins at the leading edge of moving CPs. However, 

there are no clear explanations of routes for CPs supposed to slide along from periclinal to 

anticlinal walls. My data provide evidence that CPs might follow the track of CMT reorientation 

and be guided by minus-end of treadmilling CMTs. The CMT orientation requires growth 

polarities and CMT treadmilling in local regions for rearrangement. The new growing CMTs 

have a tendency of treadmilling out to establish the new orientation. CPs might utilize the CMT 

treadmilling in local regions to travel from the periclinal to anticlinal walls in long distance. CPs 

move slowly and match with the shrinking rate of minus-ends in the same directions. In fact, the 

lack of treadmilling CMT minus-ends in ktn1-2 diminishes the avoidance movement of CPs in 

the center of cell surface. Since CPs are near the anticlinal walls, they might not require the CMT 

tracks anymore. This explains the discoordination of CP trajectories and growth polarities after 

CPs move out of the center of the cell surface as well as the movement of few CPs near anticlinal 

walls in ktn1-2 mutants. Although Taxol inhibits MT plus-end depolymerization, it has a minor 

or no effect on MT minus-end at low concentration (Derry et al., 1998). Therefore, the slightly 

enhance of CP velocity in Taxol treatment might be the result of highly bundles of CMT 

treadmilling.  

The co-movement of CPs and CMT minus-ends suggests that microtubule motor kinesins 

might function in minus-end direct transport of CPs in Arabidopsis. Among other kinesin family, 

Arabidopsis KCBP (AtKCBP) is a good candidate because not only its homolog in 

Physcomitrella functions in minus-end directed transport of CPs, but also its specific domain 
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structures. AtKCBP was identified and analyzed both in vitro (Song et al., 1997) and in vivo 

(Oppenheimer et al., 1997; Reddy et al., 1996) with two specific domains, MyTH4 and FERM. 

The most recent study of Tian et al (2015) reported that AtKCBP functions in crosstalk between 

MT and F-actin during trichome morphogenesis. AtKCBP recruits both MT and F-actin to the 

branching sites of trichomes and integrates them due to MyTH4 and FERM domains of KCBP 

binding to MT and F-actin, respectively. KCBP also functions in recruiting KATANIN, which 

binds to the FERM domain (Liu et al., 2007). Therefore, AtKCBP might be involved in CP 

movement along MT minus-end mediated by cp-actin filaments.  

5.2.2. CMT reorientation in mesophyll cells 

The rearrangement of CMTs by growth polarity and treadmilling has been well studied in 

epidermal cells (Dixit, 2004; Dixit et al., 2006; Elliott and Shaw, 2018b; Shaw, 2003, 2013), yet 

no such studies have been reported in mesophyll cells. My data are the first observation and 

analysis of CMT dynamics and reorientation in mesophyll cells. The CMT reorientation in 

mesophyll cells appears to be dominant by aster-like structures of CMT growth polarity. The 

new-growing CMT treadmills away from the center of the aster structure.  

In addition, in hypocotyl epidermal cells of Arabidopsis, MTs have been reported to 

reorient from a parallel to a longitudinal configuration in response to blue light in dark-grown 

Arabidopsis hypocotyls (Lindeboom et al., 2013). I found that the CMT cytoskeleton also 

appears to reorient during CP avoidance in Arabidopsis mesophyll cells, which is the first time 

this has been shown, and is a finding worth pursuing on its own. The rearrangement started after 

120 seconds exposed to light by newly growing plus-end CMTs in an aster-like pattern from 

different directions incorporated into the organization. New growing ends come into areas where 

CPs have cleared out. The reorganization of CMT arrays during CP avoidance movement 

suggests a connection between CMT and CP in photorelocation movement in Arabidopsis. It 

indicates that CMT arrays might be able to reorient locally in response to internal factors (the 

clearance of CPs), in addition to cell-wide reorientation in response to external factors.   
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5.3.  Summary and Conclusion 

 The following results in this chapter indicate that CMTs provide a directional track for 

CP photorelocation movement:  (1) CP velocity and linearity of forward progression decreased 

with CMT disruption in Oryzalin treatment. Conversely, CP velocity and linearity of forward 

progression increased in CMT stabilization by Taxol treatment. (2) Different CMT arrangements 

in mesophyll cells match CP trajectories as they move to anticlinal walls during photorelocation 

response. (3) CP movement is coordinated both in velocity and trajectory with the minus-ends of 

treadmilling CMTs. (4) The avoidance movement of CPs is diminished in conditions lacking 

KATANIN. Accordingly, I conclude that CP avoidance movement in Arabidopsis, similar to 

moss P. patens, might be controlled by both MT-based and actin-based systems, where CMTs 

provide tracks to guide linear movement of CPs, while the motive force and directionality of 

movement is conferred by cp-actin accumulation at the leading edge. This research is the first 

detailed live imaging study of MTs in mesophyll cells in plants, and provides evidence of CMT 

function during chloroplast avoidance movement. There are future studies needed, which are 

mentioned in chapter 6.  
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CHAPTER 6. FURTURE WORK 

6.0.  Examination of cp-actin behavior in MT-defect mutants under blue light 

 Since CP photorelocation movement is mediated by cp-actin filaments and depends on 

CMT organization, observation of cp-actin behavior in ktn1-2, and wild-type mesophyll cells 

during light avoidance response is required. The biased accumulation of cp-actin filaments will 

be expected at the leading edge of moving CPs directed by CMTs during avoidance response. 

Whether the biased distribution of cp-actin occurs in ktn1-2 mutant during avoidance response 

requires further investigation. If the cp-actin distribution pattern in ktn1-2, where CPs do not 

show light avoidance response, is similar to the wild type; it would indicate that the changes in 

CMT organization do not affect cp-actin behavior during light avoidance response. In contrast, if 

the cp-actin bias accumulation does not occur in ktn1-2, it would suggest that CMT organization 

might affect the CP movement indirectly by changing the cp-actin accumulation pattern.  

  I have done some preliminary experiments to visualize actin filaments in mesophyll cells, 

using the common actin markers LIFEACT-VENUS (a 17-amino-acid peptide from yeast 

Abp140) and GFP-ABD2 (actin-binding domain of the actin bundler FIMBRIN). However, both 

of these actin probes were reported to be less suitable for visualizing cp-actin filaments because 

they provided dim and weak cp-actin patterns (Kong et al., 2013; Whippo et al., 2011). The actin 

probe that is likely to be successful in capturing cp-actin behavior is GFP-TALIN (Kong et al., 

2013). However, as the first actin marker, GFP-TALIN has been shown to be a poor reporter for 

fine actin, and causes cell growth phenotypes (Ketelaar, 2003). The differences between actin 

probes might result from their distinct cp-actin-binding activities. Furthermore, cp-actin 

filaments are highly sensitive to light and depolymerize quickly when exposed to lasers, such as 

the 488-nm laser which is used to excite fluorescence. Accordingly, the difficulties in 

recognizing cp-actin might also be due to technical parameters associated with microscopy 

(Kong et al., 2013). 

 In conclusion, observation of cp-actin behavior during light avoidance response in ktn1-2 

and wild type mesophyll cells expressing GFP-TALIN is recommended.  
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6.1.  Determination of whether MTs directly or indirectly interact with CPs 

 The next experiment would be to characterize the interaction between CMTs and CP. MT 

behavior and the CP envelope can be simultaneously tracked in mesophyll cells co-expressing 

RFP-TUB6 and tpFNR-GFP (CP stromule maker available in our lab). Although stromules were 

infrequently generated in highly differentiated CPs in mesophyll cells (Barton et al., 2018), the 

report indicating the interaction of CMTs and stromules visualized by tpFNR-GFP (Kumar et al., 

2018) makes the marker to be a good candidate to observe the interaction between MTs and CP 

envelop.  

6.2.  Investigation of a possible role of kinesin in MT directed CP movement in avoidance 

response 

In this research, I found that the orientation of MT growing plus-end does not affect CP 

light avoidance movement, yet the MT minus-end-binding motor might be the candidate function 

in transport CPs along MTs. Since kac1kac2 mutants have strong CP avoidance response in 

condition without cp-actin, KAC protein might be a good candidate for future studies. Another 

good candidate is KCBP.  Knockout mutants of KCBP show the suppression of MT minus-end-

directed transport of nucleus and CPs (Yamada et al., 2017), and the tail domain of KCBP was 

reported to bind to both MTs and actins (Tian et al., 2015). 
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CHAPTER 7. SUMMARY AND CONCLUSIONS 

In this research, I revealed the function of EMTs in meristematic maintenance in root tips 

and CMT organization in CP photorelocation movement in cotyledon mesophyll cells of 

Arabidopsis thaliana plants.  

This is the first study using live imaging of EMT dynamics and organization in vascular 

plants (Chapters 3 and 4) and to link EMTs to cytoplasmic-vacuolar dynamics, which provides 

new insight into meristem size, activity, and maintenance. CMTs have been intensively 

investigated to study about MT dynamic and organization. In contrast, there are few studies 

about the EMT organization below the cell surface, although the continuity of CMT-EMT 

system in interphase cells was already known from previous immunofluorescence studies 

(Baluska et al., 1996). 

Chapter 5 introduces first live imaging observations of CMT dynamics in mesophyll 

cells. Previously, researchers in the field have been focused on epidermal cells due to their ease 

access for imaging. Although previous studies have not identified any role for MTs during CP 

relocation in vascular plants, the fine-scale analysis performed here revealed a rather subtle 

relationship which may have been masked in these studies by the overwhelming involvement of 

actin during relocation.   

7.0.  A role for EMTs in meristem maintenance. 

The clasp-1 mutants have smaller roots and shoot apical meristems (Ambrose et al., 

2007; Kirik et al., 2007; Landrein et al., 2015), a phenotype that is rather unique among MAP 

mutants, which typically have organ twisting, swollen root tips, and more severe expansion 

defects (Hashimoto and Kato, 2006; Whittington et al., 2001). This meristem reduction may be 

explained by the observation that clasp-1 CMT arrays do not show the typical disorganization 

associated with many MAP mutants. Instead, clasp-1 mutants have hyper-parallel CMT arrays in 

both mature and meristematic cells due to the failure of CMTs to cross over the sharp cell edges 

(Ambrose and Wasteneys, 2008; Ambrose et al., 2011). It is believed to result in premature cell 

elongation and exit from the meristem. Our current data indicate that the inability to stably tether 
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EMTs to the cortex in clasp-1 may also contribute to this lack of CMT array mixing, but may 

also result in the destabilized cytoplasm and premature vacuolation, which would also favor cell 

elongation and exit from the meristem.   

In contrast to clasp-1 mutants, ktn1-2 mutants have short and swollen apical root 

meristems, and aster-like CMT arrays in both dividing and elongating cells because of lacking 

KATANIN severing activity (Bichet et al., 2001; Burk et al., 2001). The isotropic cell expansion 

defect in ktn1-2 transition zone cells results from the failure to form transverse CMT arrays at the 

cell surface and the failure to disassemble the EMT array as cells enter the transition zone. My 

data support this model, and provide additional mechanistic insights into the nature of EMT-

cortex anchoring and entry, revealing a newly discovered role for EMTs in stabilizing the 

cytoplasm to prevent vacuolation and premature cell expansion. Specifically, the abundance of 

EMT-cortex attachment at the cell surface in conditions lacking KATANIN severing activity 

enhanced the mixed CMT array and stabilized the cytoplasm, which inclines to maintain the 

meristem. 

Because clasp-1 and ktn1-2 mutants have essentially opposite phenotypes in terms of 

CMT and EMT organization and meristem size, my research clarifies the important role of EMT 

in meristem maintain. The attachment of EMTs at the cell cortex is required for a continuous 

CMT-EMT system and maintaining meristematic activities in interphase cells.  
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Figure 7.1. Schematic diagram shows the relationship between EMT-cortex anchoring and 

cytoplasmic streaming in wild type, clasp-1, and ktn1-2 meristematic cells. 

In wild type, the stable tethering of EMTs at cell cortex ensures minimal cytoplasmic streaming 

and small vacuoles. The lack of CLASP to stabilize the tethering of EMT at the cell cortex in 

clasp-1 mutant enhances cytoplasmic streaming and vacuolation, which results in early cell 

elongation. In contrast, the lack of KATANIN severing activity in EMT-cortex anchoring sites of 

ktn1-2 mutants results in stable EMT arrays and mixed CMT arrays. Both the mixed CMTs as 

well as the over-stabilized cytoplasm lead to abnormally swollen cells and delayed cell 

elongation (anisotropic cell expansion). 

 

 

7.1.  CMT orientation functions in CP photorelocation movement 

My data point to a role of CMT function in directing the movement of CP in avoidance 

response. The CMT array of mesophyll cells may represent the initial cue for the movement of 

CPs generated by the bias accumulation of cp-actin at the CP leading edges. In fact, the 

movement of CPs changed according to the orientation of different CMT organization, and the 

movement of CPs is guided by minus-end of treadmilling of CMTs during CMT reorientation. 

Furthermore, the periclinal CMT array eventually reorients its organization when CP moves out 

and down the anticlinal walls. Together, these results indicate that CMT array in mesophyll cells 
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might reorganize in response to CP location or to blue light, as in the case of dark-grown 

hypocotyl epidermal cells (Lindeboom et al., 2013).  
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