
 

ABSTRACT 

 
GRAHAM, BENJAMIN PHILLIP. Influence of Cortical Microtubules on the Diameter and Tip 
Shape of Cotton Fiber. (Under the direction of Dr. Candace H. Haigler). 
 

Plant cell morphogenesis is critical to plant form and function. How plants achieve their 

shape is an active field of investigation, in part due to its potential for facilitating advances in the 

agriculture and textile industries. Cells with specialized shapes, like pollen tubes and root hairs, 

are critical for reproduction and nutrient uptake. Other unique plant cells are used directly by 

humans, such as the cotton fibers studied here. Cotton fibers are single cells that differentiate and 

elongate from the seed epidermis of Gossypium species. Two species of cotton, Gossypium 

barbadense and G. hirsutum, are the most widely cultivated species of cotton. The fibers of G. 

barbadense are longer, stronger, and have a smaller diameter relative to fibers of G. hirsutum. 

Gossypium hirsutum is more productive, but its fibers are of a lower quality due, in part, to its 

higher average fiber diameter. How plant cell shape formation is governed is a field of active 

investigation with many unanswered questions. Here, I seek to better understand cotton fiber 

morphogenesis in order to understand how to improve the quality of the world’s leading 

renewable source for textile products. 

First, I will review several specialized plant cell types characterized by two different 

growth modes, tip growth and anisotropic diffuse growth, in order to look for clues regarding 

their shape regulation that may be relevant to cotton fiber. The role of the cytoskeleton and cell 

wall in establishing/determining the cell shape of root hairs, pollen tubes, moss protonema, 

Arabidopsis trichome branches, and cotton fibers is discussed. Microtubules are a particular 

focus due to their potential influence on cellulose microfibril deposition and alignment, a process 

fundamental to cell shape formation. Of the cell types reviewed, Arabidopsis trichome branches 

may offer the most insight into early cotton fiber shape formation. 

In the second chapter, a direct comparison of microtubule function in growth control 

between three cotton fiber tip types was conducted. These fiber tips vary in their natural diameter 

with the smallest being the single tip type found on G. barbadense. In contrast, two fiber tip 

types are found on G. hirsutum, the tapered and hemisphere types, with a small and large tip 

diameter respectively. An in vitro ovule culture system for G. barbadense developed in our lab 

aided the experimental comparisons between three tip types within two species. Ovules cultured 



 

at 2 days post anthesis (DPA) with a microtubule antagonist, colchicine, were examined 48 hours 

later in order to look for differences in microtubule-mediated controls of expansion in different 

apical zones. Immunofluorescence was used to verify that colchicine abolished the microtubules. 

The results were consistent with a zonal regulation of microtubule-mediated expansion from the 

apex to 200 µm back for G. hirsutum tapered tips. 

The third chapter expands on the initial results in a thorough examination of how 

microtubules regulate the diameter of the three fiber tip types, while also investigating how 

microtubules change and affect tip shape over time. Two microtubule antagonists (colchicine and 

oryzalin) and a microtubule stabilizer (Taxol) were added to ovule cultures at 1 and 2 DPA, 

followed by measurements 48 hours later. During this time cotton fiber shape is highly dynamic, 

and disrupting microtubules typically caused fiber swelling with a greater effect occurring with 

earlier treatment. A transient relationship between the apical dome size and microtubule 

organization was established in young G. hirsutum tapered fibers. Cumulatively, the results set 

the stage for identifying and testing potential molecular mechanisms for decreasing the diameter 

of G. hirsutum fibers as a means of making higher quality textiles more economical. 
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CHAPTER 1 

 

A Review of the Cytoskeleton in Anisotropic Plant Cell Shape Determination 

 

Introduction 

Anisotropic growth is a fundamental feature of cell morphology in animal, fungal, and 

plant systems. Expansion of a cell in a discrete, controlled direction allows for the formation of 

neurons, fungal hyphae, and a variety of specialized plant cells. This review will discuss our 

current understanding of how the cytoskeleton facilitates polar elongation in several plant cell 

types with different growth modes. Specifically, information regarding the processes governing 

the shape and size of the apical dome at the tips of the elongating cell types will be assessed for 

consistency with new observations in young cotton fibers. 

 

Cotton fiber overview 

Cotton fibers are single interphase cells that elongate from the epidermal cells of a 

developing fertilized ovule in some Gossypium species. Two Gossypium species in particular, G. 

hirsutum and G. barbadense, make up the bulk of the world’s cotton production (Constable et 

al., 2015). Cotton fibers begin development near the day of anthesis by differentiating from 

epidermal cells and expanding isodiametrically above the epidermal surface. During the next two 

days fiber cells transition to polar elongation and tip shape modification. Cotton fibers elongate 

for roughly three weeks before transitioning to a stage of secondary cell wall deposition and 

maturity. This total process occurs over a period of about 50 days (Haigler et al., 2012; Stiff & 

Haigler, 2012). 

Fibers produced by the two different species differ in their quality with G. barbadense 

producing more desirable fibers for textile products (Naylor et al., 2014). The superior qualities 

of G. barbadense fiber include greater length, strength, and lower fineness. Fineness is a 

measurement of mass per unit length (µg m-1, or mtex). A lower fineness value is preferred 

because finer cotton leads to thin yet strong yarns. For example, the fineness values of two elite 

cotton cultivars studied extensively in the Haigler lab are 176 or 139 for G. hirsutum cv 

Deltapine 90 or G. barbadense cv Phytogen 800, respectively (Avci et al., 2013). Lower fineness 

results from smaller fiber diameter and/or a thinner secondary cell wall, which is not desirable 
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since secondary cell wall cellulose contributes to individual fiber strength and deep fabric 

dyeing. Correspondingly, the maturity ratios (describing the extent of wall thickening) of modern 

G. hirsutum or G. barbadense fibers typically exceed 0.9 (Avci et al., 2013). 

Given high maturity, the lower fineness of G. barbadense fibers is mainly attributed to 

their lower perimeter as compared to G. hirsutum. (Perimeter is also approximated by the 

diameter of cotton fibers, which are nearly circular). Our lab recently showed variation in cotton 

fiber tip diameter, with young G. barbadense fibers having only one tip type, whereas G. 

hirsutum exhibits two distinct tip morphologies classified as tapered or hemisphere with smaller 

and larger diameters, respectively (Stiff  & Haigler, 2016). These differences correlate with 

narrow fibers in mature G. barbadense cotton as compared to wider fibers (on average) in G. 

hirsutum cotton. For example, mature G. hirsutum cv. Deltapine90 had a calculated diameter of 

16.78 µm, whereas 14.75 µm was the comparative value for G. barbadense cv. Phytogen 800 

fiber (Avci et al., 2013). How the larger cell diameter in some G. hirsutum fibers, which occur in 

a mixture with narrower fibers, may impact the quality of downstream products is an important 

area of future exploration. 

The cause of the two different fiber cell phenotypes occurring side-by-side on the same 

G. hirsutum ovule is unknown. Unfortunately, G. barbadense is the less productive species with 

a smaller cultivation range than G. hirsutum. This leads to G. hirsutum comprising roughly 90% 

of cotton cultivated globally (Constable et al., 2015). The natural question that forms in response 

to this is: how do we increase the quality of the more productive cotton? Since quality is linked 

to the cell shape, we must first understand what biological processes govern this property. 

 

Control of Plant Cell Shape 

Among the plant cells in a single plant body, many different shapes can be assumed 

depending on the location and function of the cell. Plant cells can be shaped like blocks, tubes, 

puzzle pieces, hairs, and even stars (Geitmann & Ortega, 2009). Extensive coordination between 

processes governing cell wall assembly and remodeling, intracellular trafficking, and signal 

transduction must be maintained in order to facilitate such outcomes. Different cell shapes are 

generally the result of the irreversible expansion of the cell wall in a tightly regulated fashion. 

Cell expansion occurs when turgor pressure increases within the cell causing an omnidirectional 

strain on the plant cell wall. Growth in discrete directions can occur when the cell wall is 
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resistant to turgor pressure in some regions while yielding to it in others. These concepts have 

been recently reviewed in detail (Guerriero et al., 2014; Bidhendi & Geitmann, 2016; Cosgrove, 

2018; Eng & Sampathkumar, 2018). 

The primary cell wall of dicotyledonous angiosperms, like cotton, is a complex 

composite of pectins, hemicelluloses (mainly xyloglucan), glycoproteins, and cellulose 

microfibrils. Some of these components are synthesized within the cell and secreted to 

specifically identified locations within the cell wall (Zhu et al., 2015). Cellulose, on the other 

hand, is synthesized from mobile plasma membrane-embedded protein complexes (Paradez et 

al., 2006). Cellulose is formed as a linear chain of glucose molecules synthesized via β-1,4 

glucan linkages. Once extruded, the glucan chains can coalesce into high tensile strength 

cellulose microfibrils. The cellulose synthase complexes (CSCs) are assembled within the Golgi 

apparatus of the cell and delivered to the plasma membrane at specific locations (Crowell et al., 

2010; Zhang et al., 2016). 

During cell growth, methyl-esterified pectin is often secreted into the cell wall at the 

points of cell expansion. Expansion also occurs as a result of cell wall loosening via enzymatic 

activity (Cosgrove, 2018). As the cell continues to grow, the pectin can become more rigid 

through the enzymatic action of pectin methyl-esterase (PME) (Bosch et al., 2005). This enzyme 

removes the methyl group allowing pectins to crosslink with calcium ions (Ca2+), which 

increases the stability of the pectin matrix when at the proper pH and barring enzymatic cell wall 

loosening (Palin & Geitmann, 2012). Cellulose microfibrils form structural supports embedded 

within the pectin matrix and are capable of interacting with non-cellulosic cell wall components 

(Park & Cosgrove, 2012). Both pectins and the hemicelluloses are sugar-based polymers that are 

branched and contain more sugar moiety types than cellulose. Hemicelluloses, such as 

xyloglucan, are associated with aiding the plant cell wall in maintaining its integrity via 

interactions with other wall components (Xiao et al., 2016). Plant cell morphogenesis is an active 

subject of study where much remains unclear. 

The majority of plant cells expand via diffuse growth. Cells undergoing diffuse growth 

exhibit isodiametric cell expansion where cell wall synthesis takes place on all or most faces of 

the cell. Directional or anisotropic growth can also occur via diffuse growth. Cells of plant 

hypocotyls and within the root elongation zone develop in this way. The elongation of these 

cells, while simultaneously controlling their diameter, is what contributes to the overall plant 
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size. The current model of diffuse growth describes a primary cell wall with transversely 

oriented cellulose microfibrils that coincide with cortical microtubules. The transversely aligned 

cellulose acts to reinforce the cell wall preventing diametric expansion (Cosgrove, 2018). 

Another form of polar elongation, tip growth, occurs when the majority of cell wall 

synthesis occurs at one end of an anisotropically expanding cell. Root hairs, pollen tubes, and 

moss protonema are classified as this type. Cells of this type concentrate new cell wall synthesis 

at the apex of the growing cell with no diametric expansion behind the apex. Typically, cells of 

this type have a cytoskeleton that is longitudinally oriented, coinciding with the growing axis of 

the cell (Ketelaar et al., 2003; Vidali & Bezanilla, 2012). The cells are also reinforced outside of 

the growing region by cellulose and other cell wall components. However, the cellulose 

microfibrils may not be transverse like in diffuse growing cells. 

A mixed-mode of growth termed apically-biased diffuse growth, which exhibits elements 

of both tip- and diffuse growth, has been proposed for Arabidopsis thaliana trichome branches 

and cotton fibers. These cells have transversely oriented cellulose microfibrils, like diffuse 

growing cells, but exhibit a higher degree of cell wall synthesis in the apical region (Yanagisawa 

et al., 2015; Stiff  & Haigler, 2016; Yu et al., 2019). For cotton fibers, treatment with a cell wall-

degrading enzyme mixture caused bursting of cotton fibers predominantly at the apex, indicating 

new cell wall material is likely being secreted there. Consistently, in pulse-chase experiments 

with a cell wall-binding fluorophore, new cell wall synthesis at the apex was supported by its 

decreased fluorescence during the chase period (Stiff  & Haigler, 2016). 

Cell shape is ultimately determined by the zonal extension, or restriction, of the cell wall 

during turgor driven growth. Whether or not the cell wall succumbs to, or resists, turgor pressure 

depends on its biochemical makeup. Variations in cellulose and matrix polysaccharides can 

affect how the cell wall reacts to stress. What determines deposition sites and how the cell wall 

composition is coordinated to facilitate organized expansion is currently unclear. It is becoming 

clearer, however, that the cytoskeleton is highly involved in influencing cell wall composition 

and cell shape. 

 

The Cytoskeleton 

A central element influencing plant cell shape is the cytoskeleton. The cytoskeleton is 

primarily composed of microtubules, actin filaments, and their associated proteins. The 
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cytoskeleton is critical for mitosis and cytokinesis in eukaryotic organisms. In interphase cells, 

the cytoskeleton is required for organelle and vesicle trafficking, endo- and exocytosis, and 

structural support. 

Microtubules are comprised of filamentous polymers of α- and β-tubulin dimers, termed 

protofilaments, that coalesce laterally into a hollow tube-like lattice (Zhang et al., 2015). 

Microtubule assembly is polar in that new tubulin dimer subunits are added to the growing plus 

end in a guanosine triphosphate (GTP)-dependent process. The many functions of microtubules, 

and their associated proteins, in plants have been extensively discussed in recent years (Bashline 

et al., 2014; Hashimoto, 2015; Krtková et al., 2016; Elliott & Shaw, 2018). Briefly, microtubules 

have been shown to function in the deposition and recycling of CSCs into, and from, the plasma 

membrane (Crowell et al., 2009). This is achieved via a transport and recycling endomembrane 

network including Golgi vesicles and the small, poorly defined compartments, called either 

cellulose synthase compartments (SmaCCs), or microtubule-associated cellulose synthase 

compartments (MASCs) (Zhu et al., 2015; Li et al., 2015). 

Microtubule-associated motor proteins, such as the KINESIN-4A isoform known as 

FRAGILE FIBER 1, are capable of trafficking cell wall material to the plasma membrane. 

KINESIN-4A transports non-cellulosic matrix polysaccharides in elongating Arabidopsis cells 

while showing a similar distribution along microtubules in G. hirsutum cotton fibers (Kong et al., 

2015; Zhu et al., 2015). Another motor protein, KINESIN 13A, enables the distribution of Golgi-

stacks and plays a role in trichome branching and cell size in Arabidopsis. Mutants of KINESIN 

13A produce trichomes with extra branches, more clustered Golgi-stacks, and larger petals 

compared to wild type (Fujikura et al., 2014; Lu et al., 2005). KINESIN 13A has an orthologue 

in G. hirsutum that can rescue the mutant trichome phenotype in Arabidopsis. This shows a high 

degree of functional similarity within two types of epidermal cell extensions from different 

species (Lu et al., 2005). 

The most direct influence of microtubules on cell wall structure may be the guidance of 

CSCs during some stages of cellulose microfibril deposition (Paradez et al., 2006). A linker 

protein characterized in Arabidopsis, CELLULOSE SYNTHASE-INTERACTIVE PROTEIN1 

(CSI1), is capable of interacting with membrane-embedded CSCs and cortical microtubules, 

potentially influencing the orientation and efficiency of cellulose microfibril deposition (Gu et 

al., 2010; Li et al., 2012). This has been documented in elongating hypocotyl cells, but not in 
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more unique elongating cells such as trichomes, pollen tubes, or cotton fibers. However, in cells 

exhibiting close alignment of cellulose microfibrils and microtubules this mechanism may be 

plausible. There is evidence that properly aligned cellulose microfibrils can be formed without an 

aligned cortical microtubule array. Mutations in MOR1, a microtubule organizing protein, led to 

disrupted microtubule arrays, decreased anisotropy, and increased diametric expansion. The 

cellulose microfibrils in MOR1 mutants, however, were still aligned in a manner similar to the 

wild type (Whittington et al., 2001). This has led to the hypothesis that microtubule guidance of 

CSCs may partially function to increase the length of the deposited microfibril, while not be 

completely necessary for normal microfibril alignment. A reduction in microfibril length would 

reduce the strength of the cell wall, potentially allowing for increased diametric expansion 

(Baskin, 2005). Based on these limited examples, it is clear that microtubules are critical to plant 

cell shape and that there is still much to learn about how these processes are coordinated. 

The well-studied counterpart to microtubules in the cytoskeleton is actin. Actin is a 

globular protein that can rapidly polymerize and depolymerize forming highly dynamic 

filaments. These filaments are integral for transporting vesicles containing cell wall material to 

the points of active growth in a cell. The primary motor protein associated with actin filaments 

and vesicle trafficking is myosin. (Reddy & Day, 2001; Paterson et al., 2012) The myosin-

dependent movement of vesicles via actin produces the cytoplasmic streaming effect that can be 

observed in some living plant cells. Actin is considered critical for tip growth since 

pharmacological actin perturbation inhibits cell elongation (Harries et al., 2005; Vidali et al., 

2001). The function and dynamics of actin in plants have been reviewed in-depth (Blanchoin et 

al., 2010; Henty-Ridilla et al., 2013; Szymanski & Staiger, 2018). 

Similar to microtubules, the proteins that interact with actin filaments are vital to their 

function. Although actin is capable of nucleating on its own, the process is selectively aided by 

two actin nucleation regulators: the ACTIN RELATED PROTEIN 2/3 (ARP2/3) complex, and a 

class of actin-binding proteins, called formins. The ARP2/3 complex is a seven-subunit complex 

including two subunits, ARP 2 and ARP 3, having structural similarities to globular actin. Actin 

requires three monomers of globular actin to begin polymerization. The ARP2/3 complex acts as 

the first two monomers so that only a single globular actin monomer is needed to begin this 

process (Blanchoin et al., 2000). Other subunits of the ARP2/3 complex are thought to be 

involved with the targeting of the complex and interaction with other proteins, including 
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microtubules (Goley & Welch, 2006; Havelková et al., 2015). Profilins and formins are also 

important actin-interacting proteins. Profilins bind monomeric actin and promote the exchange of 

ADP (adenosine diphosphate) with ATP (adenosine triphosphate) so that ATP-dependent actin 

filament polymerization can take place more efficiently (Paavilainen et al., 2004). Formins 

contain two characteristic protein domains, one binds the actin-binding protein profilin, while the 

other promotes actin nucleation (Sagot et al., 2002). Formins can be membrane-bound, 

effectively promoting the formation of nascent actin at specific locations at the plasma 

membrane (Vidali et al., 2009). 

Taken together, it is clear to see that the cytoskeleton is involved in many cellular 

processes. Understanding the driving forces behind the spatial regulation of cytoskeletal 

components when targeting processes necessary for morphogenesis is critical to advancing 

progress in the area. Continuing to explore the interaction between the cell membrane and the 

cytoskeleton may provide insight into how the cytoskeleton can be used in targeting cell wall 

synthesis and remodeling. Being able to use this information to manipulate plant cell 

morphogenesis would create many opportunities for advancements in the agriculture and textile 

industries. 

 

Cell Models for Anisotropic growth 

The following will examine the role of the cytoskeleton in several plant cell types that are 

morphologically similar to cotton fibers. Recent work investigating how microtubules influence 

the shape of root hairs, moss protonema, Arabidopsis trichome branches, and cotton fibers will 

be compared. All of these cell types undergo anisotropic growth, producing tube-like or conical 

cellular extensions, and exist outside of collective tissue-forming cell groups. The cellular 

processes of cotton fiber are among the least studied of these examples due to the difficulty of 

conducting genetic perturbation experiments in cotton. These other cell systems will be probed 

for similarities to cotton fiber and clues providing insight into cotton fiber morphogenesis. An 

overview of the cell types and their disrupted phenotypes can be found in Table 1.  

A key experimental tool in understanding the control of anisotropic growth in model cells 

has been treatment with cytoskeletal antagonists, which essentially conducts a loss-of-function 

experiment without genetic manipulation. Popular microtubule antagonists include colchicine, 

oryzalin, and Taxol. Colchicine is a microtubule disrupting agent that binds at the interface 
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between the α- and β-tubulin monomers within the dimeric repeating units of the 

protofilaments. Colchicine may hinder microtubule polymerization at low concentrations or 

cause de-polymerization at high concentrations (Stanton et al., 2011). Oryzalin, a dinitroaniline 

class herbicide, binds only to plant α-tubulin at a non-conserved binding site (Dostal et al., 

2014), thereby disrupting lateral associations between protofilaments and inhibiting microtubule 

rescue during reorientation (Morrissette et al., 2004). In contrast to the microtubule disruptors, 

Taxol stabilizes microtubules by binding to a conserved site in β-tubulin, promoting microtubule 

polymerization, stability, and/or bundling. Taxol-bound tubulin stabilizes protofilaments, 

increasing their propensity to accept additional monomers at the plus-end (Stanton et al. 2011) 

and inhibits the peeling apart of protofilaments at the minus-end (Downing, 2000). 

Frequently used actin antagonists include latrunculins and cytochalasins. Latrunculin B, 

isolated from a sea sponge, binds to globular actin monomers preventing incorporation into 

polymerized actin filaments (Helal et al., 2013). Cytochalasin D is one of several derivatives of 

an alkaloid compound produced by fungus. Cytochalasin D binds to the growing end of actin 

filaments inhibiting actin polymerization (Scherlach et al., 2010). 

 

Root hairs 

Root hairs are necessary to increase the surface area of roots in order to more efficiently 

absorb water and nutrients from the substrate in which a plant grows. Root hairs are unicellular 

trichomes that are cylindrical extensions of a single epidermal cell. Excellent reviews have been 

published in recent years covering root hair systems biology, overall development, and actin in 

root hairs (Libault et al., 2010; Ketelaar, 2013; Grierson et al., 2014; Mendrinna & Persson, 

2015, respectively). 

Early studies characterizing microtubule dynamics in the differentiating and elongating 

root hair used a green fluorescent protein (GFP) reporter fused to MICROTUBULE 

ASSOCIATED PROTEIN 4 (MAP4) to observe the microtubules in vivo in Arabidopsis root 

hairs (Van Bruaene et al., 2004). The authors made observations at the onset of root hair 

differentiation during bulge formation of trichoblasts, during late-stage growth, and of full-

grown root hairs to compare the microtubule arrangement throughout development. Although 

cortical microtubules appear randomly oriented at the time of differentiation, they take on a net 

axial to shallow helix orientation as the root hair elongates (Van Bruaene et al., 2004). A similar 
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arrangement was observed by Ketelaar and colleagues (2002), prior to the treatment of 

Arabidopsis root hairs with 1 µM oryzalin. Oryzalin treatment depolymerized all microtubules 

and led to wavy root hairs without disrupting root hair elongation rate or nuclear positioning. The 

authors concluded that microtubules may guide the direction of anisotropic growth, while not 

being necessary for growth per se (Ketelaar et al., 2002). Similar results were previously 

observed when 5 µM oryzalin was applied to growing root hairs (Bibikova et al., 1999). In 

addition to altered directionality, these authors observed branching of root hairs when treated 

with a microtubule stabilizer, Taxol (5 µM). In contrast, both groups reported a reduction of 

elongation when actin was disrupted using either latrunculin A/B or cytochalasin D, indicating 

that actin-mediated cell expansion is responsible for tip growth in root hairs (Bibikova et al., 

1999; Ketelaar et al., 2003). An increase in diameter was also observed in root hairs after actin 

disruption with either Latrunculin A or B. Treatment with cytochalasin D or latrunculin A led to 

isodiametric expansion at the apex of the growing root hair. Abolishing the actin and 

microtubule cytoskeleton, followed by allowing actin to recover, resulted in the resumption of 

growth in a new direction. These results support the concept of actin and microtubules working 

synergistically to specify the location of cell expansion (Ketelaar et al., 2003). Alternate 

concentrations of oryzalin (1 µM ) or Taxol (10 µM) also caused swelling in Arabidopsis roots. 

The oryzalin treated root hairs were sometimes swollen or wavy, while root hairs exposed to 

Taxol grew straight and much longer than normal (Baskin et al., 1994). These results highlight 

the function of microtubules in maintaining the direction of elongation during root hair growth. 

The cellulose microfibril arrangement in root hairs varies depending on the location. At 

the apex of the growing root hair, cellulose microfibrils are randomly oriented, but they become 

transversely oriented behind the apex (Akkerman et al., 2012). Some evidence supports that the 

apically localized cellulose present in the root hair is not deposited by canonical cellulose 

synthase proteins that are potentially associated with cortical microtubules. Primary cell wall 

cellulose synthase genes, CELLULOSE SYNTHASE 3 and 6 (CESA3; CESA6), do not localize 

to the apex of root hairs. Instead, CELLULOSE SYNTHASE-LIKE PROTEIN D3 

(CSLD3/KOJAK), localizes to the apical periphery (Park et al., 2011). The root hairs of mutants 

in Arabidopsis CSLD3 (atclsd3-1) initiated just as in wild-type, but they were shorter and often 

leaked cytoplasm from the apex. This supports a disruption of the proposed apical localization of 

AtCSLD3 (Wang et al., 2001). Treatment with a cellulose synthase inhibitor, 2,6-
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dichlorobenzene (DCB), and with cellulase phenocopied the AtCSLD3 mutation (Park et al., 

2011). 

 

Pollen tubes  

Pollen tubes are essential to the sexual reproduction of flowering plants. The germinated 

pollen grain forms an extension that must undergo rapid and invasive anisotropic growth to 

deliver genetic material to an ovule. The cytoskeleton is critical to pollen tube morphogenesis. 

Recent reviews regarding the pollen tube cytoskeleton are available (Cai et al., 2015; Fu, 2015; 

Onelli et al., 2015). 

When exploring the role of the cytoskeleton in Papaver rhoeas (poppy) pollen tube 

elongation, Gossot and Geitmann (2007) observed results similar to those seen in root hairs. 

Disruption of the actin cytoskeleton with low concentrations of latrunculin B (1-3 nM) reduced 

pollen tube germination and elongation rate. Actin destabilization also reduced the pollen tube’s 

ability to penetrate obstacles, a necessary function of pollen tubes. However, abolishing 

microtubules using 1 µM oryzalin had no effect on germination, elongation, or obstacle 

penetration, but rather resulted in straighter pollen tubes when compared to the controls (Gossot 

& Geitmann, 2007). This demonstrates a role for microtubules in directional control of pollen 

tube growth, similar to the case with root hairs. When both antagonists were used in conjunction, 

germination only rarely occurred. Cytoskeletal visualization in fixed pollen tubes revealed 

axially oriented microtubules and actin filaments. Disrupting actin resulted in swollen apices, 

which is also similar to root hairs (Gossot & Geitmann, 2007). In living tobacco pollen tubes, 

axially oriented microtubules occurred cortically and medially throughout most of the cell, but 

they did not extend into the apex. This observation was possible due to the heterologous 

expression of an Arabidopsis GFP-tagged microtubule-associated protein, END BINDING 1 

(EB1) (Cheung et al., 2008). In pollen tubes of Picea abies, exposure to oryzalin (100 µM) led to 

severely swollen pollen tubes that did not elongate normally, which is contrary to what was 

observed in poppy pollen tubes (Anderhag et al., 2000; Gossot & Geitmann, 2007). Treatment 

with colchicine (100 µM) resulted in swelling but also caused branching (Anderhag et al., 2000). 

Microtubules of tobacco pollen tubes (Nicotiana sylvestris) were abolished when treated with 25 

µM colchicine, as demonstrated by immunofluorescence. Microtubule disruption in N. sylvestris 

resulted in a loss of directional growth control but no swelling was noted (Joos et al., 1994). 
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Live-cell imaging using a fluorescently tagged actin-binding protein domain focused on 

the highly dynamic actin cytoskeleton in lily pollen tubes ( Lilium formosanum) (Rounds et al., 

2014). This method clearly revealed an annular fringe of fine actin filaments just below the apex, 

as previously described by Lovy-Wheeler and colleagues when using immunofluorescence to 

visualize actin in cryo-fixed lily (Lilium longiflorum) and tobacco (Nicotiana tabacum) (Lovy-

Wheeler et al., 2005). This unique structure is made up of short, non-bundled actin, and it is 

involved in maintaining the direction of pollen tube growth in lily. The actin fringe occurs just 

below the growing apical dome of the pollen tube and is responsible for localized cell expansion. 

Disruption of the actin fringe with latrunculin B leads to irregular pectin deposition near the apex 

(Rounds et al., 2014). 

Another study showed that an increased amount of methyl-esterified pectin is secreted at 

the apex, relative to the rest of the pollen tube in tobacco (Bosch et al., 2005). Cellulose was 

shown to be evenly distributed throughout the pollen tube, while callose was shown to be absent 

from the apex. Crystalline cellulose was detected with Pontamine Fast Scarlet (S4B) and 

carbohydrate-binding module 3a (CBM3a), while callose was detected using either 

immunofluorescence or aniline blue. It was proposed that callose was another cell wall 

component used to solidify the cell wall distal from the apex (Biagini et al., 2014; Chebli et al., 

2012). Microtubules were proposed to aid in callose distribution, as disruption of microtubules 

with oryzalin (1 µM) led to a change in callose distribution compared to the control in tobacco 

pollen tubes. It was noted that the secretion of pectins in the apex was not disrupted upon 

oryzalin treatment, suggesting that an actin-mediated control of this function was not altered 

(Biagini et al., 2014). This coincides with data from Sampathkumar et al. (2011), which showed 

that actin filaments are capable of some nucleation and polymerization at the cell’s interior even 

after microtubules were abolished. Cellulose also plays a role in reinforcing the pollen tube 

shape. Treatment of pollen tubes from potato (Solanum chacoense) and lily (Lilium orientalis) 

with cellulase and a cellulose crystallization inhibitor, CGA (1-cyclohexyl-5-(2,3,4,5,6-

pentafluorophenoxy)-1λ4,2,4,6-thiatriazin-3-amine), resulted in increased diametric expansion 

(Aouar et al., 2010). 
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Moss protonema 

Mosses are non-vascular bryophytes that are evolutionarily ancestral to flowering plants. 

The moss, Physcomitrella patens, is a model organism for research on plant development and 

evolution. Growth in moss is accomplished through the extension of protonema; a filamentous, 

tip growing cell type. As they develop, protonema can differentiate into either chloronema or 

caulonema, both of which continue to elongate via tip growth while having different diameters. 

Chloronema contain many chloroplasts and elongate slowly relative to the alternative caulonema 

cells (Menand et al., 2007). 

 Recent work with P. patens showed that both microtubules and actin filaments 

terminated in interdependent clusters, or focal points, at the apex of moss protonema. Both actin 

filaments and microtubules form axial arrays parallel to the growing axis of the cell. A 

fluorescently tagged actin-binding protein (Lifeact; Vidali et al., 2009) revealed that an intense 

apical actin signal predicted the site of cell expansion. Microtubules were shown to co-localize 

with actin bundles in the apical domain (Wu & Bezanilla, 2018). Both formin (class II) and 

MYOSIN VIII also co-localized with the converging actin-microtubule clusters at the apex. 

Oryzalin (10 µM) treatment caused the disruption of both the formin and actin signal, suggesting 

that microtubules mediate formin localization to promote actin polymerization in a discrete 

apical cell region. Given that the disruption of either actin or microtubules disrupted the other 

array, the authors concluded that the actin-associated proteins may also interact with 

microtubules to stabilize the zone of cell expansion (Wu & Bezanilla, 2018). 

Cellulose synthesis has recently been investigated in P. patens via live-cell particle 

tracking of fluorescently tagged CESA proteins. The investigators determined that CESA 

velocity in these tip growing cells was similar to what is observed in diffuse growing cells (Tran 

et al., 2018). Cellulose synthase tracks, however, did not indicate any alignment of cellulose 

deposition as would be expected in diffuse growing cells. Treatment with DCB (10 µM) and 

isoxaben (20 µM), both disruptors of cellulose synthesis, showed reduced CSC movement, 

similar to results reported for root hairs (Tran et al., 2018; Park et al., 2011). Cells treated with 

DCB tended to burst at the tip, while those treated with isoxaben showed reduced CSC motility, 

like DCB-treated cells, but no cell bursting was observed. No swelling of the protonema cells 

was reported with either treatment (Tran et al., 2018). The lack of a common cellulose-deficient 

phenotypes in moss, such as swelling, is similar to how root hairs responded to isoxaben 
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treatment. This implicated a potential role for CLSD3, which is thought to be responsible for 

CESA-independent cellulose synthesis at the root hair apex (Park et al., 2011). 

 

Trichome branches 

Arabidopsis leaf trichomes are a unicellular epidermal extensions with a short stalk and 

three pointed branches whose apical diameter shrinks as the branch elongates. Developing 

Arabidopsis trichomes exhibit transversely oriented microtubule arrays aligning just below the 

apex, similar to the arrangement in diffuse growing cells, (Yanagisawa et al., 2015). Early work 

looking at genetic mutants with abnormal trichome phenotypes established over 20 genes critical 

for proper trichome formation (Hulskamp et al., 1994). Some of these genes are now known to 

influence trichome branching, such as the kinesin motor protein, ZWICHEL (Oppenheimer et al., 

1997). Other genes, like the DISTORTED family of genes, are important for normal trichome 

branch morphology (Schwab et al., 2003). 

Later studies of other trichome mutants were able to distinguish between certain 

functions of the actin and microtubule cytoskeleton. Mutants in α-tubulin resulted in over-

branched and twisted trichomes, while mutations in ARP3, part of the actin nucleating complex, 

resulted in twisted trichomes. In the tubulin mutant, TORTIFOLIA2, right-hand twisting was 

observed and may be attributed to the formation of microtubule bundles forming in ectopic 

locations during branching (Buschmann et al, 2009; Sambade et al., 2014). Taxol treatment 

revealed that Arabidopsis trichome branching is influenced by microtubule organization. 

Stabilization of microtubules in a the branchless mutant, stichel, resulted in directional changes 

indicative of branch formation. Branching was also increased in zwichel mutants that are usually 

deficient in branching (Mathur & Chua, 2000). Arabidopsis trichome branches treated with 

oryzalin (100 µM) prior to initiating elongation failed to develop branches at all (Szymanski et 

al., 1999) 

Finite element modeling and live-cell imaging of Arabidopsis trichome branches 

indicated that spatially controlled cytoskeletal activity was critical to establishing, and 

maintaining, the branch shape. This was highlighted by the characterization of a microtubule 

depleted zone (MDZ) at the apex of the growing trichome branch (Yanagisawa et al., 2015, 

2018). The authors documented a cell wall thickness gradient, in which the isotropic apex of the 

trichome branch was the thinnest, and the base of the trichome branch was the thickest. This 
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gradient was proposed to be essential to morphogenesis by contributing to increased cell strain at 

the apex in response to turgor pressure. The cell wall expanded most rapidly at the apex, relative 

to the distal zone of the branch tip, as demonstrated by bead labeling. Unfortunately, the finite 

element modeling did not mimic the empirical data indicating that some parameters of trichome 

morphogenesis are still not fully understood (Yanagisawa et al., 2015). 

The isotropic nature of the apex is important for determining the overall shape of the cell. 

Expansion at the apex is coupled with the addition of cell wall material facilitated by the actin 

cytoskeleton. As the trichome branch begins to elongate distal from the apex, cortical 

microtubules, cellulose microfibrils, and cell wall remodeling reinforce the cell wall to prevent 

uncontrolled diametric expansion. Modeling indicated that the microfibril angle greatly 

influenced elongation. The transverse orientation of the cellulose microfibrils coincided with that 

of cortical microtubules. This was determined by imaging trichomes of transgenic Arabidopsis 

lines with fluorescent reporters fused to a microtubule-binding domain and CESA6 to observe 

microtubules and cellulose synthesis trajectories respectively (Yanagisawa et al., 2015). 

Pharmacological disruption of microtubules using oryzalin in transgenic Arabidopsis lines 

expressing markers for microtubules and actin showed that microtubules disruption resulted in 

altered localization of the apical actin signal. The apical actin activity, which is dependent upon 

membrane-bound proteins, was proposed to be physically sequestered to a discrete region at the 

apex by the transverse cortical microtubule array occurring in the sub-apical region (Yanagisawa 

et al., 2018). A similar arrangement of microtubules was inferred from live-cell imaging of 2 

DPA transgenic cotton fibers expressing a fluorescent microtubule plus-end tracking protein (Yu 

et al., 2019). 

Further investigation of the Arabidopsis trichome MDZ showed that the spatial regulation 

of microtubules was important for confining an actin polymerization signal to the apical domain. 

A guanine nucleotide exchange factor, SPIKE1, is responsible for recruiting activators of actin 

nucleation resulting in the generation of localized actin networks. SPIKE1 localizes to the 

plasma membrane at the apex of growing trichome branches, but it lost its apical localization 

when microtubules were disrupted with oryzalin (100 µM). SPIKE1 mutants also showed 

disrupted localization of ARP2/3 complex, supporting a role for SPIKE1 in influencing actin 

nucleation (Yanagisawa et al., 2018). The cortical microtubules closely associated with, and 

possibly bound to, the plasma membrane were proposed to moderate SPIKE1 localization by 
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acting as a physical barrier preventing displacement of membrane-bound proteins. A strong 

relationship between the shape of the apical dome and the MDZ was established using regression 

analysis of a plot of the apical radius of curvature versus the perimeter length of the MDZ 

(Yanagisawa et al., 2015). The authors later proposed that these mechanisms may be related to 

cotton fiber development. However, considering the different fates of these two cell types, the 

mechanisms regulating tip shape in trichome branches may or may not apply to cotton fibers, 

especially considering the diversity of cotton fiber tips.  

 

Cotton fibers 

As cotton fibers begin to expand, they protrude from the epidermis as an isodiametric 

bulge. Microtubules exhibit a random orientation when visualized via the time-lapse signal of a 

fluorescent microtubule plus end marker (Yu et al., 2019). Within the first 48 hours, cotton fibers 

transition into polar elongation while also refining the shape of the fiber apices (Stiff  & Haigler, 

2016; Yu et al., 2019). By 2 DPA, cortical microtubules have aligned into an array transverse to 

the longitudinal axis, similar to what is seen in diffuse growing cells. This has been shown by 

time-lapse, live-cell imaging of G. hirsutum fibers transformed with an EB1 microtubule plus-

end marker (Yu et al., 2019). The cellulose microfibril angle is transverse, then helical, to the 

growing axis in older cotton fibers, corresponding with the changing microtubule angle over 

developmental time (Preuss et al., 2003; Seagull, 1986). The role of microtubules in older cotton 

fibers has also been probed using microtubule antagonists. Treatment with either 1 µM oryzalin, 

10 µM Taxol, 100 µM colchicine in older cotton fiber (10-22 DPA) resulted in disruption of 

microtubule arrays and the Tinopal signal of stained cell wall components, indicating a 

connection between microtubules and cell wall patterning (Seagull, 1990). 

The distribution of certain cell wall components has also been established in young 

cotton fibers. The first study that began to quantify differences in G. hirsutum and G. barbadense 

fibers measured the distribution of crystalline cellulose (S4B stain), methyl-esterified pectin 

(JIM7 antibody), less methyl-esterified pectin (JIM5 antibody), and xyloglucan (CCRCM1 

antibody) along the first 55 µm of cotton fiber tips (Stiff  & Haigler, 2016). The epitope 

abundance was measured relative to the apex of each fiber type, but the abundance of each 

epitope was not compared between fiber tip types. Even so, differential deposition patterns of 
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crystalline cellulose, xyloglucan, and pectin occurred between all three tip types that were 

analyzed (Stiff  & Haigler, 2016).  

Due to the large stature of cotton and its resistance to regeneration after transformation of 

callus, extensive infrastructure and time are needed to produce a sufficient number of stable 

transgenic cotton lines for reliable experimental conclusions. Therefore, most of the research so 

far on cytoskeletal ultrastructure, cellulose deposition, or protein localization in cotton fiber has 

relied upon imaging of birefringence in the polarizing microscope, immunofluorescence, or 

stains. Live cell imaging of stably transformed G. hirsutum fibers was recently published for the 

first time, although the methods for live-cell imaging were not provided and it was not 

established that cotton fibers were continuing to elongate at a normal rate during the observations 

(Yu et al., 2019). Also, the potential existence of two different tip morphologies was not 

mentioned.  The authors used fluorescently tagged markers for an actin-binding protein and EB1 

to track actin and microtubule dynamics respectively. Actin filaments were shown to extend into 

the apex of the fiber terminating in a loop structure at the apex. Vesicles were also tracked using 

FM4-64 and showed a bi-directional movement that aligned with the actin filaments (Yu et al., 

2019). The pattern of EB1 also implicated a microtubule clear area at the apex analogous to the 

MDZ reported for Arabidopsis trichome branches (Yanagisawa et al., 2018; Yu et al., 2019). 

 

Knowledge gaps addressed by my experiments 

The experiments utilizing live-cell imaging of cotton fiber tips from Yu and colleagues 

(2019) did not: 1) recognize the occurrence of the two fiber phenotypes in G. hirsutum; 2) 

directly show the microtubule array structure; or 3) experimentally probe how the cytoskeleton 

was involved in the control of cotton fiber diameter. The results reported here address these 

deficiencies through applying microtubule antagonists to cultured cotton ovules at 1 DPA or 2 

DPA following by analysis of changes in fiber tip shape 48 hours later on 3 or 4 DPA. Changes 

in the microtubule array over time and after treatment with microtubule antagonists were 

documented by immunofluorescence, and the data were used to test a potential similarity to the 

control of apical diameter in trichome branches. The data were synthesized to develop a 

comprehensive picture of how microtubules affect the development of fiber diameter in three tip 

types. 
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Table 1: Effects of perturbation of the cytoskeleton and cellulose synthesis on polar cell growth.  
Growth 
Mode Cell Type Species Antagonist/Mutation Phenotype Reference 

Ti
p 

G
ro

w
th

 

Root hair 

A. thaliana Oryzalin (1-5 µM) Wavy  Ketelaar et 
al., 2002;  

A. thaliana Oryzalin (0.17-1 µM)* Wavy, reduced 
elongation, swelling 

Baskin et al., 
1994 

A. thaliana 

Oryzalin (1-5 µM) 
 
Taxol (1-5 µM) 
 
Latrunculin B (0.05-0.5 
µM) 

Wavy 
 
Wavy; Branching  
 
Reduced elongation 

Bibikova et 
al., 1999 

A. thaliana Cytochalasin D (0.0.1 µM) 
Latrunculin A (1-10 nM) 

Reduced elongation; 
Apical swelling 

Ketelaar et 
al. 2003 

A. thaliana AtCSLD3-1 
Reduced elongation; 
swelling; Apical 
rupture 

Wang et al., 
2001 

A. thaliana 2,6-dichlorobenzene (DCB; 
20 µM); 

Reduced elongation; 
swelling; Apical 
rupture 

Park et al., 
2011 

Pollen tube 

P. rhoeas 

Oryzalin (1 µM) 
 
Latrunculin B (1-10 nM) 

Straighter than control  
 
Reduced germination 
& elongation; Apical 
swelling 

Gossot & 
Geitmann, 
2007 

P. abies 

Oryzalin (100 µM) 
Colchicine (100 µM) 
 
Cytochalasin B (1 µM) 
Cytochalasin D (0.5 µM) 

Swelling; Reduced 
elongation; Branching 
 
Swelling; Branching 

Anderhag et 
al., 2000 

N. sylvestris Colchicine (25 µM) Reduced directional 
control 

Joos et al., 
2004 

L. formosanum Latrunculin B (2 nM) 
Reduced elongation; 
Altered pectin 
distribution 

Rounds et 
al., 2014 

N. tabacum Oryzalin (1 µM) Altered callose 
distribution 

Biagini et al., 
2014 

S. chacoense 
L. orientalis 

1-cyclohexyl-5-(2,3,4,5,6-
pentafluorophenoxy)-
1λ4,2,4,6-thiatriazin-3-
amine (CGA; 0.1-100 µM) 

Swelling Aouar et al., 
2010 

Protonema 

P. patens Oryzalin (10 µM) 
Disrupted actin 
localization; Ectopic 
elongation 

Wu & 
Bezanilla, 
2018 

P. patens 
2,6-dichlorobenzene (DCB; 
10 µM) 
Isoxaben (20 µM) 

Reduced CSC 
movement; Apical 
rupture (DCB only) 

Tran et al., 
2019 

D
iff

us
e 

G
ro

w
th

 

Trichome 
branch 

A. thaliana ZWICHEL/KCBP Reduced branching Oppenheimer 
et al., 1997 

A. thaliana 

DISTORTED group 
(DISTORTED1/2, 
CROOKED, SPIRRIG, 
ALIEN, KLUNKER, 
WURM, GNARLED) 

Reduced directional 
control; Swelling; 
Reduced branching 

Schwab et 
al., 2003 
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Table 1 (continued) 

 

 

A. thaliana ARP3 Twisting Buschmann 
et al., 2009 

A. thaliana TORTIFOLIA2 Twisting Sambade et 
al., 2014 

A. thaliana Oryzalin (100 µM) 
Inhibits branching; 
Disrupts ARP2/3 and 
SPIKE1 localization 

Szymanski et 
al., 1999; 
Yanagisawa 
et al., 2018 

Cotton fiber G. hirsutum 
(10-22 DPA) 

Oryzalin (1 µM) 
Taxol (10 µM) 
Colchicine (100 µM) 

Altered cell wall 
component distribution 

Seagull, 
1990 
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CHAPTER 3 

 

Cotton Fiber Tip Shape is Dependent upon Temporal and Spatial Regulation of 

Microtubules 

 

This chapter is written in the style of a journal paper, but data displays will be reduced 

before submission. I collected or supervised the collection of all the data in this chapter, then 

performed the statistical analysis, graphing, and preparation of images and diagrams. I mentored 

two undergraduate students who assisted with data collection and/or analysis (Anne Pajerski and 

Robin Grant Moore). JJ Shen assisted in refinement of the microtubule immunofluorescence 

protocol. 

 

Abstract 

Cotton fibers are single cells that elongate from the seed epidermis of Gossypium species. 

The details of cellular morphogenesis determine the fiber quality traits that affect the value and 

uses of the fiber, such as length, strength, and diameter. Lower and more consistent diameter 

would increase the competitiveness of cotton fiber with synthetic fiber, but we do not know how 

this trait is controlled. We showed that the fiber tip is a region of both control and variability in 

diameter, which differs between three tip types in the two commercially grown cotton species. 

To further understand the control of cotton fiber diameter, we used ovule cultures, morphology 

measurements, and immunofluorescence of microtubules to observe the effects of microtubule 

antagonists (colchicine, oryzalin, and Taxol) on fiber shape and diameter within 80 µm of the 

apex. The treatments were applied for 48 hours, beginning at either 1 or 2 days post-anthesis 

(DPA), reflecting different stages in early fiber development. Our results show that inhibiting the 

presence and/or dynamic activity of microtubules typically causes larger diameter tips to form, 

with greater effects most often observed with earlier treatment. Nuanced differences in the 

responses of three tip types, considering the apex and the distal regions, reflect fine control of 

mechanisms of cell expansion in closely spaced regions of one cell without correlation with tip 

diameter or species. How temporally and spatially controlled dynamic microtubule arrays impact 

tip shape and diameter during early cotton fiber morphogenesis will be discussed. 
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Introduction 

The cotton fiber is a unique and commercially valuable plant cell that is cultivated 

worldwide for the production of renewable textiles. Gossypium hirsutum (Gh) and G. 

barbadense (Gb) are responsible for nearly 95% of the cotton fiber cultivated today. Gossypium 

hirsutum grows well in more locations and has a higher yield, resulting in its use for ~90% of the 

worldwide cotton fiber, while Gb is responsible for ~6% even though it produces higher quality 

fiber that is valued for the production of premium textiles (Constable et al., 2015). Cotton fibers 

initiate their development as isodiametric protrusions from the ovule surface on or near the day 

of anthesis. Within 24 hours anisotropic growth ensues and the earliest stage of elongation 

begins (Stewart, 1975). Elongation and primary cell wall synthesis can continue for several 

weeks.  Between 16-20 DPA (days post anthesis) fiber cells transition from elongation to 

secondary cell wall synthesis. The thickening of the cell wall will continue until maturity is 

reached, when the cell dies and collapses, around 50 DPA (Stiff & Haigler, 2012).  

Complexity in our understanding of fiber diameter was revealed by the characterization 

of two fiber tip types in Gh cv Deltapine90, termed Gh tapered (narrow, pointed) and Gh 

hemisphere (broad, blunt) tips, whereas only narrow one tip type exists in Gb cv. Phytogen 800. 

These two tip types in Gh were initially characterized based on morphological appearance and 

apical diameter at 10 µm behind the apex (Stiff  & Haigler, 2016) and later shown to be mainly 

discriminated by the diameter of curvature of the apex (DOC) (Pierce et al., 2019). The average 

apical diameter of Gb at 4 DPA is 4.2 µm which is similar to Gh tapered fibers (5.5 µm). 

However, Gh hemisphere fibers, which comprise about half the fibers on an ovule, have a mean 

apical diameter of 11.8 µm. The mature Gh fiber finally has a larger average diameter (16.8 µm) 

than the mature Gb fiber (14.8 µm) (Avci et al., 2013), with the narrower (finer) fiber being 

preferred for high-quality textiles (Naylor et al., 2014). Despite the potential benefits of reducing 

Gh fiber diameter, this trait has not yet been improved by breeding (Dr. Kater Hake, personal 

communication). 

To support the future production of more economical high-quality Gh cotton fiber, we 

need to understand the cellular controls of fiber diameter. Curiously, how fiber diameter is set in 

any plant cell is relatively unknown. The pointed tips of Arabidopsis trichome branches are best 

characterized so far, as previously discussed in Chapter 1. The cause of the differences in cotton 

fiber diameter, within and between the Gh and Gb species, is unknown. Moreover, recent work 
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showed that cotton fibers develop in a manner that is not yet well characterized and warrants 

further investigation. Tinopal staining of young cotton fiber showed that new cell wall material 

was being synthesized at the apex of 5 DPA cotton fibers (Stiff  & Haigler, 2016). Seagull (1995) 

observed high concentrations of secretory vesicles and cellulose microfibril deposition within 3 

µm of the fiber apex consistent with apical cell wall synthesis. Other researchers have found 

evidence of tip focused calcium gradients in cotton fiber, a feature associated with tip growth 

(Huang et al., 2008). A microtubule-depleted zone (MDZ), characterized as important for 

apically-biased diffuse growth in Arabidopsis trichome branches, has also been reported in 

young cotton fiber (US 2016/0230180 A1, 2016; Yanagisawa et al., 2018; Yu et al., 2019). 

Combined, these observations indicate that cotton fibers may elongate in a manner not 

completely consistent with diffuse growth.  

Our prior work, with the addition of colchicine at 2 DPA followed by measurement at 4 

DPA, showed that tip shape was dependent on microtubules, but differences were observed in 

the response between the tip types and between locations measured (apex, 40µm, and 200 µm) 

within a tip type. The results also were consistent with microtubule-dependent tip shaping 

occurring earlier than 2 DPA (Pierce et al., 2019). Here we further explore the temporal and 

cellular controls of Gh and Gb cotton fiber diameter. Changes in the shape of the cotton fiber tips 

were determined after another microtubule inhibitor (oryzalin) and a microtubule stabilizer 

(Taxol) were added to cultured cotton ovules at 1 and 2 DPA. Indirect immunofluorescence was 

used to reveal the organization of the microtubule array in young cotton fibers between 1 and 4 

DPA, to further characterize a potential MDZ, and to analyze the potential relationship between 

its perimeter and the size of the apex. The results demonstrate a stronger role of a dynamic 

microtubule array in controlling tip shape and fiber diameter early in cotton fiber morphogenesis 

and a strong, yet transient, relationship between the MDZ and apex shape in Gh tapered fibers.  

 

Results 

Early cotton fiber diameter 

To investigate the control of cotton fiber diameter, we first expanded our understanding 

of the morphology of the cotton fiber tip early in development. The size of the fiber apex was 

quantified by measuring the diameter of curvature (DOC), or the diameter of a perfect circle that 

fits within the apex. The apical diameter was used as an indicator of Gh fiber tip type. 
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Histograms of the Gh apical DOCs showed a bimodal distribution corresponding to tapered and 

hemisphere tips. The two distributions are separated by a minimum of 9 µm, which was used as a 

demarcator between the two Gh fiber tip types. Overlaying the DOC distribution of Gb fiber tips 

shows that they most resemble the Gh tapered tips (Fig. 1a). Although both Gb and Gh tapered 

tips are narrow relative to Gh hemisphere tips, all three tip types had different shapes (Fig. 1b).  

The rate of fiber elongation increases daily, from ~5 µm/hr at 2 DPA to ~30 µm/hr by 5 

DPA, in both species (Fig. 2). During this time, cotton fibers elongate to around 1 mm in length 

while refining the shape of the apex in both species (Fig. 3). By 1 DPA, a transverse microtubule 

array has formed in fibers exhibiting a variety of morphological differences, likely representing 

developmental stages. Distal from the chalazal end of the ovule, short fiber cells resembling fiber 

initials are present in both Gb and Gh (Fig. 4a & 4d). As the fibers begin to elongate more 

rapidly, the apical diameter is also reduced. This results in substantial tip tapering in some fibers 

of Gh (Fig. 4b). Other fibers of Gh, and all fibers of Gb, do not undergo as much tapering at this 

time (Fig. 4b & 4e). At 1 DPA, the most developed Gh tapered fibers have established the 

characteristic taper associated with later time points (Fig. 4c). Substantial tapering was not 

observed in fibers of Gb at 1 DPA (Fig. 4f) even though they achieve a large reduction in apical 

diameter by 2 DPA (Fig. 3b).  In Gb, the apical diameter increases slightly between 3 and 4 DPA 

while the apical diameter is stable in both Gh fiber tip types during the same time period (Fig. 5). 

Between 1 and 2 DPA, the narrowing of the fiber apex occurs, resulting in the appearance of the 

two dissimilar tip types in Gh. While Gh hemisphere fibers do undergo a reduction in the size of 

their apex, Gh tapered and Gb fibers exhibit a much sharper decline in apical diameter by 2 DPA 

(Fig. 5). 

 

Importance of the state of the microtubule array during elongation differs by species  

The microtubule antagonist, colchicine, has been shown to disrupt fiber elongation when 

treated during initiation, resulting in spherical fiber initials (Tiwari & Wilkins, 1995). When 

treated with colchicine (200 µM) or oryzalin (1.5 µM) after elongation has begun at 2 DPA, 

fibers of Gh were reduced in length by 17% and 40% respectively. Inhibitor concentrations that 

resulted in fiber swelling, but did not completely inhibit elongation were chosen for further 

examination. (Fig. 6d & 6e). Stabilization of microtubules with Taxol (10 µM) did not reduce 

fiber length in Gh, but did in Gb fibers by 28% (Fig. 6c). The microtubule inhibitors had no 
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effect on Gb fiber length indicating a mechanism of elongation that does not depend on 

microtubules, similar to observations from tip growing cells (Fig 6a & 6b).  

 

The microtubule array at the cotton fiber tip 

By 2 DPA, the fibers of Gh refine their apices to achieve a mixed population of tapered 

and hemisphere fibers (Fig. 7b & 7c). During this time, the transverse microtubule array was 

apparent in all tip types; although, many microtubules were observed at variable angles and 

lengths. By 3 DPA, the microtubule array consisted of primarily transversely oriented cortical 

microtubules (Fig. 7d -7f). The arrangement of microtubules within the first 80 µm from the 

apex was examined at 4 DPA to establish a baseline for comparisons to fiber cells treated with 

microtubule antagonists (Fig. 7g - 7i). 

Using immunofluorescence, changes in the microtubule patterning of cotton fibers, 

treated at 2 DPA with microtubule antagonists for 48 hours, were documented to establish a link 

between changes in microtubule organization and cell morphology. In the majority of colchicine 

treated cells no microtubules were visible, while a small disorganized population of microtubules 

remained after oryzalin treatment (Fig. 7j -7o). Taxol treatment resulted in fiber cells with 

regions of closely aligned microtubules that often differed in overall orientation from adjacent 

regions of aligned microtubules within the same cell. Discrete increases in cell diameter often 

coincided with regions of microtubules aligned at varying angles relative to the longitudinal axis 

of the fiber (Fig. 7p -7r). Cell morphology changes resulting from the three treatments were 

considered to be a result of an absence of microtubules (colchicine), a weak microtubule network 

(oryzalin), or a present but static and misaligned microtubule network (Taxol).  

 

Proximity of the microtubule array to the fiber apex varies over time 

The apex of the elongating fiber cells often had a small region within the apical dome 

where microtubules could not be detected. The microtubule-free area at the apex of 4 DPA 

cotton fibers appeared transient since randomly oriented microtubules could be observed 

traversing the apical dome of Gb and Gh hemisphere tips (Fig. 8). An extreme example of this is 

seen in 4 DPA Gh tapered fibers, where the transverse microtubule array was observed at 20 µm 

from the apex.  
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The discrete microtubule zonation observed in cotton fibers sometimes appears similar to 

the MDZ described for leaf trichome branches. This special region is maintained throughout 

branch development, and its perimeter correlates with apical dome size (Yanagisawa et al., 

2015). A patent application also suggested that a similar process may occur in cotton fiber, as 

evidenced by an immunofluorescence image of microtubules that highlighted a MDZ in one 

cotton fiber tip at 1 DPA (Szymanski DB, US 2016/0230180 A1, 2016). Although a MDZ was 

clearly observed in similar 1 DPA Gh and Gb fibers (about 10 µm DOC) in the research reported 

here, no strong relationship between the apical dome size and MDZ perimeter was detected 

during this early stage of polar elongation (Fig. 9). However, in the earliest stages of tip tapering 

in 1 DPA Gh fibers, there was a strong relationship between the two parameters (R2 = 0.73). A 

much weaker relationship was observed in 1 DPA fibers of Gb (R2 = 0.33), which did not appear 

to taper as much as Gh fibers during the same time frame (Fig. 10). At this developmental stage, 

either 88% or 68% of the Gb or Gh tapered fiber tips, respectively, exhibited a clear MDZ at the 

apex. Both apical diameter and MDZ perimeter in Gh tapered tips often clustered around 4-6 

µm, but about a third of the tips measured exhibited either a larger MDZ, DOC, or both 

(Fig.10d). When analyzed alone, the 4-6 µm cluster produced a weaker relationship (R2 = 0.57; 

not shown), indicating that the overall variability in Gh tapered fiber tip size contributes to the 

relationship between MDZ perimeter size and apical diameter. On Gh ovules, many fibers did 

not show any signs of tapering at 1 DPA. These could be fibers that had not reached that 

developmental stage or, more likely, Gh hemisphere fibers, as many of them were similar in 

length to the tapered fiber tips that were measured. The untapered 1 DPA Gh fiber tips typically 

had microtubules traversing the apical dome in multiple directions with only 7% of those imaged 

exhibiting a clear MDZ, which resulted in their exclusion from the quantitative analysis at 1 

DPA. The relationship between MDZ perimeter and apical diameter was transient as based on 

low R2 values for 2 DPA Gb (R2 = 0.06) and Gh tapered (R2 = 0.08) fiber tips (Fig. 11). 

 

Microtubules are involved in tip tapering in Gh 

Treatment with each of the microtubule antagonists at 1 DPA caused a marked increase 

in the percentage of Gh hemisphere tips at 3 DPA (62-67% versus 38% in controls; Fig 12a). To 

the contrary, the percentage of hemisphere tips remained similar after treatment (41-46%) as 

compared to the controls (45%) following treatment at 2 DPA (Fig. 12b). The distribution of 
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apical diameters typically used to identify different tip types was also disrupted when treated 

with microtubule antagonists at 1 DPA. Treatment of Gb with colchicine and Taxol resulted in 

shifting of the center of the distribution of apical diameters towards a larger diameter (Fig. 13a & 

13d). Treating at 2 DPA did not have as large an impact on the overall distribution in Gb, but did 

cause it to skew towards larger apical diameters (Fig. 14a & 14d). No major shifts in the 

distribution of apical diameters were observed in Gh tapered fibers regardless of treatment time 

or type (Fig. 13d - 13f; Fig. 14d - 14f). The apical diameter of Gh hemisphere fibers was most 

effected by colchicine and Taxol treatment. While Taxol tended to shift the overall distribution 

towards a larger apical diameter, colchicine treatment caused strong skewing of the distribution 

towards larger diameters at both time points (Fig 13g - 13i; Fig. 14g - 14i). This was due to 

exceptionally large apical diameters being observed in colchicine treated Gh hemisphere fibers 

with some reaching 38-40 µm wide when treated at either 1 or 2 DPA (Fig. 13g; Fig 14g). 

Swelling and/or bulging was clearly evident in some fibers after colchicine and Taxol treatments, 

whereas visual effects of oryzalin were often relatively less apparent (Fig. 15).  

 

Zonal and temporal regulation by microtubules by tip type and species 

Due to the amount of morphology data collected, and the many potential comparisons 

that could be made, the same data are represented in three different ways to highlight different 

aspects of the effects observed. The most detailed representation is shown in tabular form 

(Tables 1-6) which provides mean, median, and percent change results for all three fiber tip types 

after treatment with microtubule antagonists at 1 and 2 DPA. The percent change in fiber 

diameter after 48 hour microtubule antagonist treatment was also overlaid on to-scale diagrams 

of the fiber tips to make the differential effects of the drug treatment, tip type, and time point 

more readily apparent (Fig. 16 & 18). Boxplots of the data were also prepared to better illustrate 

the range of fiber diameters observed before and after microtubule disruption (Fig. 17 & 19). 

After colchicine or Taxol treatment, cotton fiber tip diameters showed a larger range 

compared to the controls, inclusive of more frequent outliers, particularly in the distal regions. 

The greatest (+77%) percent increase in diameter occurred at the apex of Taxol treated Gb tips. 

Their apical diameter also increased substantially in colchicine (+39%) when treated at 1 DPA 

(Tables 1 & 3; Fig. 16). In contrast, the Gh tapered tips were less dependent on microtubules, as 

illustrated by the lack of effect on apical diameter after colchicine treatment at 3 and 4 DPA 
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(Tables 1 & 4; Fig. 16 & 18; Fig. 17d & 19d). Interestingly, Gh tapered tips actually shrank in 

Taxol by either -9 or -14% when measured at 3 and 4 DPA respectively (Tables 3 & 6). At 3 

DPA, Gh hemisphere tips showed colchicine-induced swelling at the apex (+28%) and in the 

distal regions up through 80 µm (+43%), with only +20-23% increase in diameter observed at all 

locations in Taxol (Fig. 17g & 17i; Tables 1 & 3).  

For colchicine treatment, the least swelling that was still significant was observed at 40 

µm and 80 µm in 3 DPA Gb tips (+11%; Table 2). For Taxol treatment, the least swelling that 

was still significant was observed at 20 µm in 3 DPA Gh tapered tips (+18%; Table 3). In 

summary, at 3 DPA, Gb relies strongly on dynamic microtubules to limit the diameter of the 

apex and distal regions. The apical diameter of Gh tapered tips is less dependent on 

microtubules, whereas their distal diameters are limited by microtubules. Gh hemisphere tips 

show a consistent dependence on microtubules throughout their length at 3 DPA.  

Oryzalin had no effect on the diameter of Gb fiber tips, but caused diametric expansion at 

80 µm from the apex in both Gh fiber tip types at 3 DPA (Table 2; Fig. 17b, 17e, & 17h). This 

effect was similar to that of colchicine for Gh tapered tip types, but not for Gh hemisphere tips. 

Oryzalin can often leave a smaller disorganized population of microtubules intact within the 

fiber cell while colchicine typically removes all traces of microtubules. This difference may be 

the cause for the different response from Gh hemisphere fiber tips to the two drugs. This would 

suggest that even a disrupted microtubule array may be sufficient for maintaining the tip 

diameter of Gh hemisphere cells, while complete abolishment with colchicine or stabilization 

with Taxol, results in reduced control of diametric expansion. The analysis also showed that 

Taxol treatment caused the largest percent increases in diametric expansion behind the apex in 

all three tip types at 3 DPA (Table 3; Fig. 16; Fig. 17c, 17f, & 17i).  

At 4 DPA, Gb fiber tips did not exhibit any apical expansion after Taxol treatment, 

although all locations behind the apex showed expansion ranging from 28-42% (Table 6; Fig. 18; 

Fig 19c). At the same time point, the apex of Gh tapered fiber tips shrank nearly 15% while 

expanding behind the apex to +40-45% of their original size (Table 6; Fig. 18; Fig 19f). Taxol 

resulted in significant (p<0.01) swelling in Gh hemisphere fibers at 40 and 80 µm form the apex 

(Table 6; Fig. 18; Fig. 19i). 
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Dynamic role of microtubules over time 

To provide insight into how or if the role of microtubules changed during early cotton 

fiber development, changes in diameter resulting from microtubule antagonist treatment were 

analyzed as percent changes. These values were used for assessing the magnitude of the drug-

dependent effect in 3 DPA fiber tips. The magnitude of the changes in 3 DPA fiber was then 

compared to the magnitude of change in 4 DPA fiber tips, using percent change for each fiber tip 

type and location.  

In Gb fiber tips, a significantly larger increase of apical diameter was observed for both 

colchicine (p<0.05) and Taxol (p<0.001) treated groups at 3 DPA compared to 4 DPA (Fig. 20a 

& 20c). The trend of colchicine-induced diametric expansion behind the apex was similar when 

comparing the two time points. Taxol caused more swelling at all measured locations in Gb tips 

when compared to 4 DPA. The most dramatic difference between the two time points was at the 

apex, where no increase was seen at 4 DPA but a large increase was observed at 3 DPA (Fig. 

20c). The larger increase in diameter in 3 DPA Gb fiber tips, as a result of Taxol treatment, 

suggests that the rearrangement of the microtubule array is critical for controlling tip shape and 

diameter at this stage of Gb fiber development. Oryzalin treatment did not result in increased 

diameter at either time point in Gb fiber tips (Fig. 17b, 19b, & 20b). The large Taxol-induced 

swelling observed at the apex of Gb tips treated at 1 DPA, not observed after treatment at 2 DPA, 

is consistent with a lesser requirement for dynamic microtubules at the apex by 2 DPA.  

The Gh tapered apex showed a similar response to microtubule antagonists added at 

either 1 or 2 DPA, either not changing or shrinking slightly in both colchicine and Taxol. Behind 

the apex, more swelling was observed upon treatment with colchicine at 1 DPA for Gh tapered 

tips, whereas the most swelling was induced by treatment with Taxol at 2 DPA (Fig. 20d & 20f). 

Disruption of microtubules resulted in a smaller apical diameter for each drug treatment and 

DPA with the exception of oryzalin treatment in 3 DPA fiber tips which exhibited only a 

minimal increase. Oryzalin-treated Gh tapered tips showed similar trends of swelling behind the 

apex at 3 and 4 DPA, with the impact on fiber diameter being significantly (p<0.001) greater at 3 

DPA at the apex (Fig. 20e).  

The Gh hemisphere fibers exhibited substantial swelling behind the apex when treated 

with colchicine at either 1 or 2 DPA. However, the swelling was significantly greater at 40 and 

80 µm (p<0.001) in fibers treated at 1 DPA (Fig. 20g). This indicates that microtubules may be 
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more important for constraining fiber diameter distal from the apex earlier on in development. 

The magnitude of the oryzalin effect in 4 DPA Gh hemisphere fiber tips increased with distance 

from the apex. The effect of oryzalin was similar at 3 and 4 DPA at all locations. 

Interestingly, with the exception of the apical diameter of Gh hemisphere fibers, Taxol 

caused greater diametric expansion at 4 DPA of both fiber tip types of Gh. With the exception of 

the apical diameter of Gh tapered fiber tips, colchicine caused a greater increase in diameter at 

all locations in both Gh fiber tip types at 3 DPA. The Gh tapered tip apex did follow the same 

trend at 3 and 4 DPA after colchicine treatment, with the DOC decreasing slightly at 4 DPA.  

 

Discussion 

The recent advent of the culture system for Gb ovules is an ideal tool for direct 

comparisons between two economically important crop species. Initial comparisons using 

colchicine provided insight into the differences in shape regulation of three fiber tip types found 

in the two species (Pierce et al., 2019). Here, I firmly established that each fiber tip type has a 

distinct shape that is highly related to the mature fiber diameter. I also demonstrated that the 

microtubule regulation of tip shape and fiber diameter in young cotton fibers varies by tips type, 

species, and time of development. All three tip types possessed transverse microtubule arrays 

indicative of anisotropic diffuse growth. However, the varying distance of the microtubule array 

from the apex of Gh tapered tips indicates some variation in how apical diameter is regulated 

between two tip types found adjacent to one another on ovules of Gh. I demonstrated that 

microtubule inhibition did not disrupt fiber elongation in Gb. This result is consistent with what 

has been reported in root hairs and pollen tubes, both of which are tip growing cells (Park et al., 

2011; Wu & Bezanilla, 2018). This supports the idea that cotton fibers develop using a mixed 

growth mode including diffuse and apically-biased cell wall synthesis, at least early in 

development.  

This idea is further supported when comparing how the different pharmacological 

antagonists affected the different fiber tip types. It should be noted that single fibers were not 

measured over time, meaning conclusions regarding morphological changes are inferred from the 

average shape of independent samples collected for each time period. Colchicine treatment 

resulted in swollen fibers in Gb at 3 and 4 DPA with the largest percent increases being at the 

apex. This suggests that microtubules are playing a critical role in modulating the tip shape of 
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young Gb fibers. This observation is in stark contrast to the lack of colchicine-induced swelling 

in Gh tapered tip apices at either time point (Tables 1 & 4). This supports different methods of 

apical cell wall synthesis between fiber tip types that are the most similar morphologically, Gb 

and Gh tapered. Part of the difference between Gb and Gh fiber tip types may be due to the use 

of different α-tubulin orthologues. Oryzalin resistance can be conferred by alternate amino acid 

residues present in the oryzalin binding domain of α-tubulin (Ma et al., 2007). It is not known if 

this is the case with Gb fiber cells, but it is one plausible factor.  

The lack of swelling at the Gh tapered apex at both time points may also indicate a 

shifting of zonal importance with regard to microtubule-mediated cell wall reinforcement. This 

shows that, at least in Gh tapered tips, microtubules may primarily contribute to diffuse growth 

behind the apex while tip refinement relies on another mechanism, such as actin-mediated 

secretion. This differs in Gh hemisphere tips, where each location swelled by 3 DPA when 

treated with colchicine or Taxol (Fig. 16; Fig. 17g & 17i) but only the 20 and 40 µm locations 

swelled at 4 DPA (Fig. 18; Fig. 19g & 19i). This supports a shifting role for microtubules over 

time, where tip shape relies more on microtubules earlier in development, but then shifts to a 

primary role behind the apex.  

Differences in 3 and 4 DPA apical diameter were also observed in oryzalin treated Gh 

tapered fiber tips (Fig. 20e). The oryzalin effect was greater at 80 µm for 4 DPA fibers than in 3 

DPA fibers. No differences were detected in the intermediate 20 and 40 µm locations. When 

treated with Taxol, the effect at the apex was similar for both time points with minor shrinking 

occurring (Fig. 20f). However, behind the apex, the 4 DPA treated tips swelled significantly 

more than the 3 DPA fiber tips, an opposite effect when compared to the microtubule destabilizer 

colchicine (Fig. 20d).  

Taxol treatment often led to the greatest increase in diameter (Tables 3 & 6). This 

indicates that microtubule rearrangement may be more necessary as the fiber transitions from 

early tip remodeling and polar elongation (1-3 DPA) to a higher rate of elongation with limited 

tip refinement (2-4 DPA). Taken together, these data indicate that microtubules play a role in 

apical remodeling in the 1-3 DPA time frame, but they are likely to contribute relatively less to 

this role later in time.  

The apical diameter of Gh hemisphere fiber tips is affected by disruption of the 

microtubules when treated with colchicine or Taxol, which suggests that tip development is 
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much more microtubule-dependent than in Gh tapered fibers. Microtubule disruption with 

colchicine in Gh hemisphere fiber tips had a greater effect when treated at 1 DPA compared to 2 

DPA (Fig. 20g). In Gh hemisphere fibers, microtubule antagonist treatment caused similar trends 

at both time points. The effect of colchicine was greater behind the apex at 3 DPA, but the trend 

was similar. Taxol and oryzalin treated fibers showed very similar increases in diameter at all 

locations at both time points. This supports a growth mode in Gh hemisphere fibers where spatial 

regulation of development is more consistent over time than in the other two fiber tip types (Fig. 

20).  

These comparisons of the diameter control of three tip types from two Gossypium species 

have shown that cotton fiber tip diameter is influenced by variable microtubule regulation. Both 

Gb and Gh hemisphere fiber tips have transverse microtubule arrays that can consistently be 

observed within 5 µm of the apex at 4 DPA. This apical population of microtubules may play a 

critical role in stabilizing the diameter through cell wall modifications as new wall material is 

deposited at the apex. The colchicine-induced expansion in Gh tapered fibers behind the apex is 

consistent with the larger distance from the apex within which the intact transverse microtubule 

array may occur in this tip type. This indicates that cell wall modification, or deposition, is 

independent of the microtubule array close to the apex in Gh tapered tips.  

A microtubule organization similar to what was observed here in cotton fibers has been 

previously described in Arabidopsis trichome branches. The authors identified a linear 

relationship between the shape of the apex and the perimeter of the MDZ in developing trichome 

branches and suggested that a similar relationship may exist in cotton fiber tips (Yanagisawa et 

al., 2015, 2018). This same assertion was made in a patent outlining potential methods for 

influencing cell wall properties by modifying actin-mediated processes involved in cell shape 

control (US 2016/0230180 A1, 2016). The patent used an image of a 1 DPA Gh cotton fiber with 

a transverse microtubule array and a clearly defined MDZ as the basis for the claim that cotton 

fibers and trichome branches may develop in a similar fashion. This conception was further 

supported when Yu and colleagues (2019) showed an MDZ at the apex of 2 DPA G. hirsutum 

fibers, which appeared to be the tapered type with a small DOC around 5 µm. In both instances, 

the cotton fibers were examined without considering more than one fiber tip morphology in Gh 

and no comparison was made to Gb.  
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These prior results prompted our investigation into any relationship between the tip 

geometry and microtubule zonation in cotton fiber. To interpret the results, keep in mind the 

asynchrony of fiber development on one ovule: at any one time, fibers may be in different 

developmental stages and the stages must be interpreted by morphology and not time alone. At 

the early stage of polar elongation, I observed a MDZ in 1 DPA Gh and Gb tips, but there was no 

quantitative relationship between its perimeter and the apical diameter. I found a strong linear 

relationship between these two parameters in more developed 1 DPA Gh tapered tips. A much 

weaker relationship was observed in 1 DPA Gb fiber tips at the onset of tip tapering, which 

began at a later time than what occurred in Gh. Future experiments can address whether Gb tips 

show a stronger relationship in the middle of the night prior to the morning of 2 DPA. After the 

tip shape was established (by 2 DPA), there was again no strong relationship between the two 

parameters.  

In summary, there is a short window of time during the tip tapering process in Gh when a 

linear relationship between the MDZ perimeter and apical diameter exists, similarly to what has 

been reported for Arabidopsis trichome branches observed with live cell imaging. Interestingly, 

the Gh tapered tips with the strongest relationship had values for MDZ and apical diameter in the 

3 – 12 µm range (median values around 4.8 µm), whereas the Arabidopsis trichome branches 

had a 1 – 12 µm range (median values around 3 µm). Note that these cotton fiber diameters are 

likely underestimated by about 30% due to the shrinking that occurred during 

immunofluorescence processing. The lower values in the trichome branches reflect them 

ultimately becoming pointed and sharp, whereas cotton fibers tips do not narrow that 

extensively. These parallels are important because, although the fates of trichome branches and 

cotton fibers are very different, they may share some regulatory processes critical for shape 

determination. Differences in microtubule organization influence the shape and therefore, the 

usefulness of the cotton fiber. Understanding what causes the differences between the patterning 

of the microtubule array in cotton fibers and other associated cellular players will potentially lead 

to a greater ability to produce more versatile textile products from a renewable resource as well 

as further our understanding of plant cell morphogenesis. 
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Materials and Methods 

Plant growth, ovule culture, and fiber measurements 

Plants were grown and ovules were cultured as described previously, including the 

addition of 15.2 µm fluridone to improve fiber elongation on Gb cultured ovules (Pierce et al., 

2019). The drug stocks included 2 mM oryzalin in DMSO, 100 mM colchicine in water, and 2 

mM paclitaxel (Taxol) in DMSO. After testing a concentration series in each case, the 

concentrations used for most experiments were 50 µM colchicine, 1.5 µM oryzalin, or 2.5 µM 

Taxol. The length of chalazal fibers on whole ovules imaged under a dissecting scope was 

measured. As described before (Pierce et al., 2019), the FIJI image processing package 

(Schindelin et al. 2012) was used to measure the DOC of the apex and the tip diameter at 20 µm, 

40 µm and 80 µm behind the apex. Only the most well-developed fibers from the chalazal end of 

the ovule were selected for imaging and subsequent measuring. Less developed fibers nearer the 

micropylar end sometimes swelled more extensively, but were not measured (data not shown). 

Control and treated Gh fibers with < 6 µm or > 10 µm apical diameter were classified as tapered 

or hemisphere, respectively, which was consistent with a visual inspection. Between these 

values, Gh tips were visually inspected and most were consistent with the assignment using a 9 

µm demarcator between tips types: a few others were reassigned to the alternative tip type before 

final data analysis. Treated fibers with substantially swollen apices but no visual tip tapering 

were classified as hemisphere type. A few treated Gh fibers were not measured because they had 

such aberrant apical morphology that it was impossible to classify their tip type. However, there 

were <3 of these in any data set presented (i.e. for any one tip type x treatment x location).   

Immunofluorescence observations were made on control or treated chalazal fibers 

harvested and fixed between 9 – 10 am for each DPA examined. The one exception was for the 

tapering Gb tips in Fig. 9, these were harvested and fixed the evening of 1 DPA, at 9-10 pm, to 

try and find Gb fibers that more closely matched the degree of tapering observed in the Gh 

fibers. The DOC was measured as previously described. The MDZ perimeter was measured 

using the freehand line tool in FIJI as described for Arabidopsis trichome branches (Yanagisawa 

et al., 2015). The outline of the fiber apex was traced from the first point where microtubule 

signal was detected on one side of the cell to the equivalent point on the opposite side. Fibers 

were measured at several time-points in order to capture distinct morphological changes between 

1 and 2 DPA. About 30% shrinkage of fiber tips was observed after processing for 
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immunofluorescence (compare mean apical diameters in Fig. 3 to those in Figs. 9, 10, 11). 

Therefore, the numerical demarcator was not used to classify tip types in immunofluorescence 

images. Instead, Gh tapered tips were visually identified by an isodiametric zone at the apex 

with a diameter smaller than occurred below the apex, with others classed as hemisphere. Gb tips 

were measured similarly even though they did not show obvious signs of tip tapering at the same 

time. The shrinking effect prevents direct comparisons of diameter values of fibers fixed for light 

microscope imaging and those prepared for immunofluorescence. 
 

Microtubule Immunofluorescence  

Microtubule detection via indirect immunofluorescence was performed mainly as 

previously described (Pierce et al., 2019) with some modifications. The fiber penetration with 

antibody was enhanced by performing the pectinase step at a lower pH (5.0). The microtubule 

stabilization buffer was amended to include MES instead of PIPES buffer to maintain the lower 

pH. Pectinase activity and microtubule staining were also improved by incubating at 30°C as 

opposed to room temperature. Fibers at 1 and 2 DPA produced more intense cytoplasmic 

background signal when fixed with only 1% glutaraldehyde. To overcome this, 4% 

formaldehyde with 0.1% glutaraldehyde was used as a fixative. Fixation with either 

glutaraldehyde exclusively, or a mix of formaldehyde and glutaraldehyde, did not produce any 

noticeable difference in microtubule structural preservation.  

 

Confocal microscopy 

Fibers were imaged by laser scanning confocal microscopy (488 nm excitation; 490 nm 

barrier; 570 nm emission) or with Airyscan (420-480 nm excitation; 495-550 nm emission) 

(Zeiss 880; C-Apochromatic 40x/1.2 W Korr FCS M27 objective). Zen 2.3 software was used 

for image capture and processing. Z-stacks were captured with 0.22 or 0.46 µm step size, for 

standard or Airyscan imaging, respectively, then displayed as maximum Z-projections. Signal 

detection was optimized through manipulation of laser power and/or exposure time, and 

fluorescence intensity was normalized by background subtraction for each image. 
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Graphing and statistical analysis 

Graphs were made in KaleidaGraph (Synergy Software, Reading, PA). In box plots, any 

outliers (empty circles) were automatically identified by the software. Statistical analysis was 

done with Excel supplemented with the Real Statistics Resource Pack software (Zaiontz, 2019). 

When diameter measurements showed a normal distribution and equal variance, means were 

compared using ANOVA with Bonferroni correction followed by Tukey’s HSD test to assign 

groups. When these assumptions were not met, the diameter measurements were log-transformed 

(LOG10) and tested via the non-parametric group-wise Welch’s test with Bonferroni correction 

(McDonald, 2014). Pairwise comparisons were carried out using the Games-Howell test. 

Significant differences were then associated with the corresponding untransformed data depicted 

in the figures. 
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Table 1. Median and mean diameters at three locations for three types of control (-Col) or colchicine-treated (+Col) fiber tips at 3 DPA. 
                                                                          apex   20 µm   40 µm   80 µm  

Tip  
types 

 -Col 
(µm) 

+Col 
(µm) 

%  
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

G
b 

Median 2.87 4.30 50 6.94 7.77 12 8.50 8.89 5 10.87 11.31 4 

Mean 2.97 4.14 c 39 6.99 8.51 c 22 8.58 9.51 b 11 10.90 12.06 a 11 

STD 1.06 1.65  0.93 2.94  1.24 2.75  1.61 3.80  

G
h 

ta
pe

re
d Median 5.73 5.73 0 9.07 13.06 44 10.98 13.62 24 14.11 17.54 24 

Mean 5.65 5.72 1 9.11 15.16 c 66 11.03 16.14 c 46 14.01 20.29 c 45 

STD 1.50 1.29  1.52 7.58  1.89 7.55  2.80 7.93  

G
h 

 
he

m
is

-
ph

er
e 

Median 12.04 13.47 12 15.82 21.53 36 17.86 23.59 32 20.20 26.83 33 

Mean 12.21 15.67 c 28 15.81 22.97 c 45 17.92 25.96 c 45 20.56 29.49 c 43 

STD 2.49 7.00  2.52 7.97  2.85 9.17  3.02 10.45  
Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Col compared to -Col for each tip type and location: 
a, p < 0.05; b, p < 0.01; and c, p < 0.001. Measurements were taken from fibers cultured in 6 replications over 3 trials for Gh and 4 replications over 2 trials for 
Gb. The number of fibers measured within the same trials were: for Gh tapered and Gh hemisphere, n=77-148; and for Gb, n=140-210. 
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Table 2. Median and mean diameters at three locations for three types of control (-Ory) or oryzalin-treated (+Ory) fiber tips at 3 DPA. 
                                      apex                                         20 µm                                                                                                          40 µm                                         80 µm 

Tip  
types 

 -Ory 
(µm) 

+Ory 
(µm) 

%  
change 

-Ory 
(µm) 

+Ory 
(µm) 

% 
change 

-Ory 
(µm) 

+Ory 
(µm) 

% 
change 

-Ory 
(µm) 

+Ory 
(µm) 

% 
change 

G
b 

Median 2.87 2.58 -10 6.94 6.83 -2 8.50 8.31 -2 10.87 10.53 -3 

Mean 2.97 2.84 -5 6.99 6.97 0 8.58 8.55 0 10.90 10.70 -2 

STD 1.06 0.86  0.93 0.98  1.24 1.34  1.61 1.61  

G
h 

ta
pe

re
d Median 5.73 6.02 5 9.07 9.35 3 10.98 11.06 1 14.11 15.72 11 

Mean 5.65 6.28 a 11 9.11 9.72 7 11.03 11.70 6 14.01 16.27 b 16 

STD 1.50 1.42  1.52 1.73  1.89 2.30  2.80 5.82  

G
h 

 
H

em
is

-
ph

er
e 

Median 12.04 12.32 2 15.82 16.65 5 17.86 19.25 8 20.20 23.58 17 

Mean 12.21 12.85 5 15.81 16.73 6 17.92 19.65 10 20.56 24.24 c 18 

STD 2.49 3.15  2.52 3.96  2.85 4.77  3.02 7.43  
Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Ory compared to -Ory for each tip type and 
location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. Measurements were taken from fibers cultured in 6 replications over 3 trials for Gh and 4 replications over 2 
trials for Gb. The number of fibers measured within the same trials were: for Gh tapered and Gh hemisphere, n=91-148; and for Gb, n=160-210. 
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Table 3. Median and mean diameters at three locations for three types of control (-Tax) or Taxol-treated (+Tax) fiber tips at 3 DPA. 
                                     apex                                         20 µm                                        40 µm                                         80 µm 

Tip  
types  -Tax 

(µm) 
+Tax 
(µm) 

%  
change 

-Tax 
(µm) 

+Tax 
(µm) 

% 
change 

-Tax 
(µm) 

+Tax 
(µm) 

% 
change 

-Tax 
(µm) 

+Tax 
(µm) 

% 
change 

G
b 

Median 2.87 5.16 80 6.94 9.86 42 8.50 12.32 45 10.87 15.28 41 

Mean 2.97 5.26 c 77 6.99 11.06 c 58 8.58 13.64 c 59 10.90 17.08 c 57 

STD 1.06 2.09  0.93 3.49  1.24 4.85  1.61 6.00  

G
h 

ta
pe

re
d Median 5.73 5.02 -12 9.07 10.13 12 10.98 11.99 9 14.11 16.26 15 

Mean 5.65 5.12 -9 9.11 10.74 b 18 11.03 13.28 c 20 14.01 17.44 c 24 

STD 1.50 1.59  1.52 3.63  1.89 4.67  2.80 5.34  

G
h 

H
em

is
-

ph
er

e 

Median 12.04 14.90 24 15.82 18.98 20 17.86 20.79 16 20.20 23.51 16 

Mean 12.21 14.93 c 22 15.81 19.37 c 23 17.92 21.69 c 21 20.56 24.57 c 20 

STD 2.49 3.49  2.52 4.29  2.85 5.60  3.02 5.62  
Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Tax compared to -Tax for each tip type and 
location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. Measurements were taken from fibers cultured in 6 replications over 3 trials for Gh and 4 replications over 2 
trials for Gb. The number of fibers measured within the same trials were: for Gh tapered and Gh hemisphere, n=78-152; and for Gb, n=129-210. 
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Table 4. Median and mean diameters at three locations for three types of control (-Col) or colchicine-treated (+Col) fiber tips at 4 DPA. 

   apex   20 µm   40 µm   80 µm  

Tip  
type 

 -Col 
(µm) 

+Col 
(µm) 

%  
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

-Col 
(µm) 

+Col 
(µm) 

% 
change 

G
b 

Median 4.30 4.87 13.26 6.35 7.22 13.70 7.14 7.91 10.78 8.61 9.80 13.82 

Mean 4.48 5.41 c 20.76 6.46 7.88 c 21.96 7.26 8.37 c 15.29 8.87 10.20 c 14.96 

STD 1.00 2.36  0.82 2.90  1.05 2.36  1.62 3.11  

G
h 

ta
pe

re
d 

Median 5.16 4.59 -11.05 7.47 7.68 2.74 8.70 9.29 6.78 11.08 11.49 3.66 

Mean 5.28 4.82 -8.71 7.52 8.40 11.73 8.81 10.08 14.42 11.01 12.64 b 14.74 

STD 1.31 1.22  1.33 3.60  1.52 3.76  2.14 4.03  

G
h 

 
he

m
i-s

ph
er

e Median 12.61 12.61 0 15.29 17.54 14.72 17.30 18.19 5.14 18.72 19.49 4.11 

Mean 12.17 14.32 17.66 14.75 19.22 c 30.25 16.58 19.52 b 17.73 18.54 20.44 10.24 

STD 2.02 5.91  2.42 6.91  2.86 6.46  3.10 5.37  

Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Col compared to -Col for each tip type and 
location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. The n values for each mean were: 257-260 for Gb; 114-145 for Gh tapered; and 95-99 for Gh hemisphere, 
as sampled from 7 replicates within 3 trials. 
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Table 5. Median and mean diameters at three locations for three types of control (-Ory) or oryzalin-treated (+Ory) fiber tips at 4 DPA. 

   apex   20 µm   40 µm   80 µm  

Tip  
type 

 - Ory 
(µm) 

+ Ory 
(µm) 

%  
change 

- Ory 
(µm) 

+ Ory 
(µm) 

% 
change 

- Ory 
(µm) 

+ Ory 
(µm) 

% 
change 

- Ory 
(µm) 

+ Ory 
(µm) 

% 
change 

G
b 

Median 4.30 4.01 -6.74 7.23 7.47 3.39 8.87 9.02 1.75 11.12 11.41 2.56 
Mean 4.29 4.08 -4.97 7.37 7.54 2.33 8.95 9.02 0.80 11.23 11.29 0.49 
STD 0.83 0.96  0.73 1.03  1.09 1.40  1.66 2.26  

G
h 

ta
pe

re
d 

Median 6.02 5.73 -4.82 9.08 8.94 -1.54 10.45 11.16 6.79 12.40 14.81 19.36 
Mean 6.09 5.65 -7.22 9.19 9.63 4.76 10.57 12.05 b 14.00 12.56 16.64 c 32.53 
STD 1.53 1.49  1.55 2.95  1.81 3.61  2.25 8.04  

G
h 

 
he

m
i-

sp
he

re
 Median 11.75 11.46 -2.47 14.57 15.51 6.42 15.92 18.05 13.38 18.52 21.83 17.87 

Mean 11.75 11.56 -1.61 14.62 15.84 a 8.37 16.21 18.67 c 15.18 18.52 22.81 c 23.50 
STD 2.11 2.60  2.67 2.95  2.99 4.81  3.36 7.91  

Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Ory compared to -Ory for each tip type and 
location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. The n values for each mean were: 120 for Gb; 106-142 for Gh tapered; and 98-134 for Gh hemisphere, as 
sampled from 3 (for Gb) to 6 replicates within 3 trials. 
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Table 6. Median and mean diameters at three locations for three types of control (-Tax) or Taxol-treated (+Tax) fiber tips at 4 DPA. 

   apex   20 µm   40 µm   80 µm  

Tip  
type 

 - Tax 
(µm) 

+ Tax 
(µm) 

%  
change 

- Tax 
(µm) 

+ Tax 
(µm) 

% 
change 

- Tax 
(µm) 

+ Tax 
(µm) 

% 
change 

- Tax 
(µm) 

+ Tax 
(µm) 

% 
change 

G
b 

Median 3.73 3.73 0 6.36 8.02 27.67 7.58 10.01 23.06 9.39 11.24 19.70 
Mean 3.81 3.86 1.40 6.40 8.90 c 38.89 7.67 10.94 c 42.74 9.49 12.17 c 28.25 
STD 0.89 1.32  0.89 2.78  1.10 3.66  1.51 3.73  

G
h 

ta
pe

re
d 

Median 5.16 4.30 -16.67 6.91 8.62 24.75 8.29 11.25 35.79 10.21 13.20 27.35 
Mean 5.36 4.57 c -14.69 7.33 10.22 c 39.50 8.49 12.39 c 45.87 10.29 14.70 c 42.85 
STD 1.46 1.38  1.59 5.02  1.89 5.10  2.27 6.16  

G
h 

 
he

m
i-

sp
he

re
 Median 11.18 13.18 17.89 13.58 17.08 25.77 14.84 18.51 24.73 16.88 19.67 16.53 

Mean 11.46 13.52 17.80 13.77 17.50 c 27.05 15.12 19.40 b 28.31 17.18 21.15 23.09 
STD 1.93 4.12  2.18 4.97  2.63 6.60  2.82 7.70  

Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Tax compared to -Tax for each tip type and 
location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. The n values for each mean were: 155-229 for Gb; 115-142 for Gh tapered; and 87-97 for Gh hemisphere, 
as sampled from 6 replicates within 3 trials. 
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Figure 1. Three fiber tip populations within two cotton species are recognized by their tip 
shape and diameter at 4 DPA. a Frequency distribution of apical diameters of Gh tapered 
(green), Gh hemisphere (blue), and Gb (red). b Average apical diameter, as measured by the 
diameter of curvature, and average fiber diameter at 20, 40, and 80 µm. Measurements were 
made on fibers of ovules cultured at 2 DPA. Data for the apex, 40 µm, and 200 µm are 
repeated from Pierce et al., 2019. Error bars are 95% confidence intervals. Measurements at 
each location were different between all three tip types (p < 0.001). 
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Figure 2. Mean in planta fiber lengths and elongation rates. a, Gh and b, Gb from 1 DPA 
through 5 DPA. The rate of elongation increases along with fiber length during this period of 
development in both species. n = 27-30 measurements per group. Error bars are 95% 
confidence intervals. 

 
  



 

73 

  
Figure 3. Mean in planta fiber length and diameter of curvature (DOC) at the apex over time. 
a, For Gh, the DOC at 1 DPA is inclusive of all fibers prior to any tip tapering (called the 
torpedo stage). b, For Gb, tip tapering also occurs between 1 and 2 DPA, following a similar 
trend to Gh tapered tips. The DOC for Gh and Gb at 1 DPA are significantly different from 
one another according to ANOVA (F(1, 58) = 4.01, p < 0.001). For fiber length, n = 27-30 for all 
groups. For DOC, n = 30-35 for 1-2 DPA, 91-210 for 3 DPA, and 326-609 for 4 DPA. Error 
bars are 95% confidence intervals. Fibers were measured from ovules harvested at the same 
time of day. 
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Figure 4. Indirect immunofluorescence of 1 DPA cotton fibers of G. hirsutum and G. 
barbadense using an α-tubulin antibody. a-c, Fiber cells of G. hirsutum through can be seen in 
stages that represent a, the beginning of elongation, b, early tip refinement, and, c, tip tapering. 
d-f, Gossypium barbadense cells progress through similar stages but more closely resemble 
fibers of Gh that do not taper at this time. 
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Figure 5. Change in diameter of three fiber tip types between 3 and 4 DPA in vitro. Mean 
diameters for Gb tips, Gh tapered tips, and Gh hemisphere tips are shown for 3 DPA (magenta 
lines) and 4 DPA (black lines). a, The Gb tips showed the least overall change between 3 and 
4 DPA, although significant narrowing at 4 DPA occurred at 20 - 80 µm. (The effect at 20 µm 
was minimal). The apical diameter of Gb tips uniquely increased between 3 and 4 DPA. b and 
c, The apical diameters were indistinguishable at 3 and 4 DPA in both Gh tip types, but both 
the Gh tapered and Gh hemisphere tips narrowed behind the apex after 3 DPA. For 3 DPA 
tips, n = 91, 148, or 210 for Gh hemisphere, Gh tapered, or Gb tips, respectively. For 4 DPA 
tips, n = 326, 393, or 609 for Gh hemisphere, Gh tapered, or Gb tips, respectively. Asterisks 
indicate significant differences between paired measurement groups for one location and tip 
type as determined by the Games-Howell test: *, p < 0.05; **, p < 0.01; and ***, p < 0.001. 
Error bars are 95% confidence intervals.  
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Figure 6. Fiber length for Gb and Gh ovules treated with microtubule antagonists from 2-4 
DPA. Panel labels indicate: a, b, c Gb; d, e, f Gh; a, d colchicine; b, e oryzalin; and c, f taxol. 
Only the microtubule stabilizer taxol reduced fiber length in Gb (ANOVA, F (4, 160) = 3.28, p 
= 0.01). Inhibitors of microtubule polymerization, colchicine and oryzalin, reduced length in 
Gh: for colchicine (ANOVA, F (4, 160) = 3.28, p < 0.001) or for oryzalin (ANOVA, F (3, 92) 
= 25, p < 0.001). Groups with a common letter do not differ significantly as determined by 
Tukey’s HSD test. 
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Figure 7. Indirect immunofluorescence using an α-tubulin antibody in the tip of three types of 
cotton fibers with and without treatment with microtubule antagonists. The three tip types; Gb, 
Gh tapered, and Gh hemisphere are shown in the left, middle and right columns respectively. 
Each fiber tip type is shown at the different time-points: a-c, 2 DPA, d-f, 3 DPA, and g-i, 4 
DPA. The bottom rows show 4 DPA fibers treated with j-i, colchicine, m-o, oryzalin, or p-r, 
Taxol. The 2 DPA tips are from in planta fibers at the time of culture, whereas 3 and 4 DPA 
tips are from cultured fibers. To facilitate comparisons, the images for control and colchicine-
treated tips at 4 DPA are repeated from a prior publication (Pierce et al., 2019). The images for 
2-3, and 4 DPA fibers come from 2 or 3 trials, respectively, and each image displayed is 
representative of a group of 25 - 30 images. The scale bar (10 µm) in the top right applies to 
panels a-c, the scale bar (10 µm) in the bottom right applies to panels d-r. 
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Figure 8. Distance of the transverse microtubule array 
from the apex of three tip types at 4 DPA. The 
microtubules in the Gh hemisphere fibers were on average 
closer to the apex as compared to Gh tapered. Gh tapered 
tips had a larger range of microtubule distance from the 
apex than any other tip type. The mean values for both Gh 
tips were not significantly different than the Gb tips. 
n=25-52 fibers of each tip type. Means with a common 
letter do not differ significantly, as determined by Welch’s 
ANOVA (F(2,75) = 5.84; p = 0.005) followed by the 
Games-Howell test. 
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G. barbadense G. hirsutum G. hirsutum 

 
Figure 9. A microtubule depleted zone (MDZ) develops at the apex of cotton fibers as they 
transition from initiation to polar elongation. a, b, c Immunofluorescence images of fibers 
during early-stage polar elongation (1 DPA). a, Gb fiber showing the MDZ (arrow) with 
transverse MTs below the apex. b, Gh fiber showing a MDZ (arrow) and a predominantly 
transverse arrangement of MTs. c, An image of a Gh fiber with a MDZ (arrow) included in a 
patent application (US 2016/0230180 A1, 2016). d, e, Linear regression analysis and 
calculation of R2  values showed that MDZ perimeter explained only 16% or 8% of the 
variance in apical diameter for Gb (d) or Gh (e), respectively, during the first phase of polar 
elongation. n = 29 (Gb) and 11 (Gh). Scale bar = 5 µm. 
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Figure 10. Linear regression analysis and calculation of R2 values between fiber apical 
diameter and the MDZ perimeter during visible tip tapering. a, For Gb tips at 1.5 DPA, the 
MDZ perimeter explains 33% of the variation in apical diameter. b, For Gh tapered tips at 1 
DPA, the MDZ perimeter explains 73% of the variation in apical diameter. n = 28 (Gb) or 29 
(Gh tapered). Gh hemisphere fibers were not included in the analysis because only 2 of 29 
(7%) of the Gh hemisphere fibers imaged showed a clear MDZ, as opposed to 88% or 68% of 
Gb and Gh tapered fiber respectively. 
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G. barbadense G. hirsutum tapered G. hirsutum hemisphere 

 
 
Figure 11. By 2 DPA, transverse microtubule arrays dominated all fiber tip types and MDZ 
perimeter no longer had a linear relationship to apical diameter. a, d Gb and b, e Gh tapered 
tips had generated their narrow tips by this time. c, f Gh hemisphere tips had blunt tips at this 
time. e, f Linear regression analysis showed virtually no relationship between MDZ and apical 
diameter for Gb or Gh tapered tips after their formation. A plot for Gh hemisphere tips is not 
present due to scarcity of a clear MDZ. Panel f shows a collapsed Gh hemisphere fiber 
appearing wider than it would be in cylindrical form, but such fibers were not included in 
measurements or linear regression analysis. For e, f, n = 30 (Gb) or 24 (Gh tapered). Scale bar 
= 10 µm for all images. 
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Figure 12. Change in ratio of tapered to hemisphere fiber tips in Gh with and without 
microtubule antagonists at 3 and 4 DPA. a, The percentage of Gh tapered fiber tips (red) was 
reduced when ovules were treated with microtubule antagonists at 1 DPA  
(Chi-square; p < 0.001). b, The ratio of Gh tapered to hemisphere fibers (green) was not 
changed when ovules were treated at 2 DPA. For 3 DPA tapered and hemisphere fiber tips, n 
= 77-148 and 91-152, respectively. For 4 DPA tapered and hemisphere fiber tips, n = 114-393 
and 87-326, respectively. These graphs show data in Tables 1-6. Fiber tips were measured on 
10-12 ovules from at least 6 replicates within 3 trials. 
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Figure 13. Histograms showing the distribution of apical diameters of three tip types with and 
without treatment with microtubule antagonists at 1 DPA.  The microtubule antagonists used 
were colchicine (Col), oryzalin (Ory), and Taxol (Tax), and measurements were made at 3 
DPA. a-c, The distribution of Gb apical diameters shifted upwards when treated with 
colchicine and Taxol but was unaffected by oryzalin. d-f, The distribution of apical diameters 
in Gh tapered fiber tips was not changed by treatment with any microtubule antagonist. g-i, 
The apical diameter distribution of Gh hemisphere fibers was either g, skewed from large 
diameter outliers or i, shifted upwards when treated with colchicine or Taxol respectively. 
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Figure 14. Histograms showing the distribution of apical diameters of three tip types with and 
without treatment with microtubule antagonists at 2 DPA. The microtubule antagonists used 
were colchicine (Col), oryzalin (Ory), and Taxol (Tax), and measurements were made at 4 
DPA. a-c, The distribution of Gb apical diameters was skewed towards a higher mean 
diameter when treated with colchicine. d-f, The distribution of apical diameters in Gh tapered 
fiber tips was not changed by treatment with any microtubule antagonist. g-i, Similar to fibers 
treated at 1 DPA, the apical diameter distribution of Gh hemisphere fibers treated at 2 DPA 
was either g, skewed or i, shifted towards a larger apical diameter when treated with colchicine 
or Taxol respectively. 
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Figure 15. Changes in morphology for cotton fibers of Gh and Gb when cultured from either 
1-3 DPA or 2-4 DPA. a-d, Control fibers for both species illustrate the two different tip types 
present on Gh compared to the uniform Gb fiber tips. e-h, Colchicine treatment consistently 
resulted in swelling for both species at all time-points. i-l, Oryzalin treatment frequently 
caused swelling in Gh but Gb did not swell at either time point. m-p, Taxol treatment resulted 
in general swelling and/or swelling of discrete regions while adjacent regions remained 
relatively normal. The scale bar (20 µm) applies to all images. 
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Figure 16. Average changes in diameter of 3 DPA fibers after being treated with microtubule 
antagonists at 1 DPA. Shapes are to scale for each of the four locations measured. Numerical 
values for the control (blue) are the average diameter at that location. The significant increases in 
diameter after treatments (green for colchicine, magenta for oryzalin, and orange for Taxol)  as 
compared to control are indicated by numerical percentages (a, p < 0.05; b, p < 0.01; and c, p < 
0.001). Statistical analysis by Welch’s ANOVA followed by the Games-Howell test. 
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Figure 17. Box plots of fiber tip measurements at four locations in three tip types with and 
without microtubule antagonists. Ovules at 1 DPA were cultured with (magenta boxes) and 
without (grey boxes) microtubule antagonists, and tips were measured at 3 DPA. Results are 
shown for a-c, Gb tips), d-f, Gh tapered tips, and g-i, Gh hemisphere tips with and without a, 
d, g, colchicine, b, e, h, oryzalin, or c, f, i, taxol. Asterisks (see Fig. 5) indicate significant 
differences between the control and treatments for each tip type, location, and antagonist, as 
determined by Games-Howell test. Replication is shown in Tables 1-3.  
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Figure 18. Average changes in diameter of 4 DPA fibers after being treated with microtubule 
antagonists at 2 DPA. Shapes are to scale for each of the four locations measured. Numerical 
values for the control (blue) are the average diameter at that location. The significant increases in 
diameter after treatments (green for colchicine, magenta for oryzalin, and orange for Taxol)  as 
compared to control are indicated by numerical percentages (a, p < 0.05; b, p < 0.01; and c, p < 
0.001). Statistical analysis by Welch’s ANOVA followed by the Games-Howell test. 
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Figure 19. Box plots of fiber tip measurements at four locations in three tip types with and 
without microtubule antagonists. Ovules at 2 DPA were cultured with (blue boxes) and 
without (white boxes) microtubule antagonists, and tips were measured at 4 DPA. Results are 
shown for a-c, Gb tips, d-f, Gh tapered tips, and g-i, Gh hemisphere tips with and without a, d, 
g, colchicine, b, e, h, oryzalin, or c, f, i, taxol. Asterisks (see Fig. 5) indicate significant 
differences between the control and treatments for each tip type, location, and antagonist, as 
determined by Games-Howell test. Replication is shown in Tables 4-6.  
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Figure 20. Comparison of the percent changes of treated versus control tip diameters when 
microtubule antagonists were added at 1 DPA or 2 DPA. In each case, measurements were 
made 48h later (3 DPA or 4 DPA) at the apex and 20, 40, and 80 µm behind it. Results are 
shown for a-c, Gb tips, d-f, Gh tapered tips, and g-i, Gh hemisphere tips after the addition of 
a, d, g, colchicine, b, e, h, oryzalin, or c, f, i, Taxol. The grey line at zero indicates no 
difference between the two experiments. Asterisks (see Fig. 5) indicate significant differences 
between percent changes observed at 3 or 4 DPA for each tip type, location, and antagonist as 
determined by Welch’s ANOVA followed by the Games-Howell test. Replication for 3 DPA 
is shown in Tables 1-3 and Tables 4-6 for 4 DPA. Error bars represent the 95% confidence 
interval.  
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CHAPTER 4 

 

Summary Conclusions 

• Differences between three distinct cotton fiber tip types between two species were 

quantified according to the shape of the apical domain and fiber diameter behind the 

apex. The fiber tips characterized were Gossypium barbadense type, G. hirsutum tapered 

type, and G. hirsutum hemisphere type. 

 

• Differences in microtubule regulation of shape between fiber tip types are highlighted by 

the unique response of G. hirsutum tapered tips to colchicine-induced microtubule 

disruption. 

 

• Transverse microtubule arrays are established by 1 DPA in all three fiber tip types 

coinciding with an increase in fiber elongation rate. Rearrangement of the microtubule 

array to achieve the transverse alignment is critical for maintaining fiber diameter.  

 

• Microtubules are critical for maintaining apical diameter in G. barbadense and for 

maintaining diameter behind the apex in both species. 

 

• The apical dome shape is being established about 24 hours after fiber initiation in all tip 

types, but tip shape becomes less dependent on microtubules by 2 DPA in Gh tip types.  

 
• A strong, positive, linear relationship exists between the shape of the apical dome and 

perimeter of the MDZ in well-developed G. hirsutum tapered fibers at 1 DPA, similar to 

what was reported for Arabidopsis trichome branches 

 

  



 

96 

Ongoing Investigations 

• We are working to more precisely determine the times of microtubule dependence or 

independence of early cotton fiber elongation and tip shape formation (Aniko Verbrugge 

and Ethan Pierce). 

 

• The function and arrangement of actin filaments are being characterized during early 

fiber development in the three tip types. Fluorescent staining, pharmacological disruption 

of actin, and microscopy are being used to investigate the role of actin in tip refinement, 

elongation, and fiber diameter (Ben Graham, Appendix 1). 

 

• Cellulose synthesis inhibitors are being used to determine the role of cellulose in 

regulating early fiber diameter and tip shape (Ethan Pierce). Immunofluorescence of 

microtubules after cellulose synthesis disruption will be used to test a proposed tight 

connection between cellulose synthesis and cortical microtubules in young cotton fibers.  

 

• The origin of the two tip types in G. hirsutum is being investigated by surveying tip 

morphology in a variety of ancestral cotton lines and early breeding accessions (Laine 

Hill).  

 

• In collaboration with a bioinformatician (Daniel Restrepo-Montoya, Ben Graham), a 

group of genes identified in the literature as differentially expressed in fiber between G. 

hirsutum and G. barbadense is being investigated. The genes being studied are all 

involved in cytoskeletal regulation or have been implicated in processes related to plant 

cell shape control. The genes are being cross-referenced with all available cotton genome 

sequences while surveying for available expression data linked with fiber qualities. 
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Future work 
Future work should begin with determining the time point at which Gb fibers begin to 

refine their apices to reduce their apical diameter by 2 DPA. Gossypium hirsutum tapered fibers 

begin reducing their apical diameter by the morning of 1 DPA, but this was not as apparent in 

Gb. In fact, Gb fibers appeared to elongate while minimally or gradually altering their apical 

diameter without an obvious tapering effect by the morning of 1 DPA. Observations made 12 

hours later, on the evening of 1 DPA, showed increased tapering in Gb, but it still did not appear 

developmentally equivalent to 1 DPA Gh tapered fibers. Increasing the temporal resolution, by 

observing Gb fibers throughout the evening of 1 DPA until the tapering can be observed at 2 

DPA, will provide a more complete developmental timeline for Gb fiber tips. Additionally, the 

relationship between the apical diameter and MDZ of Gh hemisphere fibers at 1 DPA should be 

determined. Increased sampling and imaging of Gh hemisphere fiber tips may overcome the 

lower occurrence of a clear MDZ in this fiber type.  

Differences in the amount and distribution of cell wall components in cotton fibers 

should be examined for any correlation with microtubules presence, position, and pattern. These 

data may identify a link between microtubules and the secretion of cellulosic and non-cellulosic 

cell wall components, which has not been established in cotton fiber. Live-cell imaging of 

developing cotton fibers with fluorescent markers for the cytoskeletal components would also 

provide great insight into how this process is regulated. Recent work has shown that the 

transgenic lines can be created to conduct this research and that live-cell imaging can be 

achieved, although the methods remain obscure (Yu et al., 2019). Comparing the microtubule 

angle to the cellulose microfibril angle at a stage in cotton fiber development, analogous to that 

of the newly branching Arabidopsis trichome, would also test for a tip-biased diffuse growth 

mode in cotton fiber, as is proposed for trichomes (Yanagisawa et al., 2018, 2015).  

 A greater understanding of the cytoskeletal dynamics during early polar elongation may 

reveal parts of the regulatory network involved in shape determination. Live-cell imaging of 

cytoskeletal dynamics, within the context of the G. hirsutum tapered and hemisphere fibers, 

might provide clues into the morphogenesis of the two fiber tip types. Developing transgenic 

lines of G. barbadense with fluorescent reporters for the cytoskeleton would allow direct 

comparisons to the ideal fiber tip type. This information would deepen our understanding of 

cotton fiber morphogenesis, allowing more efficient efforts toward improving the fiber quality.  
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Given that the most analogous polar elongating cell to cotton fibers seems to be the 

Arabidopsis trichome branch, at least during early development, genes implicated in trichome 

shape control should be investigated in cotton. Virus-induced gene silencing (VIGS) is an 

effective genetic tool in cotton (Tuttle et al., 2015). Alternatively, cotton orthologues could be 

expressed in corresponding Arabidopsis mutants. If cotton genes products are able to rescue 

mutant phenotypes in Arabidopsis, as is the case with GhKINESIN 4A (Kong et al., 2015), that 

may provide critical clues to the function of these genes in cotton, while also improving our 

understanding of cotton shape formation. The increasing availability and quality of genome 

sequences in cotton should be an encouraging sign for future functional gene characterization in 

cotton using molecular genetic techniques commonly employed today. 
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Compelling questions 

• What are the relative amounts and distribution of crystalline cellulose and pectin types in 

each cotton fiber tip type? Is the amount or distribution of any of these cell wall 

components impacted by microtubule or actin filament disruption? 

 

• Do cortical microtubules and crystalline cellulose align early in cotton fiber 

development? If so, at what DPA does this begin? 

 

• At what point in domestication did G. hirsutum begin to exhibit the two morphologically 

distinct tip types? Are there ancestral lines or accessions that possess only one tip type? 

 

• Are there differences in expression of genes implicated in coordinating apical cell wall 

synthesis between G. barbadense and G. hirsutum during the time of tip shape 

formation?  

 

• What is the localization of the proteins and protein complexes that might be involved in 

shape control in developing cotton fiber? 

o ARP2/3 complex – actin nucleation 

o W/SRC complex – activation of ARP2/3 

o SPK1 – promotes actin network formation at the apical plasma membrane 

o Myosin VIII 

 

• Can VIGS be used to silence genes that are possibly related to tip refinement and shape 

control in cotton fiber? Will reduced expression of these genes in cotton fiber result in 

similar phenotypic defects to those found in other polar elongating cells of the 

corresponding mutants in other species? 
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Appendix A 

 

In Gh fibers, transversely oriented microtubules have been observed throughout the fiber 

by TEM. They extend to within micrometers of the apex at an angle that coincides with that of 

cellulose microfibrils (Seagull, 1986, 1995). However, similar to tip growing cells, actin 

filaments form longitudinal arrays through the center of the cotton fiber with smaller 

microfilaments branching out toward the cell cortex. This actin network is essential for fiber 

elongation (Li et al., 2005; Seagull, 1990). The actin arrangement also exhibits signs of a mixed 

growth mode with components of diffuse and tip growth (Yu et al., 2019). Unfortunately, these 

observations were not made in the context of the two tip morphologies we now know to be 

present in Gh, nor was any direct comparison made to fiber tips in G. barbadense (Stiff  & 

Haigler, 2016). 

Arabidopsis trichome branches have similar cytoskeletal arrangements to those observed 

in cotton fiber (Tian et al., 2015; Yanagisawa et al., 2015). Trichome branches have been shown 

to elongate by cell wall remodeling at the apex and along the flanks of the branch exhibiting 

growth modes indicative of highly polarized diffuse growth. There are, however, stark 

differences in the development and morphological fate of trichome branches and cotton fibers 

that can complicate direct comparisons. Arabidopsis trichome branches refine their apical 

diameter to a point much smaller than those observed in the relatively stable cotton fiber apices. 

The final length of trichome branches is also only a fraction of the final length achieved by the 

cotton fiber types being studied here, although, it does seem likely that there are analogous 

regulatory components at play in both systems.  

Actin filaments are a part of the cytoskeleton that are largely responsible for transporting 

cell wall material to the point of exocytosis (Ketelaar, 2013; Smith & Oppenheimer, 2005). Actin 

filaments and microtubules often work in conjunction with one another to coordinate proper cell 

expansion (Petrasek & Schwarzerová, 2009; Takeuchi et al., 2017). Considering this, by 

documenting any changes in the actin patterning after microtubule antagonism, we can determine 

to what degree, if any, actin filaments rely on an established microtubule array to maintain or 

regulate their natural organization. Changes in the actin filament array caused by 

pharmacologically-induced disorganization or inhibition of the microtubule array may be partly 

responsible for the changes in cotton fiber morphology.  
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In the two narrow tip types, Gb and Gh tapered, cortically located actin was organized in 

long axially oriented filaments that terminated at the apex. In Gh hemisphere fiber tips, actin is 

also cortically located and axially oriented, but the actin filaments formed a loop near the apex 

that could not be resolved in the narrow tip types (Fig. 1a – 1c). This loop structure is similar to 

what was observed near the apex of elongating Arabidopsis root hairs (Zhang et al., 2014). I 

imaged Gh tips after being treated with microtubule antagonists for 48 hours. When treated with 

the microtubule inhibitors colchicine or oryzalin, the actin signal appeared either diminished or 

disorganized (Fig. 1d – 1g). When treated with Taxol, actin organization appeared to maintain an 

organization similar to the controls (Fig. 1h & 1i). These results indicate that the microtubule 

array must be intact for actin to assume normal organization. This may signify an important 

interplay between the two cytoskeletal components in developing cotton fiber. Ovules of Gb 

were not available for culture and microtubule antagonist treatment at the same time, therefore, 

their assessment is still pending. 

 

Actin staining 

Fibers were fixed for 1 hour in 4% formaldehyde in KMCP buffer (70 mM KCl, 1 mM 

MgCl2, 1 mM CaCl2, and 100 mM Pipes, pH 6.5). Ovules with fiber attached were rinsed (2 x 5 

min) and then incubated in 0.5% (w/v) ultrapure pectinase in 1x KMCP buffer (Worthington 

Biochem. #LS004298). Following two more rinses (2 x 5 min) the ovules were treated with 0.1% 

Triton X-100 in KCMP buffer for 10 minutes. After two rinses (2 x 10 min) ovules were 

incubated with 1% BSA in KMCP with AlexaFluor488-Phalloidin (ThermoFisher Scientific) for 

1 hour then rinsed again prior to mounting in ProLong Gold antifade mountant (ThermoFisher 

Scientific).  
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Figure 1. Actin organization in three cotton fiber tip types. Fiber tips of Gh were also stained 
for actin after treatment with microtubule antagonists. d, e Colchicine, f, g oryzalin, and h, i 
Taxol treated fiber cells of G. hirsutum. The scale bar (10 µm) applies all images. 
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