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ABSTRACT OF THE THESIS 
 

Dissecting the mechanistic basis of nuclear migration during stomatal formation in Arabidopsis 

thaliana 

 
by 

 

Lili Follett 

 

Master of Science in Biology 
 

University of California San Diego, 2024 
 

Professor Andrew Muroyama, Chair 
 

Stem cell differentiation is key to plant development, which utilizes asymmetric cell 

divisions (ACD) to maintain stem cells, promote growth, and encourage cell diversity. Previous 

work in Arabidopsis thaliana elucidated some pathways controlling stem cell dynamics during 

morphogenesis. In the leaf epidermis, pre-mitotic, oriented nuclear migrations in meristemoids, a 

transient stem cell in Arabidopsis thaliana, allow creation of daughter cells with differing sizes, 



x 

fates, and placements. Pre-division, the nucleus uses microtubules to migrate away from a 

polarity crescent that controls division orientation. Post-division, it is known that the nucleus 

orients towards the polarity crescent using F-actin, but precise mechanisms, including relevant 

nucleators, are unknown. Additionally, while behavior of the nucleus during ACDs in 

meristemoids has been characterized, cytoskeletal regulators linking the nucleus to F-actin 

remain unknown.  

Time-lapse imaging of Arabidopsis seedlings treated with an F-actin Arp2/3 complex 

inhibitor (CK-666) and a control compound (CK-689), revealed that Arp2/3 complex-mediated 

F-actin controls nuclear migration post-division. Novel regulators of nuclear migration were 

found by phenotypic characterization of stomatal formation in loss-of-function mutants in 

protein components linking the cytoskeleton to the nuclear envelope. We found three candidate 

proteins (CRWN1, CRWN3, and SINE1) decreased stomatal density, while one (SUN1) 

increased stomatal density. This suggests ACD frequency is altered in these mutants and 

identifies new factors to probe in future studies.  

These candidate proteins, SUN1, CRWN1, CRWN3, and SINE1, may control nuclear 

migration in Arabidopsis thaliana, alongside Arp2/3 complex-mediated F-actin. Determining 

mechanisms behind nuclear migration gives insight into how organelle positioning controls 

ACDs and stomatal development.
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CHAPTER 1: INTRODUCTION 
 

Stem Cells Create Tissues During Development 

Stem cells are specialized cells in an organism that can generate cells of diverse fates 

while also regenerating their own population. Because these undifferentiated cells are 

essential for organismal development and homeostasis, significant research effort has focused 

on understanding stem cell dynamics in animals and how stem cells can be utilized for 

therapeutic applications.  

 Plants also contain stem cell populations, which reside in the shoot, root, and 

cambium meristems. Shoot and root apical meristems aid in longitudinal plant growth and are 

maintained in stem cell niches, which are specialized microenvironments that maintain proper 

stem cell function and control long-term growth. Shoot apical meristems also act as the source 

for cells required to make a plant’s flowers, stem, and leaves, whereas the root apical 

meristem is required for continual root growth. Cambium meristems primarily mediate 

secondary growth, such as creating vascular tissue, forming the shape of internodes, and 

thickening the stem (Laux 2003; Jiang & Feldman 2005; Poliwoda et al. 2022). Plant 

meristems are maintained throughout the life of the plant almost indefinitely and are able to 

generate new cells as needed (Zhou et al. 2019; Pardal and Heidstra 2021).  

In humans, stem cell dysregulation can give rise to multiple diseases, such as cancer 

(Lytle et al. 2018). However, at the same time, human stem cells have become clinically 

important and are also used therapeutically to treat once deadly or disabling diseases and 

injuries, such as diabetes, liver failure, spinal cord injuries, and Parkinson’s disease 

(Volarevic et al. 2011). Because stem cells affect growth and development, there is hope that 

stem cells in plants could similarly be used for agricultural applications, such as to increase 
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hardiness or crop yield. For example, the stem cell regulator gene, KERNEL ROW NUMBER 

2 (KRN2/OsKRN2) in rice and maize, is known to improve crop yield (Chen et al. 2022). 

Therefore, understanding the regulation of stem cells in plants holds significant promise for 

future agricultural applications. 

Asymmetric Cell Division in Animals 

Asymmetric divisions are vital to stem cell maintenance and cell differentiation in 

both plants and animals. Asymmetric divisions occur when a stem cell divides during mitosis 

to create two daughter cells of differing fates. Typically, one daughter cell remains a stem cell 

while the other goes on towards differentiation. While defined by their ability to generate 

daughter cells of different identities, ACDs can also generate daughter cells of different sizes. 

In animals, defects in asymmetric cell division can lead to incorrect cell fates, tissue defects, 

and cancer (Gillies & Cabernard 2011; Liu et al. 2018; Knoblich 2010; Neumüller & 

Knoblich 2009).  

Because ACDs are responsible for maintaining a stem cell pool (typically in a niche) 

and also generating differentiating daughters, the orientation of most ACDs is tightly 

controlled. In animals, division orientation is primarily based on the orientation of the mitotic 

spindle, which can be regulated by intrinsic cues, such as cell polarity, and/or extrinsic 

factors, such as signaling molecules.  

Cell polarity, defined here as intrinsic asymmetry driven by biased protein localization 

to one side of the cell, allows a cell to divide its components unequally during divisions to 

create daughter cells with differing fates. To create cell polarity, a polarized protein complex, 

or polarity crescent, typically forms at a specific site on the plasma membrane. In the most 

well-studied case (from S. cerevisiae) small GTPases such as Rho and Cdc42p polarize and 
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begin the process of localized F-actin assembly. Depending on the cellular context, this can 

involve recruitment and activation of the Arp2/3 actin complex, profilin, myosins, WASp/ 

WIP, and formins. The polar domain can also serve as a local site for vesicle delivery via 

myosins, SNAREs, Sec4p and exocyst and microtubule assembly (Kar9p/Bim1p and 

Tea1p/Tip1p/Mal3p) (Nelson 2003). Changes to the cell’s polarity or polarity crescent lead to 

a change in the division orientation as well. For example, in zebrafish embryos, orientation of 

the divisions in epiblast cells are dependent on the Dishevelled (Dsh) gene, which controls the 

length of the cell’s polarity crescent (Gibieža and Petrikaitė 2021). When size or orientation 

of a cell’s polarity crescent is altered, division dynamics are also altered, as divison 

orientation is mediated through positioning of the polarity crescent and mitotic spindle. 

The positioning of the mitotic spindle is also a crucial determinant of proper division 

orientation, as it sets the position of the division axis and the cleavage furrow. In the 

canonical case, cortical dynein is localized to one side of the cell by the polarity domain, 

allowing it to exert a pulling force on astral microtubules that emanate from the spindle poles 

(Tame et al. 2014; Jan & Jan 2000; Bergstralh et al. 2017). This spindle orientation 

mechanism intersects with polarity during ACD through a highly conserved mechanism that 

was first described in the one-cell C. elegans zygote (Gönczy et al. 1999; Bouvrais et al. 

2021). When the dynein heavy chain was depleted in C. elegans, it was found that while the 

centrosome was able to be separated, the positioning of the mitotic spindle was defective. 

This indicates that pulling forces on astral microtubules, which position the mitotic spindle, 

require dynein, which is localized by the polarity domain for proper function.  
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Asymmetric Cell Division in Plants  

Asymmetric stem cell divisions are similarly necessary for proper plant development. 

Like animals, plants rely on ACDs to maintain a population of stem cells and promote growth. 

Because plant cells are immobile due to their rigid cell walls, ACD orientation is particularly 

important to ensure proper daughter cell position during development, but the mechanisms 

controlling ACD orientation in plants remain mostly mysterious.  

Many studies on ACD mechanisms have been performed in Arabidopsis thaliana, 

which is ideal as a model organism due to its rapid growth, compact size, prolific seed 

production, ability to self-pollinate, and ability to introduce genetic mutations while 

maintaining fertility.  
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The Stomatal Lineage Patterns the Leaf Epidermis 

Stomata are circular pores in plants that are created by pairs of guard cells. Stomata 

mediate gas exchange and water loss in plants during photosynthesis and transpiration, as the 

associated guard cells can adjust the size of the pore via changes in osmotic pressure (Araúju 

et al. 2011).  

Figure 1: Overview of the Stomatal Lineage Pathway (Adapted from Lee & Bergmann 2019)  
A. Representation of the stomatal lineage pathway, from protodermal cell to a mature guard 
cell (GC). 
B. Types of stomatal lineage asymmetric cell divisions, utilized for proper spacing of stomata 
and for leaf patterning.  

 



6 

Stomata are generated and patterned through sequential asymmetric and symmetric 

cell divisions (Figure 1). Protodermal cells in the leaf epidermis can make branching 

differentiation decisions to become trichomes, pavement cells, or guard cells. The 

protodermal cells that enter this decision tree are considered to be in the stomatal lineage (Lee 

& Bergmann 2019). 

Asymmetric cell divisions are key to establishing daughter cells of differing fates, 

placements, and sizes throughout the leaf epidermis. Each asymmetric division forms two 

daughter cells of differing sizes. The larger of the two daughter cells becomes a stomatal 

lineage ground cell (SLGC), whereas the smaller cell becomes a meristemoid. Through 

repeated rounds of ACDs, meristemoids perform amplifying divisions to increase the number 

of non-stomatal cells in the tissue. The SLGC can also perform an additional ACD, called a 

spacing division, that increases the relative stomatal number in the leaf (Lee & Bergmann 

2019; Nadeau & Sack 2002; Robinson et al. 2011). During the spacing division, the resulting 

meristemoid will be positioned away from existing stomata to avoid the creation of adjacent 

stomata. Stomata are typically positioned around either undifferentiated cells or pavement 

cells, which are terminally differentiated epidermal cells that constitute most of the epidermis 

(Du & Jiao 2020). Therefore, ACD regulation is one of the foundations of the one-cell 

spacing rule (Hara et al. 2007), which states that there is at least one non-stomatal cell 

between each stomata. These amplifying and spacing divisions allow for stomatal distribution 

and density control.  

The primary focus of this project is on the meristemoid mother cells 

(MMCs)/meristemoids and mature guard cells. In Arabidopsis thaliana meristemoids, cell 

size, and more specifically, the size of the nucleus, controls the timing of asymmetric cell 
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divisions. Meristemoids will perform self-renewing divisions until they receive a signal to 

commit to terminal differentiation (Figure 1). With each self-renewing division, the 

meristemoid, and thus its nucleus, decreases in size. When the nucleus crosses a critical size 

threshold, the process of asymmetric self-renewing divisions ceases and the cell commits to 

terminal differentiation by transitioning into a guard mother cell (GMC) (Gong et al. 2023). 

Alongside the cellular components that control ACDs, several basic helix-loop-helix 

(bHLH) transcription factors act as key regulators of progression through the stomatal lineage. 

These bHLH transcription factors, SPEECHLESS (SPCH), MUTE, and FAMA, mediate the 

transition between different cell identities in the stomatal lineage pathway (Figure 1) 

(MacAlister et al. 2007, Pillitteri et al. 2007 and Ohashi-Ito & Bergmann 2006). SPCH 

regulates meristemoid fate by promoting asymmetric cell divisions, and meristemoids in spch 

mutants transition to pavement cells and never make stomata (MacAlister et al. 2007; Wallner 

et al. 2023). 

Typically, division patterns in the epidermis of wild-type Arabidopsis thaliana are 

predictable depending on orientation of the protodermal cell to the tissue axis or cellular 

niche, plus the one-cell spacing rule. For example, meristemoids position their division planes 

so that new meristemoids are not directly adjacent to other meristemoids, guard mother cells 

(GMCs) or stomata (Hara et al. 2007). Any changes in stomatal density or overall phenotype 

(such as adjacent stomata) may indicate an alteration in the mechanism behind asymmetric 

cell division. 
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A. Representation of wild-type nuclear migration in relation to the polarity crescent (data 
from Muroyama et al. 2020). 
B. Representation of nuclear migration in the absence of Arp2/3 actin nucleation (data 
from this thesis). 
 
Nuclear Migration Guides Asymmetric Cell Divisions 

Asymmetric stem cell divisions are often guided by nuclear migration to properly 

position daughter cells and control the partitioning of cellular components. In the Arabidopsis 

zygote, F-actin mediates nuclear positioning during asymmetric cell division by forming a cap 

that guides the nucleus to the apical side of the zygote (Kimata et al. 2016). Asymmetric cell 

divisions in lateral roots initiation are carried out by a localized auxin response and involve 

directional nuclear migration (Goh et al. 2019). In both of these examples, however, the 

molecular regulators of nuclear movement remain unknown. 

In the Arabidopsis thaliana stomatal lineage, asymmetric divisions utilize the plasma 

membrane-associated polarity complex proteins, BREAKING OF ASYMMETRY IN THE 

STOMATAL LINEAGE (BASL) and BREVIS RADIX family (BRXf) proteins, which form 

a polarity crescent before mitosis (Dong et al 2009). This BASL/BRXf polarity crescent 

Figure 2: Nuclear Migration During Stomatal Lineage ACDs 
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recruits POLAR, which enhances the activity of GLYCOGEN SYNTHASE KINASE3 

(GSK3)-like kinases to promote ACDs (Pillitteri et al. 2011; Houbaert et al. 2018). Previous 

research shows that cortical BASL/BRXf is sufficient and necessary to guide nuclear 

migration throughout ACDs, leading to proper nuclear position pre- and post-division 

(Muroyama et al. 2020). In a typical asymmetric cell division, the nucleus is initially guided 

away from this polarized crescent before each ACD (NMpre) by microtubules. This directly 

contrasts with the post-divisional orientation of the nucleus (NMpost), which re-positions the 

nucleus directly adjacent to the polarized crescent, approximately 8-10 hours post-division 

(Figure 2).  

It is known that NMpre is mediated by microtubules, whereas NMpost is mediated by F-

actin and at least one myosin (Muroyama et al. 2020). This myosin, MYOXI-I, is in the 

Myosin XI family, a plant specific myosin family that is responsible for cytoplasmic 

streaming and the movement of organelles. It is associated with the nuclear envelope and 

mediates the spindle shape of  nuclei in pavement cells (Kimata et al. 2016).  

NMpost is required for proper stomatal patterning during leaf development. Because 

amplifying and spacing divisions in the wild-type position stomata to avoid stomatal clusters, 

stomata pairing or a change in stomatal density in mutant lines may indicate that the mutant 

gene plays a role in nuclear migration. Because MYOXI-I is known to mediate post-division 

nuclear migration it is expected that altered stomatal spacing has been noted in the myoxi-i 

mutant, which has a significantly lower stomatal density than the wild-type. This indicates 

that a change in stomatal density for a myoxi-i mutant also indicates that changes in nuclear 

migration can affect stomatal density (Muroyama et al. 2020). 
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While it has been shown that NMpost is dependent on F-actin (Muroyama et al. 2020), 

the types of F-actin arrays that control NMpost remain unknown. 

Actin Microfilaments Aid in Cell Division  

Actin is highly conserved and, along with tubulin, forms one of the major eukaryotic 

cytoskeletons. Actin exists in two forms within cells: F-actin and G-actin. G-actin, or globular 

actin, is the monomeric form of actin that polymerizes into linear F-actin filaments. F-actin, or 

filamentous actin, is dynamic and can undergo cycles of polymerization and depolymerization 

that are mediated by ATP hydrolysis (Lappalainen et al. 2022; Kudryashov & Reisler 2013). 

These dynamics are essential for many important cell functions, including cell division and 

organelle movement. (Gibieža & Petrikaitė 2021).  

Nucleation of new F-actin filaments is the rate-limiting step in F-actin filament 

creation. To facilitate this process, cells have evolved means of promoting nucleation, 

including the evolution of two major classes of F-actin nucleators, the Arp2/3 complex and 

formins. The actin-related protein 2/3 (Arp2/3) complex is a large protein complex that is 

comprised of seven subunits: Arp2, Arp3, p40 (ArpC1), p34 (ArpC2), p21 (ArpC3), p20 

(ArpC4), and p16 (ArpC5). It promotes the formation of branched F-actin networks by 

nucleating a new filament off the side of a pre-existing filament. This new filament forms at a 

70° angle to the original actin filament to form a Y-shaped branch (Goley & Welch 2006; 

Roullier et al. 2008). The second form of actin polymerization is formin-mediated nucleation. 

Formins are a protein family that are known to create long, unbranched actin filaments. 

Formin-nucleated actin is also known to affect cell polarity (Breitsprecher & Goode 2013; 

Evangelista et al. 2002). Within the context of nuclear migration in the Arabidopsis stomatal 
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lineage, it is unknown if NMpost relies on Arp2/3-dependent actin nucleation or formin-

mediated actin nucleation.  

 

The SUN protein forms a nuclear envelope-spanning complex the KASH proteins to link the 
cytoskeleton and nucleoskeleton. The KASH protein links actin to the nuclear envelope. The 
CRWN protein is localized to the nuclear lamina and distributes chromatin. 
 
 

Protein Candidates that Control Nuclear Morphology and Nucleus-Cytoskeleton 

Interactions 

The proteins of interest for the project included CRWN1, CRWN3, SUN1, SUN2, and 

SINE1. These proteins were selected because of their known roles in mediating nuclear 

shape/size and interactions between the nucleus and F-actin cytoskeleton. 

The CROWDED NUCLEI series of mutants, or crwn, are known to have nuclei with 

decreased size, altered shape, and perturbed heterochromatin orientation (Wang et al. 2013). 

The CRWN protein builds a meshwork structure via their localization at the nuclear lamina 

(Figure 3). Additionally, CRWNs manage the distribution of chromatin and gene expression 

Figure 3: Localization for the SUN, KASH, and CRWN Proteins in the Nuclear Envelope 
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(Sakamoto et al. 2020). CRWN loss-of-function leads to a smaller nuclear size but unaltered 

overall cell size. This change is the most obvious in the crwn1 mutant, although the nuclear 

DNA density may be up to four times higher than the wildtype in all crwn mutants (Wang et 

al. 2013). It is also known that meristemoids in crwn1 (and likely all crwn mutants) commit to 

the stomatal lineage pathway earlier in development, compared to the wild-type. This is due 

to nuclear size acting as a regulator for stomatal differentiation (Gong et al. 2023). 

The Sad1/UNC-84 (SUN) domain protein is a nuclear envelope protein that connects 

the cytoskeleton to the nucleoskeleton of the cell via the KASH protein (Figure 3). This then 

links telomeres to the cytoplasm. sun1 and sun2 mutants have elongated nuclei in epidermal 

cells. Both sun1 and sun2 also have a meiotic delay and other severe defects in meiosis, such 

as altered chiasma frequency, which are structures that link chromosomes together before 

anaphase I. Overall, these defects alter chromosome movement throughout mitosis. (Varas et 

al. 2015). However, their roles in regulating nuclear migration during ACD remain 

unexplored. 

Finally, sine1 has an altered KASH protein. The KASH protein is involved in F-actin 

binding at the nuclear envelope, connecting the nucleus to the cytoskeleton (Figure 3). 

Because previous literature indicates that F-actin mediates post-division nuclear migration, it 

is possible that a defect in the KASH protein may not allow F-actin to properly bind at the 

nuclear envelope and thus affect post-division nuclear migration (Muroyama et al. 2020; Biel 

et al. 2020).  

While some of the roles of these proteins are known in other plant tissues, their effects 

on nuclear migration and asymmetric division are still unknown.  
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SALK Lines 

To study gene function in Arabidopsis, many research groups utilize a collection of 

mutant lines, colloquially called “Salk lines.” The Salk Institute created ~88,000 Arabidopsis 

thaliana lines with transfer DNA (T-DNA) insertions in order to disrupt gene function 

(Alonso et al. 2003). These lines are instrumental in researching Arabidopsis genes, as the 

knockout mutations created by T-DNA insertions simplify the process of determining gene 

function (Pucker 2021).  Multiple SALK line Arabidopsis thaliana mutants have been 

identified as having different nucleus or nuclear envelope defects.  

Because asymmetric cell division is responsible for the creation of stomata (Figure 1), 

these mutants can be used to determine if mutations in specific nuclear-envelope-localized 

proteins create defects in stomatal placement or density. Any changes in stomatal phenotype 

in the aforementioned mutant lines, compared to a wildtype, could indicate a possible link 

between the given gene and nuclear migration.  

Goals of the Project 

The overarching goal of this project is to determine the mechanism by which the 

nucleus is positioned during asymmetric cell divisions in the Arabidopsis stomatal lineage 

pathway. This will be accomplished by determining the molecular mechanism that 

Arabidopsis thaliana utilizes to regulate nuclear movement and by determining which genes 

are required for proper nuclear migration. 
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CHAPTER 2: MATERIALS & METHODS 
 

A. Seed Sterilization & Growth 

Seeds were sterilized in 20% bleach for 10 minutes and washed three times in sterile 

milliQ H2O. They were then plated on 1/2 Murashige and Skoog (MS) plates with 0.5% 

sucrose. Plates were stratified in the dark at 4°C for at least 3 days and then grown vertically 

at 22°C under long day conditions (16 h light/8 h dark). 

B. Propidium Iodide Staining 

Propidium iodide (PI) (Thermo Fisher Scientific, #P3566) was used to dye cell walls, 

allowing them to be easily viewed with a microscope. Seedlings were incubated in a 1:100 

dilution of PI for 30 minutes. The bottom left area of the abaxial side of each cotyledon, or 

embryonic leaf, was imaged in order to capture a consistent area to be analyzed for stomatal 

density. Images were captured with 20x magnification using laser 561 on the Leica Stellaris 5 

microscope with HyD detectors. Each image captured an area of .268 mm2. 

C. Crossing 

Healthy, unopened flower buds were chosen for crossing. Any siliques or open 

flowers/buds in the vicinity were removed. The petals and sepals were removed from the 

closed bud with forceps to reveal the stigma. An open flower from the other plant of interest 

was selected and gently dabbed on the uncovered stigma to transfer the pollen. Siliques were 

collected after 2 weeks for downstream processing/analysis. 

D. Genotyping 

To extract genomic DNA, plant tissue (seedling or dissected leaf) was added to a 

microcentrifuge tube with 60uL of 0.4 N NaOH and was ground using a pestle. Samples were 

then placed in a 60°C water bath for 1 minute and centrifuged at 15,000xg for 60 seconds. 
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1uL of the supernatant was added to 49μL of 0.1 M Tris-HCl (pH 8.0). For PCR analysis, a 

master mix was prepared using 2.0X Taq Red Master Mix, a left and right primer for each 

sample, and MilliQ water. 14 μL of this master mix is added to 1 μL of DNA. The PCR 

program includes a 5 minute hold at 95ºC, 35 cycles of 30 seconds at 95ºC, 30 seconds at 

58ºC, 1 minute at 72ºC, and a final 5 minute extension at 72ºC. The genotyping result is then 

checked using gel electrophoresis. 
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Table 1: Primers Used for Genotyping Mutants and Crosses 
Left and right primers, and their associated sequences for each tested genotype. Primers were 
used to test for either the presence of the wild-type (WT) sequence, or for the presence of a T-
DNA insertion for each genotype. 
Purpose Left Primer + Sequence Right Primer + Sequence 

 WT CRWN1 

allele 

ADM36  

GCTTAGTGGGTGATGACTCAAC 

ADM38 

CCTTCTCTTTGTTAATTTCTG 

Mutant 

CRWN1 allele 

ADM1 

ATTTTGCCGATTTCGGAAC 

ADM19 

AGTTTCCAATGCCTTCTCCTC 

WT CRWN3 

allele 

ADM22 

TTGCCTCTGAAATTCCATGTC 

ADM23 

CAGTGACGCATATACGCATTC 

Mutant 

CRWN3 allele 

ADM1 

ATTTTGCCGATTTCGGAAC 

ADM23 

CAGTGACGCATATACGCATTC 

 WT SUN1 

allele 

ADM24 

CTGATCAAGATTCGTTCCCAC 

ADM25 

TACCAGAGGCTTTCACATTGG 

Mutant SUN1 

allele 

ADM1 

ATTTTGCCGATTTCGGAAC 

ADM25 

TACCAGAGGCTTTCACATTGG 

WT SUN2 

allele 

ADM26 

GACCAAACATGGGTTGACTTG 

ADM27 

GGTCACACATTGCTTTCCATC 

Mutant SUN2 

allele 

ADM1 

ATTTTGCCGATTTCGGAAC 

ADM27 

GGTCACACATTGCTTTCCATC 

 

E. Stomatal Density 

crwn1 (SALK_025347), crwn3 (SALK_099283), sun1 (SALK_123093), sun2 

(SALK_049398), and sine1 (SALK_018239) lines were acquired from Arabidopsis 



17 

Biological Resource Center. crwn1 crwn2 and sun1 sun2 crosses were generated using the 

protocol mentioned above. Each plate was divided in half to plate mutant lines on the same 

plates as the wild-type to account for any differences in growth conditions. Each single 

mutant was imaged in four separate experiments. Both double mutant crosses were imaged 

four times. 

F. Microscopy 

  Leica Stellaris 5 confocal microscope with HyD detectors and a PL APO 20x 0.75 NA 

objective and LAS X software was utilized for all imaging. 

G. Drug Treatment Dosage 

  To experimentally validate the dosage of the F-actin drugs used in this work, 3dpg 

UBQ10p::mCherry-ABD2-mCherry seedlings were incubated with 1 μM, 5 μM, 10 μM, and 

20 μM CK-666 (Sigma-Aldrich, #182515-25MG), CK-689 as a negative control (Sigma-

Aldrich, #182517-25MG), Latrunculin B as a positive control (Fisher-Scientific, 39-741), or 

DMSO as a negative control (Fisher Scientific, D128-500) for 5 hours. Drugs were diluted 

with 1/2 Murashige and Skoog (MS) with 0.5% sucrose to achieve each dosage. They were 

then imaged with identical laser and gain settings to examine the effects of drug treatment on 

F-actin levels and organization. Because images were acquired with consistent intensity 

settings, relative F-actin levels in each cell were evaluated. 

H. Time Lapse Imaging 

  3dpg BRXL2p::BRXL2-YFP ML1p::mCherry-RCI2A ML1p::GFP-NLS seedlings 

were placed in a flow chamber (Hybriwell, HBW75). Wells were filled with 1/2 Murashige 

and Skoog (MS) with 0.5% sucrose containing 10 μM CK-666 or CK-689. Tubing was routed 

from a peristaltic pump (set to a rate of .4 mL/hr) to the flow chamber, to maintain a constant 
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flow of 10 μM treatment and 1/2 MS with 0.5% sucrose throughout the course of the time 

lapse. Because the time-lapse acquisition setup cannot be used to simultaneously image 

different treatment conditions, different treatments were carried out in different imaging 

sessions. Seedlings were imaged for a total of 15-20 hours, with images being taken every 30 

minutes. ACDs were then identified and analyzed using FIJI software. 

I. Image Analysis 

 All images were analyzed using FIJI software. For stomatal phenotyping, images of a 

constant size and region for all genotypes and controls were compared by creating a MAX 

projection and counting all visible, mature stomata. For drug treatment tests, the image 

brightness was kept uniform and MAX projections were used for comparison.  For time lapse 

imaging, a MAX projection was created of the entire time lapse. Asymmetric cell divisions 

were manually identified throughout the time lapse. Once identified, the distance between the 

nearest edge of the nucleus to the nearest edge of the polarity crescent (as labeled by BRXL2-

YFP) was measured using FIJI’s line tool. 

J. Statistical Analysis 

 All statistical analyses were done in  GraphPad Prism. For all tests that compare two 

variables (stomatal analysis of single mutants and time lapse imaging), a Mann-Whitney test 

was performed. For the stomatal analysis of the double mutant crosses, a one-way ANOVA 

was used. Mean and sample standard deviation were also determined for each genotype or 

drug treatment. 
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CHAPTER 3: RESULTS 
 

A. Stomatal Lineage Phenotyping 

Five SALK line mutants were analyzed to determine if they exhibited any stomatal 

phenotypes that deviated significantly from the wild-type. We examined two well-described 

stomatal phenotypes that can result from ACD defects: adjacent (paired) stomata or a change 

in stomatal density. The analyzed mutants include crwn1 (SALK_031094), crwn3 

(SALK_099283), sun1 (SALK_123093), sun2 (SALK_049398), and sine1 (SALK_018239). 

All analyzed mutants have been associated with nuclear/nuclear envelope phenotypes and/or 

play important roles in linking the nuclear envelope to the cytoskeleton (Varas et al. 2015; 

Biel et al. 2020; Sakamoto et al. 2020; Wang et al. 2013). Because of the mutants’ association 

with the nucleus or nuclear envelope, any change in stomatal phenotype may indicate a 

possible change in nuclear migration, due to the previously demonstrated importance of 

nuclear migration on stomatal patterning. 

To analyze the mutants, 7 dpg seedlings were incubated in propidium iodide, which is 

a dye that stains cell walls in living plant tissue. A consistent area and location were imaged 

for each analyzed cotyledon to control for developmental timing, as it is known that 

cotyledons exhibit a developmental gradient along their proximodistal axis. Stomata were 

counted to determine the stomatal density for the imaged area. The difference in stomatal 

densities were then compared between the paired wild-type and mutant samples to determine 

any difference in stomatal density or phenotype, such as directly adjacent stomata (stomatal 

clustering). 
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Figure 4: crwn1 and crwn3 decrease stomatal density 
A.  Stomatal density for crwn1, compared to the wildtype. Bars indicate the mean and 
95% confidence interval. Significance is denoted with *, ns indicates no significant 
difference, as given by an unpaired t-test. n=31. 5 replicates were performed. 
B. Images of 7 dpg wild-type and crwn1 cotyledon phenotypes. Stomata are pseudo-
colored blue. 
C. Stomatal density for crwn3, compared to the wildtype. Bars indicate the mean and 
95% confidence interval. Significance is denoted with *, ns indicates no significant 
difference, as given by an unpaired t-test. n=40. 5 replicates were performed. 
D. Images of 7 dpg wild-type and crwn3 cotyledon phenotypes. Stomata are pseudo-
colored blue. 
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Figure 5: sun1 increases stomatal density 
A. Stomatal density for sun1, compared to the wildtype. Bars indicate the mean and 95% 
confidence interval. Significance is denoted with *, ns indicates no significant difference, as 
given by an unpaired t-test. n=41. 5 replicates were performed. 
B. Images of 7 dpg wild-type and sun1 cotyledon phenotypes. Stomata are pseudo-
colored blue. 
C. Stomatal density for sun2, compared to the wildtype. Bars indicate the mean and 95% 
confidence interval. Significance is denoted with *, ns indicates no significant difference, as 
given by an unpaired t-test. n=40. 5 replicates were performed. 
D. Images of 7 dpg wild-type and sun2 cotyledon phenotypes. Stomata are pseudo-
colored blue. 
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Figure 6: sine1 decreases stomatal density 
A. Stomatal density for sine1, compared to the wildtype. Bars indicate the mean and 95% 
confidence interval. Significance is denoted with *, ns indicates no significant difference, as 
given by an unpaired t-test. n=27. 5 replicates were performed for each genotype. 
B. Images of 7 dpg wild-type and mutant cotyledon phenotypes. Stomata are pseudo-
colored blue. 
 

 

Figure 7: Mutant genotypes did not have significant adjacent stomata 
Number of pairs of adjacent stomata for each analyzed sample and genotype. From left to 
right, n=179, n=31, n=40, n=41, n=40, n=27. 25 replicates were performed for the wild-type. 
5 replicates were performed for each mutant genotype. No significant difference between the 
wild-type and mutants was present, as calculated by a one-way ANOVA. 
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Out of the five mutants that were analyzed, four had significant differences in stomatal 

patterning compared to the wild-type. These mutants, crwn1, crwn3, sun1, and sine1, each 

had altered stomatal density, but no apparent adjacent stomata. crwn1, crwn3, and sine1 all 

had a decrease in stomatal density. crwn1 had a stomatal density of 68±15, compared to the 

wild-type of 82±16. crwn3 had a stomatal density of 56±14, compared to the wild-type of 

70±16. sine1 had a stomatal density of 56±12, compared to the wild-type of 73±19. sun1 had 

an increase in stomatal density, at 69±17, up from 58±12 for the wild-type. Significance was 

determined with an unpaired T-test to compare the mutant to wildtype. Because the mutant 

and wild-type were plated on the same plate to control for growth conditions, mutants are 

compared to their respective wild-type. This accounts for any changes in wild-type stomatal 

density that could be due to differences in stratification time, plate batch, or other 

experimental variables.  

B. Phenotyping for Redundancy Among Closely Related Genes 

To determine whether genetic redundancy might be masking the effects on stomatal 

patterning, we generated double mutants lacking crwn1 crwn3 and sun1 sun2. To identify and 

isolate homozygous double mutants, individual plants in the F2 generation from the crosses 

for crwn1 crwn3 were genotyped using primers ADM36 and ADM38 to determine the 

presence of the wild-type CRWN1 allele, ADM1 and ADM19 to determine the presence of 

the mutant CRWN1 allele, ADM22 and ADM23 to determine the presence of the wild-type 

CRWN3 allele, and ADM1 and ADM23 to determine the presence of the mutant CRWN3 

allele. Individual plants in the F2 generation for sun1 sun2 were genotyped using primers 

ADM24 and ADM25 to determine the presence of the wild-type SUN1 allele, ADM1 and 

ADM25 to determine the presence of the mutant SUN1 allele, ADM26 and ADM27 to 
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determine the presence of the wild-type SUN2 allele, and ADM1 and ADM27 to determine 

the presence of the mutant SUN2 allele to identify and isolate homozygous double mutants. 

The resulting double mutants, crwn1 crwn3 and sun1 sun2, were analyzed using the same PI 

phenotyping methods as previously mentioned to identify potential stomatal clustering or a 

change in stomatal density. When analyzing the double mutants, the respective single mutants 

were also included along with a Col-0 wild-type control to quantify whether any additive 

effects were seen. The sun1 sun2 cross exhibited a higher stomatal density than the wild-type 

(76±14 for sun1 sun2 compared to 57±11 for the wild-type), but it was not significantly 

different than sun1 (69±10). This indicates that SUN1 is the major driver of the stomatal 

phenotype. Only crwn1 crwn3 (stomatal density of 48±10) exhibited a significant change 

from the stomatal density of both the wild-type (70±20) and the respective single mutants 

(70±15 for crwn1 and 63±13 for crwn3. This indicates that crwn1 and crwn3 have 

overlapping functions. 
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Figure 8: crwn mutation have overlapping function while sun1 is relevant homolog for 
stomatal patterning 
A. Stomatal density for crosses, compared to the wildtype and single mutants. Bars 
indicate the mean and 95% confidence interval. Significance is denoted with *, ns indicates 
no significant difference, as given by a one-way ANOVA. n=20 with 4 replicates. 
B. Images of 7 dpg wild-type and mutant cotyledon phenotypes. Stomata are pseudo-
colored blue. 
C. Stomatal density for crosses, compared to the wildtype and single mutants. Bars 
indicate the mean and 95% confidence interval. Significance is denoted with *, ns indicates 
no significant difference, as given by a one-way ANOVA. n=18 with 4 replicates. 
D.  Images of 7 dpg wild-type and mutant cotyledon phenotypes. Stomata are pseudo-
colored blue. 
 

C. Drug Treatment Dosage 

To investigate the effects of Arp2/3 complex-mediated F-actin on post-ACD nuclear 

migration, it was necessary to identify the appropriate concentration and treatment length for 

the Arp2/3 complex inhibitor CK-666 (and associated inactive analog, CK-689) (Nolen et al. 

2009; Hetrick et al. 2013). To determine an effective dose of the inhibitor, BRXL2p::BRXL2-
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YFP TMM::mCherry-ABD2-mCherry 3dpg seedlings were incubated in varying doses of 

CK-666, CK-689 (negative control), DMSO (negative control), and Latrunculin B (positive 

control). This reporter line, generated in the Muroyama lab, expresses a 2 x mCherry-tagged 

version of the F-actin binding domain from fimbrin (ABD2) in early stomatal lineage cells via 

the TMM promoter. Based on what has been used previously in the literature, we tested 

concentrations of 1 μM, 5 μM, 10 μM, and 20 μM and assayed F-actin organization and 

seedling health (Liu et al. 2020; Xu et al. 2024). After a two-hour incubation period, seedlings 

were imaged using identical imaging conditions, including the same laser intensity and gain 

settings so that fluorescence intensity between different samples could be directly compared. 

Images for each drug and dose were then manually inspected to identify the concentrations 

that affected the total F-actin reporter signal and amount of branched F-actin.  

Because Latrunculin B depolymerizes all F-actin, this acted as an important positive 

control for CK-666 to ensure only the branched Arp2/3 complex mediated F-actin was 

inhibited. As expected, the Latrunculin B showed almost no F-actin present in the cell, 

compared to the negative control of DMSO, which does not affect F-actin organization. None 

of the CK-666 dosages appeared to inhibit a similar level of F-actin, indicating that only 

Arp2/3 complex mediated F-actin was being inhibited. 

Treatment with 1μM and 5μM CK-666 did not noticeably change either the levels of 

branched F-actin or reporter signal. In contrast, treatment with 20μM and 10μM of CK-666 

showed a marked F-decrease in actin reporter signal and a decrease in branched F-actin 

structures. Because 20 μM and 10μM CK-666 showed similar effects in our assay, we opted 

to use the lower concentration, 10 μM, for subsequent time lapse imaging to maximize cell 
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viability and resource efficiency. 

 

Figure 9: Latrunculin B effectively depolymerizes all F-actin 
A. Cells incubated with 20 μM of Latrunculin B. Actin nucleation is indicated in black. 
Increased darkness and branching correspond to increased nucleation. 
B. Cells incubated with DMSO. Actin nucleation is indicated in black. Increased darkness and 
branching correspond to increased nucleation. 
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Figure 10: 10 and 20 μM of CK-666 effectively inhibit Arp2/3 complex 
A. BRXL2p::BRXL2-YFP TMM::mCherry-ABD2-mCherry seedlings incubated with 1 
μM of CK-666 compared to 1 μM CK-689. F-actin filaments are visualized in black. 
Increased darkness and branching correspond to increased nucleation. 
B. BRXL2p::BRXL2-YFP TMM::mCherry-ABD2-mCherry seedlings incubated with 5 
μM of CK-666 compared to 5 μM CK-689. F-actin filaments are visualized in black. 
Increased darkness and branching correspond to increased nucleation. 
C. BRXL2p::BRXL2-YFP TMM::mCherry-ABD2-mCherry seedlings incubated with 10 
μM of CK-666 compared to 10 μM CK-689. F-actin filaments are visualized in black. 
Increased darkness and branching correspond to increased nucleation. 
D. BRXL2p::BRXL2-YFP TMM::mCherry-ABD2-mCherry seedlings incubated with 20 
μM of CK-666 compared to 20 μM CK-689. F-actin filaments are visualized in black. 
Increased darkness and branching correspond to increased nucleation. 

  
D. Post-division nuclear migration depends on Arp2/3-nucleated F-actin 

Previous research showed that pre-division nuclear orientation (NMpre) in the stomatal 

lineage is mediated by microtubules, which guide the nucleus away from the BASL/BRXL2 

polarity crescent. After asymmetric cell division, the nucleus is guided towards the polarity 
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crescent in the SLGC (NMpost), which is mediated by F-actin (Muroyama et al. 2020). To 

determine whether the Arp2/3 complex controls nuclear positioning, 3dpg BRXL2p::BRXL2-

YFP ML1p::mCherry-RCI2A ML1p::GFP-NLS Arabidopsis thaliana seedlings were 

incubated with either CK-666, an Arp2/3 inhibitor, or CK-689, an inactive analog that serves 

as the negative control. Pre-division nuclear migration is unaffected in both the treated and 

control cells, as expected, since it is not mediated by F-actin networks. Post-division 

migration was affected in the presence of CK-666, causing the nucleus to move away from 

the polarity crescent rather than towards it.  

To quantify the behavior of the nucleus, we used FIJI to measure the distance from the 

outermost edge of the nucleus to the nearest point of the polarity crescent. Using this method, 

we found that the nucleus was 3.3+1.1 μm away from the polar domain 7-10 hours after 

division with CK-666 treatment compared to 0.8+0.7 μm in the CK-689 control. This result 

indicates that NMpost is mediated by Arp2/3 complex-nucleated F-actin. 
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A. 3dpg BRXL2p::BRXL2-YFP ML1p::mCherry-RCI2A ML1p::GFP-NLS cells 
incubated in CK-689, pre- and post-division. The polarity crescent is indicated with a blue 
arrowhead and new cell wall formation is indicated with a blue dashed line. 
B. 3dpg BRXL2p::BRXL2-YFP ML1p::mCherry-RCI2A ML1p::GFP-NLS cells 
incubated in CK-666, pre- and post-division. The polarity crescent is indicated with a blue 
arrowhead and new cell wall formation is indicated with a blue dashed line. 
C.  Distance from the nucleus to the polarity crescent 7-10 hours post-division after 
treatment with either CK-689 or CK-666. n=16 with 4 replicates for each drug treatment. 
Significance is denoted with *, ****p<0.0001, ns indicates no significant difference as given 
by an unpaired t-test 

C. 

Figure 11: Nuclear Migration is Altered in Absence of Arp2/3 Complex-Nucleated F-Actin 
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CHAPTER 4: CONCLUSION 
 

The purpose of this project was to identify new mediators of nuclear migration in 

asymmetrically dividing cells in the stomatal lineage. Based on a literature search, we tested 

whether five proteins with known roles in nuclear shape and nucleus-cytoskeleton 

interactions, CRWN1, CRWN3, SUN1, SUN2, and SINE1, are important for stomatal 

development. (Varas et al. 2015, Biel et al. 2020, Wang et al. 2013).  Using stomatal 

phenotyping, we determined that four of these genes, CRWN1, CRWN3, SUN1 and SINE1, 

impact stomatal density. As MYOXI-I, the only known mediator of post-division nuclear 

migration in the Arabidopsis stomatal lineage, also affects stomatal density, these new genes 

are ideal candidates for further exploration that could potentially control nuclear migration 

during ACDs. Additionally, previous research showed that post-division nuclear migration 

was mediated by F-actin (Muroyama et al. 2020). Through time-lapse imaging, we were able 

to determine that Arp2/3 complex-mediated F-actin nucleation mediates post-division nuclear 

migration.  

While sun1 did cause a significant stomatal phenotype, it notably had the opposite 

effect on stomatal density as the other mutants with stomatal phenotypes; stomatal density 

significantly increased in sun1 while it decreased in the other mutants. As SUN1/SUN2 are 

thought to interact with KASH proteins (SINE1/2), it was unexpected that sun1 and sine1 

would have opposite stomatal density phenotypes (Varas et al. 2015). Both involved proteins 

should link to form the nuclear envelope-spanning complex so we predicted that they would 

exhibit comparable phenotypes. Our results suggest that they may have previously 

unappreciated and separable functions, but more research is required to explore this question. 

Regardless, future studies into SUN1 are warranted as it alters amplifying and spacing 
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divisions in the stomatal lineage pathway. Alternatively, because the nuclear shape in sun1 is 

altered, this may indicate that the change in nuclear shape alters nuclear migration or its 

ability to move as needed, rather than its effect on SUN/KASH interactions. 

sine1 has an altered KASH protein, which is involved in F-actin binding in the nuclear 

envelope (Biel et al. 2020). Because previous research shows that F-actin is involved in 

NMpost (Muroyama et al. 2020), it is likely that the KASH protein does not allow F-actin to 

bind to the nuclear envelope properly, which would only alter post-division nuclear migration.  

crwn1 and crwn3 have a reduced nuclear size and altered spatial organization (Wang 

et al. 2013). Because nuclear migration heavily depends on the cell’s spatial organization 

(especially regarding the nucleus and polarity crescent), this may explain the decrease in 

stomatal density for both mutants as the location of the nucleus is likely altered at all times, 

compared to the wild-type. 

Due to the alterations in stomatal density, compared to the wild-type, it is possible that 

CRWN1, CRWN3, SUN1, and SINE1 proteins play a role in regulating nuclear migration. 

However, because we can only determine changes in cell fate via the final stomatal density, it 

remains possible that these changes are either due to a change in nuclear migration or another 

process associated with differentiation that remains to be identified. For example, crwn1 is 

known to undergo additional rounds of asymmetric divisions before committing to the 

stomatal lineage pathway. This due to its reduced nuclear size, as the nucleus must reach a 

size threshold before the cell is triggered to terminally differentiate (Gong et al. 2023). 

Without further experimentation, we cannot definitively state that the reduced stomatal 

density is solely due to a change in nuclear migration.  
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To address this, in the future, fluorescent markers for the nucleus, plasma membrane, 

and polarity crescent could be introduced into the mutant backgrounds so that time-lapse 

imaging can be utilized to definitively test whether these loss-of-function mutants exhibit 

impaired nuclear migration. 

In addition to analyzing changes in stomatal density of single mutants, we performed 

crosses to determine if genes within the same family exhibit any redundancy with each other. 

Due to time constraints, double homozygous mutants were screened using the stomatal 

density protocol. Because the stomatal phenotype for the crwn1 crwn3 cross appeared to have 

an additive effect, compared to the single mutants, this indicates that the two genes have some 

overlapping function. The stomatal density of the sun1 sun2 cross is not significantly different 

from the density of sun1, which was expected since sun2 did not have a significant change in 

stomatal density, compared to the wild-type. This indicates that SUN1 is the relevant 

homologue that contributes to stomatal development.  

In addition to analyzing genetic factors behind nuclear migration, we also looked at 

the molecular mechanism of post-division nuclear migration. Comparing different doses of  

CK-666 (Arp2/3 complex actin inhibitor) to CK-689 (negative control for CK-689), 

Latrunculin B (actin inhibitor), and DMSO (negative control for Latrunculin B) using 

fluorescence microscopy to examine F-actin levels and organization revealed that 10 μM is 

the ideal dosage of CK-666 in order to maximize cell viability and resource efficiency over a 

20 hour period, while having Arp2/3 complex actin nucleation effectively inhibited. 

Using this dosage, we performed time-lapse imaging to determine how nuclear 

migration is affected with the inhibition of Arp2/3 F-actin nucleation. While Muroyama et al. 

(2020) previously uncovered that post-division nuclear migration is mediated via F-actin, the 
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type of F-actin was previously unknown. Because NMpre is mediated through microtubule 

dynamics, whereas NMpost is mediated through actin dynamics, we specifically looked for a 

phenotype difference between CK-666 and CK-689 treatment, post-division. We measured 

the distance from the nucleus to the polarity complex 8 hours post-division, by which time the 

nucleus has moved adjacent to the polar domain in wild-type cells. In the negative control 

treated with 10 μM CK-689, nuclear migrations both pre- and post-division occurred 

normally, with NMpre migrating away from the polarity crescent and NMpost migrating 

towards the polarity crescent. In the presence of the Arp2/3 nucleation inhibitor, CK-666, 

NMpre was unaffected, while NMpost was oriented in the opposite direction, away from the 

polarity crescent. Because pre-division nuclear migration, which is known to be mediated by 

microtubules, remained the same in both the experimental and control, it can be concluded 

that any changes in NMpost movement are due to the change in Arp2/3 complex mediated actin 

nucleation.  

 In the future, the time lapse imaging with drug treatment protocol will also be 

repeated with inhibitors for different forms of actin nucleators, such as formin. This is 

necessary to conclude if any other forms of F-actin play a role in post-division nuclear 

migration or if Arp2/3 complex mediated F-actin alone is sufficient to control it. 

Through this research, we are able to conclude that CRWN1, CRWN3, SUN1, and 

SINE1 likely play a role in nuclear migration. In addition, Arp2/3 complex mediated F-actin 

mediates post-division nuclear migration. By better understanding the mechanisms that 

control nuclear migration, we are able to gain additional insight into how organelle 

positioning controls asymmetric cell divisions and stomatal development. Because the cellular 

pathways that control stem cell division are key to plant development, understanding the 
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mechanisms behind them allows us to better understand how ACDs are regulated in order to 

properly differentiate cells in plants.  
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