
ABSTRACT 

PIERCE, ETHAN TYLER. An Improved Ovule Culture System Enables Exploration of Cellular 

Controls of Cotton Fiber Diameter. (Under the direction of Dr. Candace Haigler). 

 

Cotton is one of the world’s most important commercial fiber crops used in the 

manufacture of renewable textiles. Fibers expand from the epidermis and elongate at the apex as 

well as elongating and expanding in diameter behind the apex. They undergo extreme elongation 

and secondary wall thickening as they mature. Cellular morphogenesis is one trait that 

determines quality parameters important to the textile industry and end product performance. 

The mechanisms that underlie the morphology of these cells are not well understood. 

Additionally, Upland cotton (Gossypium hirsutum) also has two distinct fiber morphologies, 

characterized by a broad hemisphere and a narrow tapered tip. Higher quality Pima cotton (G. 

barbadense) only has one fiber and tip type similar to, but smaller than the tapered type in G. 

hirsutum. While there was a classical in vitro ovule culture system for the commonly grown G. 

hirsutum that allowed experimental analysis of developmental controls, there was no previous 

system for G. barbadense, which produces higher quality fiber. We developed a comparable 

culture system for G. barbadense ovules so that experiments perturbing the differences in 

morphologies (by inhibiting microtubules or cellulose biosynthesis) could be run in parallel with 

G. hirsutum. The addition of the common aquatic herbicide fluridone to the classic culture 

medium supported G. barbadense ovule culture. Fluridone positively impacts the number of 

useful ovules as well as increasing fiber length. These effects are potentially mediated though the 

inhibition of abscisic acid (ABA) synthesis, as ABA antagonizes the positive effects of fluridone. 

Colchicine, a microtubule antagonist, abolished the microtubule array and perturbed fiber 

development on G. barbadense and G. hirsutum ovules cultured 2 days post anthesis and 

analyzed 48 hours later. Changes in diameter in the fiber tip, as measured at the apex and up to 

200 µm behind the apex, showed that microtubules help regulate morphology differently in 

different regions of the tip and between tip types. Gh tapered tips did not swell at the apex (-

8.7% average change in diameter), but swelled substantially at 40 µm and 200 µm behind the 

apex (+14.4% and +31.3%, respectively). In contrast, a similar degree of swelling was observed 

at all locations measured for both Gh hemisphere (+9.1-17.7%) and Gb tips (+13.7-20.8%). 

Isoxaben, a cellulose biosynthesis inhibitor, caused fiber swelling that varied by day of treatment 

or by location, with the place of maximum swelling varying between tip types. Isoxaben-treated 



Gb tips only swelled (9.5-23.6% throughout the tip) when treated at 2 DPA, but their diameter 

remained unaffected when treated 24hrs earlier. In contrast, when treated either at 1 or 2 DPA, 

Gh tapered fibers only swelled basally (40 µm – 80 µm), whereas Gh hemisphere fiber swelled 

throughout the tip. Comparing the effects of colchicine or isoxaben treatment, all three tip types 

were more strongly affected by colchicine at 1 DPA, whereas a similar response occurred 

between the two inhibitors at 2 DPA. Isoxaben-treatment also altered microtubule organization, 

reflecting a previously described interaction between the synthesis of cellulose and the 

organization of cortical microtubules. Therefore, swelling in the presence of isoxaben could be 

related to its direct inhibition of cellulose microfibril formation or to its indirect effect on 

microtubules. In summary, microtubules, and possibly cellulose microfibrils themselves, help to 

constrain fiber tip diameter with the extent of control varying between tip types and in different 

regions of the tips.   



© Copyright 2020 by Ethan Pierce 

All Rights Reserve 

  



An Improved Ovule Culture System Enables Exploration of Cellular Controls 

of Cotton Fiber Diameter 

 

 

 

 

by 

Ethan Tyler Pierce 

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Masters of Science 

 

 

 

Plant Biology 

 

 

 

Raleigh, North Carolina 

2020 

 

APPROVED BY: 

 

 

_______________________________                       _______________________________ 

Candace Haigler                        Marcela Rojas-Pierce 

Chair of Advisory Committee                        

 

_______________________________ 

Terri Long                         

  



ii 

 

DEDICATION 

This thesis is dedicated to my parents, my late father, Kerry, and my mother, Nancy, and 

my twin brother, Matthew. I would also like to dedicate this thesis to my late grandparents, 

Clyde and Edith Pierce, and Staff Sgt. Ben and Rosa (Peggy) Aydelette. I am very thankful for 

the love and support of my family, which has had a major influence on me throughout my life, 

making this endeavor all the more possible. Lastly and most of all, I am grateful for God’s love 

and grace. Through Him, all things are possible.  

  



iii 

 

BIOGRAPHY 

Ethan Pierce was born to Kerry and Nancy Pierce and raised in rural Liberty, North 

Carolina alongside his twin brother, Matthew. He first became interested in plant biology at an 

early age due in large part to his grandmother, Peggy Aydelette, whose love of flowering plants 

and vegetable gardens was a heartfelt passion. During his secondary education at Providence 

Grove High School, Climax, NC, he studied a variety of agriculture education courses, including 

Horticulture and Animal Science, as well as serving for two years in the Future Farmers of 

America (FFA) as Treasurer and Vice President. He graduated from Providence Grove High 

School in 2010. He then attended North Carolina Agricultural and Technical State University for 

his undergraduate education and pursued two degrees in Environmental Horticulture and Animal 

Science, as well as an Interdisciplinary Certificate in Biotechnology. Prior to his graduation in 

2014, Ethan participated in the Research Experiences for Undergraduates (REU) Program funded 

by the National Science Foundation at North Carolina State University under the supervision of 

Dr. Terri Long and her lab. The program helped Ethan to determine his next steps in continuing 

his education at NCSU. Ethan, however, was afforded the opportunity and accepted the position 

to start working in the Department of Crop Science (now Crop and Soil Sciences) under the 

direction of Dr. Candace Haigler. Shortly thereafter, he enrolled in the Master of Science 

program in Plant Biology at North Carolina State University, Raleigh, North Carolina, in the 

spring of 2015, continuing his research in Gossypium species with Dr. Haigler. 



iv 

 

ACKNOWLEDGMENTS 

I would like to extend my deepest thanks and gratitude to all other friends and family 

with their encouragement, understanding and support throughout the completion of my Master’s 

degree program. I would like to express my heartfelt thanks to my academic and professorial 

advisor, Dr. Candace Haigler, for her guidance, patience, and encouraging support throughout 

this endeavor. She has challenged me and helped build my education and I am honored to have 

the opportunity to work with her. I also appreciate all the amazing colleagues and members of 

the Haigler lab throughout the years: Dr. Mike Stiff, Dr. Erin Slabaugh, Dr. Jon Davis, Dr. Rich 

Tuttle, Dr. Ben Graham, Dr. Jason Burris, Morgan Moore, Robin Grant, Jennie Forsythe, 

Meredith Hemphill, Anne Pajerski, Laine Hill, and Aniko Verbrugge. To my committee 

members, Dr. Marcela Rojas-Pierce and Dr. Terri Long, and the Director of Graduate Program in 

Plant Biology, Dr. Larry Blanton, thank you all for your extended support, patience, and words 

of encouragement. Lastly, great thanks to Cotton Incorporated for financial support towards the 

completion of this degree. 



v 

 

TABLE OF CONTENTS 

LIST OF TABLES ....................................................................................................................... vii 

LIST OF FIGURES .................................................................................................................... viii  

Chapter 1: Literature Review of Cotton Fiber Development .................................................. 1 

Introduction .................................................................................................................................... 2 

Cotton Fiber: its importance, overall characteristics, and developmental program ...................... 2 

Cotton cultures as a valuable research tool .................................................................................... 6 

Control of cotton fiber growth ....................................................................................................... 8 

Cellulose synthesis and its importance for cotton fiber development ......................................... 12 

Overview of cell wall components and composition, cellulose biosynthesis,  

and function ..................................................................................................................... 12 

Overview of cellulose biosynthesis inhibitors ................................................................. 15 

Gaps in knowledge addressed by my research ............................................................................ 18 

References .................................................................................................................................... 19 

 

Chapter 2: Cultures of Gossypium barbadense cotton ovules offer insights into the 

microtubule-mediated control of fiber cell expansion ............................................................ 28 

Contribution Statement ................................................................................................................ 28 

Abstract ........................................................................................................................................ 29 

Abbreviations ............................................................................................................................... 29 

Introduction .................................................................................................................................. 29 

Materials and Methods ................................................................................................................. 32 

Plant growth ..................................................................................................................... 32 

Cotton ovule culture ......................................................................................................... 32 

Ovule scoring and analysis of fiber morphology ............................................................. 32 

Analysis of colchicine effects on fiber tips ...................................................................... 33 

Results .......................................................................................................................................... 33 

Adding fluridone increased the percentage of useful Gb ovules and Gb fiber length ..... 33 

Positive effects of fluridone on Gb ovule culture were antagonized by exogenous 

ABA ................................................................................................................................. 35 

The onset of secondary wall deposition is delayed in fluridone-treated Gb fibers .......... 35 

Comparative effects of fluridone on Gb and Gh ovule cultures ...................................... 36 

Early fiber elongation and tip morphology on Gh and Gb cultured ovules ..................... 36 

Effects of colchicine on microtubules, fiber length, and tip diameter ............................. 37 

Discussion .................................................................................................................................... 38 

Author contribution statement ..................................................................................................... 40 

Acknowledgements ...................................................................................................................... 40 

Compliance with ethical standards .............................................................................................. 40 

References .................................................................................................................................... 40 

Supplementary Material ............................................................................................................... 42 

 

Chapter 3: Influence of a cellulose synthesis inhibitor, isoxaben, on cotton fiber tip 

morphology and diameter ......................................................................................................... 50 

Contribution Statement ................................................................................................................ 51 

Introduction .................................................................................................................................. 51 



vi 

 

Materials and Methods ................................................................................................................. 55 

Plant growth ..................................................................................................................... 55 

Cotton ovule culture and isoxaben treatment ................................................................... 55 

Fiber length and tip shape analysis .................................................................................. 56 

Microtubule immunofluorescence ................................................................................... 57 

Confocal microscopy ....................................................................................................... 57 

Graphing and statistical analysis ...................................................................................... 57 

Results .......................................................................................................................................... 58 

Distinct fiber tip morphology is present by 3 DPA on Gh and Gb cultured ovules ........ 58 

Adding isoxaben reduces Gh fiber length and alters fiber and ovule morphology ......... 58 

Isoxaben treatment caused Gh and Gb fiber tips to swell with variances in timing 

and between tip types ....................................................................................................... 59 

Tip swelling induced by isoxaben was less than colchicine when treatments occurred 

at 1 DPA ........................................................................................................................... 61 

Isoxaben treatment altered microtubule organization ...................................................... 62 

Discussion .................................................................................................................................... 62 

References .................................................................................................................................... 65 

Tables ........................................................................................................................................... 67 

Figures.......................................................................................................................................... 70 

 



vii 

 

LIST OF TABLES 

Chapter 2 

 

Table 1 Median and mean diameters at three locations for three types of control 

 (− Col) or colchicine-treated (+ Col) fiber tips ........................................................ 31 

 

Chapter 3 

 

Table 1 Median and mean diameters at four locations for three types of control 

 (-Isox) or isoxaben-treated (+Isox) fiber tips treated at 1 DPA and 

 measured at 3 DPA ................................................................................................... 67 

 

Table 2 Median and mean diameters at four locations for three types of control 

 (-Isox) or isoxaben-treated (+Isox) fiber tips treated at 2 DPA and 

 measured at 4 DPA ................................................................................................... 68 

 

Table 3 Average percent changes in tip diameter of untreated fibers between 

 3 and 4 DPA at three locations for three tip types .................................................... 69 

 



viii 

 

LIST OF FIGURES 

Chapter 2 

 

Figure 1 Fluridone (15.2 µM) had positive effects on the performance and fiber length 

 on Gb cultured ovules ............................................................................................... 34 

 

Figure 2 Exogenous abscisic acid antagonized the performance and fiber length of 

 16 DPA Gb ovules cultured with fluridone .............................................................. 35 

 

Figure 3 Microscopic analysis of time of onset of secondary wall synthesis in Gb fibers  

 with and without fluridone ....................................................................................... 36 

 

Figure 4 Comparative effects of fluridone on fiber length in Gh and Gb ovule culture ......... 37 

 

Figure 5 Length and tip diameter of non-colchicine-treated fibers during early elongation 

when experiments with colchicine were conducted ................................................. 38 

 

Figure 6 Immunofluorescence of microtubules in 4 DPA cultured cotton fibers with and 

without 50 µM colchicine treatment at 2 DPA......................................................... 39 

 

Figure 7 Contrasts of the effects on tip diameter of colchicine as compared to untreated 

controls within and between tip types ...................................................................... 39 

 

Figure S1 Outcomes of six trials of Gb ovule culture over eight consecutive days with and 

without 15.2 µM fluridone ....................................................................................... 42 

 

Figure S2 The addition of fluridone positively affect the performance of cultured Gb ovules 

analyzed at 16 DPA .................................................................................................. 43 

 

Figure S3 Analysis of the effects of 15.2 µM fluridone on Gb ovule growth versus fiber 

 length at 16 DPA ...................................................................................................... 44 

 

Figure S4 Fluridone had a negative effect on the performance of Gh cultured ovules, but 

 no effect on final fiber length on the best-performing ovules in each replicate ....... 45 

 

Figure S5 Microscopic analysis of time of onset of secondary wall synthesis in Gh fibers 

cultured without and with fluridone ......................................................................... 46 

 

Figure S6 Comparison of Gh and Gb fiber length at 4 DPA with and without colchicine 

treatment at 2 DPA ................................................................................................... 47 

 

Figure S7 The effects of colchicine on three different cotton fiber tip types ........................... 48 

 

Figure S8 Distribution of apical diameters in 4 DPA G. hirsutum (Gh) and G. barbadense 

 (Gb) fiber tips with and without 50 µM colchicine added at 2 DPA……………….49 



ix 

 

Chapter 3 

 

Figure 1 Diameter of control Gb and Gh fiber tips at the apex and 20, 40, and 80 μm 

 behind the apex ......................................................................................................... 70 

 

Figure 2 Isoxaben effects on cultured Gh and Gb ovule morphology and Gh 

 fiber length ............................................................................................................... 71 

 

Figure 3 Micrographs of fibers showing effects of isoxaben treatment ................................. 72 

 

Figure 4 Representative micrographs of Gb and Gh fibers on untreated control and 

 10 nM isoxaben or 50 µM colchicine treated ovules ............................................... 73 

 

Figure 5 Quantitation of the effects of isoxaben on the diameter of three cotton fiber 

 tip types .................................................................................................................... 74 

 

Figure 6 Distribution of apical diameters in in three tips types after culture on 1 or 

 2 DPA in control and 10 nM isoxaben-treated cultures ........................................... 76 

 

Figure 7 Comparison of percent changes in fiber tip diameter in three tip types after 

 10 nM isoxaben treatment at 1 or 2 DPA ................................................................. 77 

 

Figure 8 Comparison of effects of isoxaben and colchicine in three tips types after 

 culture on 1 or 2 DPA ............................................................................................... 78 

 

Figure 9 Immunofluorescence of microtubules in 4 DPA cultured cotton fibers with and 

without 10 nM isoxaben treatment at 2 DPA. .......................................................... 80 

 



1 

 

CHAPTER 1 

Literature Review of Cotton Fiber Development 
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Introduction 

Here I will review literature to set the context of the field prior to the publication of 

Pierce et al. 2019, which is the second chapter in this thesis. The study of plant cell wall biology 

is a broad subject area covering many topics. This introductory chapter will provide a concise 

literature review on topics relevant to cotton fiber development and my experiments, with 

particular insight into plant cell wall biosynthesis and composition, inhibition of wall synthesis, 

cytoskeletal structure, and effects of perturbation. 

Cotton fiber: its importance, overall characteristics, and developmental program 

As one of the world’s most important commercial fiber crops, cotton represents the 

supreme source of natural and renewable fiber in the textile industry. Within the Gossypium 

genus, only four species have been domesticated for spinnable fiber: two allotetraploid (G, 

hirsutum and G. barbadense) and two diploid species (G. arboreum and G. herbaceum) 

(Mansoor and Paterson 2012; Coppens d'Eeckenbrugge and Lacape 2014; Meinert and Delmer 

1977; Martínez-Sanz et al. 2017). This review will mainly focus on the two commercial 

allotetraploid species. Upland cotton (Gossypium hirsutum; referred to hereafter as Gh) is the 

most extensively cultivated and agronomically-preferred, given its environmental adaptability 

and high yield, though it has relatively low-quality fibers. Conversely, Pima cotton (G. 

barbadense; referred to hereafter as Gb) produces lower yields of superior-quality fibers. The Gb 

cotton fiber has greater length and strength as well as lower fineness (mass per unit length) 

arising from its smaller diameter. These traits result in higher spinning and end product 

performance (Lee et al. 2015; Avci et al. 2013). Upland cotton has been bred with Pima cotton in 

an attempt to generate plants with improved fiber traits such as length, fineness, and strength 



3 

 

(Lacape et al. 2005); however, the diameter has not been a direct target for conventional 

breeding. 

In order to effectively improve the final textile product, improvements in the cotton fiber 

will depend on changing the fiber’s growth and development (Seagull et al. 2000). Cotton fibers 

are highly dynamic structures that elongate from a single seed epidermal cell, or a seed trichome. 

At maturity, they have an extreme length-to-diameter ratio of about 3,000x (Kim and Triplett 

2001; Avci et al. 2013). The single cells undergo defined developmental stages, which makes 

them an excellent model system for probing mechanisms related to primary and secondary wall 

synthesis. At initiation, cotton fiber initials arise and swell from epidermal cells of the ovule 

surface, beginning on the day of flower opening (or anthesis). The temporal progression of fiber 

development is described as days post anthesis (DPA). Fiber initiation proceeds for several days, 

progressing from the chalazal (most developed) to micropylar (developing) end of the ovule. 

Only about 25-30% of the epidermal cells form fibers that undergo extreme elongation, 

beginning with primary cell wall synthesis (Stewart 1975; Haigler et al. 2012; Kim and Triplett 

2001). The majority of the experiments reported here are considered short-term (up to 16 DPA) 

as cotton fibers can take 45 to 60 days to reach maturity. Experimental effects are examined 

when various drug treatments are applied at 2 DPA. At this time point, fiber morphologies are 

generally characterized as post-initiation and undergoing elongation and depositing primary cell 

wall. However, fewer initials or less developed cells linger at the micropylar end due to the 

temporal asynchronicity of fiber initiation. Around 16 DPA, transitional wall remodeling begins 

and primary cell wall synthesis switches to secondary cell wall synthesis, including an abrupt 

increase in cellulose deposition. Secondary wall thickening via the deposition of pure cellulose 

continues until maturation is completed as indicated by cell death and dehydration. Then the 



4 

 

cotton boll opens, approximately 45 to 60 days from initiation depending on genotype and 

environment. Cold and wet environments can adversely delay cotton boll maturity. At maturity, 

fibers are approximately 3-4 cm long and composed of at least 94% pure cellulose (Haigler et al. 

2012; Newaskar et al. 2017; Tokumoto et al. 2002; Stiff  and Haigler 2016; Avci et al. 2013; Qin 

and Zhu 2011; Meinert and Delmer 1977; Kim and Triplett 2001; Stewart 1975). 

Berlin (1986) reported that 2 DPA fibers of Gh, having initiated on the day of anthesis, 

were about 22 µm in diameter and approximately 100 µm long. Some additional swelling 

occurred by 5 DPA, leading to an average 29 µm fiber diameter. The authors do not report fiber 

diameters beyond 5 DPA and only generally mention the use of both Dunn 56C and Paymaster 

266 commercial cultivars in morphological work. Variance in cultivars or sample preparation 

methods may explain larger early fiber diameter than we have observed in a recent elite cultivar. 

In our work, 4 DPA fibers of Gh cv Deltapine 90 had attained average diameters of 16 to 22 µm 

at 200 µm behind the apex (Pierce et al. 2019). The smaller and larger values reflect two distinct 

Gh fiber tip types: a broad, blunt hemisphere tip and a narrow, pointed tapered tip. In contrast, 

Gb cv Phytogen 800 has only one narrow fiber tip type with an average diameter of about 12 µm 

that most closely resembles the Gh tapered tips (Pierce et al. 2019). Correspondingly, Gb fibers 

have a smaller average diameter of 14.8 µm at maturity as compared to 16.8 µm in Gh (Stiff  and 

Haigler 2016; Avci et al. 2013). These observations of early tip tapering correspond to earlier 

observations in Gh, which also showed that tapered tips persist throughout development (~30 

DPA) and into maturity (Seagull 1990b; Stewart 1975). 

Cotton fibers are an excellent model system to study cellulose biosynthesis and cell 

elongation. However, it is important to keep in mind that cell wall component distributions 

change or have subtle differences among cultivars, growing conditions, and developmental age. 
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Despite the morphological similarities between Gb tips and Gh tapered tips, the distribution of 

cell wall polymers of Gb fibers is more like that of Gh hemisphere tips (Stiff  and Haigler 2016). 

In addition, Gb has been shown to have subtle differences in cell wall properties as compared to 

the natural mixture of both Gh fiber types, such as less loosely-bound xyloglucan (Avci et al. 

2013) and pectin (Liu et al. 2013). Additionally, Gb has finer fiber, as compared to Gh, which 

correlates with less cellulose per unit of fiber length. For example, during elongation and primary 

cell wall deposition, cotton fiber cell walls of G. arboreum L (referred to hereafter as Ga) have 

been reported to contain between 35-50% cellulose, whereas Gh (cv. Acala SJ-1) has  

approximately 31% cellulose content, but has been reported as low as 16-17% (along with Gb) 

by the beginning of the transition stage (16 DPA) (Meinert and Delmer 1977; Huwyler et al. 

1979; Tokumoto et al. 2002; Lee et al. 2015). Given the relatively small percent of cellulose, 

other matrix polysaccharides are the major constituents of the primary cell wall during cotton 

fiber elongation. The neutral sugars that compose matrix polysaccharides decrease from ~32 to 

6% as fibers age and mature (5-29 DPA). At the onset of secondary cell wall biosynthesis (~23 

DPA), Gh fiber has approximately 14% more cellulose content than Gb (only containing 28%), 

which can be explained by Gb’s prolonged elongation period and generally assumed delayed 

SCW synthesis. In Gb, between 30 to 45 DPA, the ratio of fiber weight/ to length increased more 

slowly. Gh will maintain a higher fiber weight through maturation, as Gb has less deposited 

cellulose per unit length, due in part to its smaller diameter. These three species only begin to 

reach similar cellulose content by maturation, i.e.  95.2% (Gh), 95.7% (Gb), and 98.0% (Ga) of 

cellulose (Avci et al. 2013; Lee et al. 2015; Martínez-Sanz et al. 2017).  
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Cotton cultures as a valuable research tool 

Classically, research has been aided by a Gh ovule culture system that was developed and 

perfected decades ago. Ovules cultured on the day of anthesis (0 DPA) up to 2 DPA and floated 

on the surface of a defined medium will produce aerial fibers. The abundant aerial fibers 

resemble in planta fibers more than the rare submerged cultured fibers (Feng and Brown 2000), 

so the aerial fibers are typically analyzed. Cultured fiber development is dependent on 

phytohormones, specifically auxin (either indole acetic acid or naphthalene acetic acid) and 

gibberellic acid (Beasley and Ting 1973; Beasley 1971). 

Plant hormones have a marked effect on fiber development. Exogenous abscisic acid 

(ABA) inhibits Gh fiber elongation in culture, by counteracting the promotion of auxins and 

gibberellins (Kosmidou-Dimitropoulou 1986; Beasley and Ting 1973; Dhindsa et al. 1976; 

Dasani and Thaker 2006). NAC transcription factors regulate aspects of secondary cell wall 

biosynthesis. Specifically, in Arabidopsis, NAC Secondary Wall Thickening Factor 1 (NST1) 

(ANAC043) promotes secondary cell wall thickening in woody tissues (but not vessels). Mitsuda 

et al. (2007) reported that a double knockout mutant, nst1-1 nst3-1, had completely suppressed 

the expression of genes involved in secondary cell wall biosynthesis. Autofluorescence, 

representing lignified material, in shoot hypocotyls was lost in secondary xylem, though 

secondary walls of vessels remained unaffected. Conversely, overexpressing either NST1 or 

NST3 induced ectopic thickenings in various above ground tissues (Mitsuda et al. 2005). More 

specifically, Christiansen et al. (2011) identified three genes as possible regulators of secondary 

cell wall synthesis in elongating stem tissue of barley (Hordeum vulgare L.). These genes were 

up-regulated when treated with ABA for 3 or 5 hrs. Cotton fiber expresses six homologs of 

NST1 (NAC043), two of which were upregulated at 15 DPA at the onset of transitional cell wall 
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remodeling when primary wall synthesis shifts to secondary cell wall synthesis. Expression 

remained high through 28 DPA, the last day analyzed (Tuttle et al. 2015). This correlates to 

Nayyar et al. (1989) findings that ABA levels were much higher than other hormones (such as 

IAA and GA3) during the late stage of rapid fiber elongation up to the transition phase (10-15 

DPA) and maintained at succeeding secondary wall synthesis stages. Shang et al. (2016) reported 

that there were 24 NAC genes that had higher expression at 15 DPA in Ga fibers. When ABA 

was inhibited with fluridone, profuse fiber growth was evident on the short-fiber bearing species 

of G .arboreum L. cv. LD 230. Sun et al. (2018) also identified 38 NAC genes with high and 

differential expression during fiber development, specifically during SCW development. These 

data corroborate the possibility that ABA inhibition down-regulates, or at least delays, the 

positive regulator of NAC transcription factors (or other possible regulations of SCW 

biosynthesis) and can promote fiber elongation. 

Ovule cultures have advantages over whole-plant studies through allowing tests of 

inhibitors (Vaughn and Turley 2001), radiolabeled precursor studies, and analysis of 

environmental variables (Martin and Haigler 2004). Fibers on cultured ovules are also readily 

analyzed for cell wall components, length, timing, and extent of secondary wall synthesis, etc. 

(Stiff and Haigler 2016; Singh et al. 2009). One caveat, however, is that the fibers on cultured 

ovules elongate and thicken their cell walls to a lesser degree as compared to intact plants. The 

overall progression of development is also compressed in time, but fiber wall composition is 

similar between in vitro and in planta conditions (Kim and Triplett 2001; Meinert and Delmer 

1977). 

Of particular interest, narrower fibers are controlled by a number of factors, such as cell 

wall components, turgor pressure, cell wall proteins and enzymes. Desirable fibers (measured in 
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fineness; weight per unit length) result from smaller diameters with high degree of cell wall 

thickening. Ultimately, more fibers of narrower diameters can be woven together into thinner 

and stronger yarns, i.e. more fibers per bundle in yarn. These yarns are preferred in the textile 

industry for weaving desirable and long lasting clothing and other products.  

Control of cotton fiber growth 

Plant cells are remarkable structures with diverse morphogenesis that are finely regulated 

through chemical and mechanical properties of the cell wall. As primary walls are synthesized, 

cells will typically expand in size and often change in shape. Expansion of the cell can be either 

isotropic or anisotropic, which implies either global (i.e. entire cell body) or local (i.e. selected 

locations on the cell surface) expansion. In terms of global expansion, isotropy is when the cell 

wall expands uniformly in all directions, whereas anisotropic expansion means that growth in 

one direction differs from another. Isotropically versus anisotropically expanding cells will 

display randomly or preferentially oriented cellulose microfibrils, respectively. Most plant cells 

grow anisotropically by one of two growth modes: tip or diffuse growth. (Chebli and Geitmann 

2017; Baskin 2005; Geitmann and Ortega 2009; Braidwood et al. 2014).  

More specifically, plant cell morphogenesis is strongly regulated by the interplay 

between isodiametric turgor pressure, cell wall synthesis, and wall extensibility (Cosgrove 2014; 

Geitmann and Ortega 2009). During anisotropic growth, it is generally thought that cortical 

microtubules help to mediate the exocytosis of cellulose synthesis complexes (CSCs) to the 

plasma membrane as well as regulating the orientation of cellulose microfibril deposition 

through affecting the movement of CSCs (Crowell et al. 2009; Paredez et al. 2006a). This is best 

characterized in diffuse growing cells in which oriented cellulose microfibrils constrain cell 

expansion in one or more or directions. In tip growing cells (pollen tubes, root hairs, fungal 
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hyphae, and moss protonema), new cell wall material is deposited to the apex or just behind the 

apical dome where growth is concentrated. In this case, microtubules and cellulose microfibrils 

have less influence on cell shape (Cosgrove 2014; Geitmann and Ortega 2009; Guerriero et al. 

2014; Cosgrove 2018).  

The mode of growth, whether through tip growth and/or anisotropic diffuse growth, by 

which cotton fiber cells undergo elongation has not been definitively established and has been 

long debated (Seagull 1990b; Seagull et al. 2000; Tiwari and Wilkins 1995) as they share and 

lack certain characteristics of both modes of growth (Qin and Zhu 2011). As in diffuse growth, 

elongating cotton fibers (between 2 to ~16 DPA) have transversely oriented cortical 

microtubules with respect to the longitudinal axis (direction of elongation). As fibers enter the 

transition stage, around 16 to 18 DPA, and then switch to secondary cell wall synthesis, 

microtubules shift orientation to shallow then steep helical arrays that persist from about 21 DPA 

until maturity (Seagull 1986, 1992). Tip growth is characterized by preferential organelle 

zonation – enriched secretory vesicles at the apical part of the cell, accumulation of mitochondria 

at the subapical part, and other organelles basally. In regards to cotton fibers, it has been stated 

that they lack an increased density of secretory vesicles at the tip (Tiwari and Wilkins 1995). 

These authors studied Gh cv Acala SJ-2 and reported that new cell wall material was being 

synthesized within the first ~8 µm of the tip in young 2 DPA fibers, but they looked at fibers 

early in development when potential tip growth probably had not started (CH Haigler, personal 

communication). Specifically, they show that organelles are uniformly dispersed with no 

preferential accumulation. In regards to vesicles, they showed four vesicles at the apical dome 

and another four vesicles approximately 5-8 µm behind the apex of the fiber. Thus, they 

conclude that new cell wall material may not be restricted to the apex and attribute these features 
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to diffuse growth. Yu, Wu et al., (2019) reported similar findings in a 2 DPA elongating fiber 

cell where endosomal vesicles were distributed along the fiber and moved from the shank to the 

tip (at least a length of approximately 100 µm) in patterns consistent with cytoplasmic streaming. 

By 3 DPA, Seagull (1990b) preliminarily reported that fibers do not have discrete vesicles or 

organelle zonation in a region that spans approximately 45 µm from the apex. Recent work in 

tobacco pollen tubes, however, has expanded the model of tip growth and suggests that the high 

rates of exocytosis and cell wall synthesis may not exclusively occur at the apical dome, but in 

an annular region around the apex, the sub apical region (Zonia and Munnik 2008; Geitmann and 

Dumais 2009; Zonia and Munnik 2009). 

However, fibers do exhibit a Ca2+ gradient at the tip and show an increase in reactive 

oxygen species (ROS) and ROS-related metabolic enzymes during fiber elongation, two 

characteristics associated with tip growth (Huang et al. 2008; Mei et al. 2009). Huang et al. 

(2008) demonstrated that when 2 DPA fibers were cultured for five days and stained with a 

combination of calcium indicator Fluo-3 and cell permeant acetoxymethyl (AM) (Fluo-3/AM), 

elevated Ca2+ concentrations are observed in the cytoplasm. Furthermore, fiber growth was 

inhibited when 2 DPA ovules were grown with 5–50 µM trifluoperazine (TFP), a calcium 

antagonist, or when exogenous calcium was absent from the culture medium for 12 days. 

Together, this suggests that calcium at the fiber tip is required for elongation. Mei et al. (2009) 

showed that compared to the fuzzless-lintless cotton mutant (fl), Gh cv. Xuzhou 142 had strong 

fluorescent signals in 0-2 DPA fibers stained with 2,7-DCFDA, a fluorescent dye used for 

detection of ROS. The ROS levels peaked at 10 DPA. Similarly, leading up to 10 DPA during 

fast elongation period, there was an increase in expression of GhPOX1, which encodes a class III 

peroxidase. In general, this class of peroxidases catalyzes a number of oxidoreductions between 
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ROS and implicated in various physiological responses. Conversely, Mei et al. (2009) showed 

that inhibition of ROS production using either, diphenyleneiodonium (DPI; a NADPH oxidase 

inhibitor) or salicylhydroxamic acid (SHAM; a peroxidase inhibitor) negatively affected fiber 

elongation as compared to untreated controls. 

Another factor that is used to critically define the mode of growth in tip-growing cells is 

the organization of actin. Using a four-dimensional image series, Yu et al. (2019) reported a 

highly polarized, continuous actin cytoskeleton that spanned the cotton fiber. Fine F-actin 

structures at the tip were linked to actin cables that traversed the shank. At the apex, actin 

filaments form visible, curved cortical structures (Yu et al. 2019) that were notably different than 

in classical tip-growing cells. Recently cotton fibers have been hypothesized to expand through 

‘linear cell-growth’ or an intermediate ‘mixed-mode’ of growth, also referred to as tip-biased 

diffuse growth. These blended characteristics are able to regulate anisotropic cell elongation and 

an increase in diameter behind the cotton fiber apex, which does not occur in classical tip-

growing cells (Qin and Zhu 2011; Yu et al. 2019). 

As ubiquitous cellular cytoskeletal structures, microtubules (MT) formed from tubulin 

have diverse roles ranging from cell structure maintenance, enabling organelle and protein 

trafficking, and facilitating chromosomal segregation during mitosis and meiosis (Nogales 2001). 

The function of microtubules can be probed through use of perturbing chemicals such as 

colchicine (Stanton et al. 2011), paclitaxel (TaxolTM) (Stanton et al. 2011; Downing 2000), and 

oryzalin (Dostál and Libusová 2014; Morrissette et al. 2004). These studies along with analysis 

of mutants show that perturbing the microtubule array generally causes cells to swell, as 

reviewed previously (Sedbrook and Kaloriti 2008; Baskin 2005). In classical tip-growth, 

microtubules are aligned with the longitudinal cell axis and they help to control a monoaxial 
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growth direction. For example, when perturbed with microtubule antagonists, Arabidopsis root 

hairs often become wavy or branched (Bibikova et al. 1999). 

Cotton fibers offer an excellent model to study cytoskeletal elements, such as 

microtubules. Fibers are dynamic (changing their organization during distinct stages of cell wall 

deposition), semi-synchronous (many cells at similar stages of development), and predictable in 

terms of developmental timing. Seagull (1990a) used various chemicals and disrupted the normal 

cytoskeletal arrays in cotton fibers of Gh cv Acala SJ-2. The experiments presented here in 

chapter three, however, will only use colchicine, an alkaloid that interferes at the interface of α- 

and β-tubulin monomers. At low concentrations MTs may not polymerize, whereas at high 

concentrations depolymerization occurs (Stanton et al. 2011). As aforementioned, microtubules 

are oriented transverse to the longitudinal axis in young cotton fibers. Short-term exposure to 

colchicine treated at 1 or 2 DPA and analyzed after 48-hours abolished the microtubule array 

(Pierce et al, 2019; Graham et al., in preparation for publication). Seagull (1990a) noted that 

when 14 or 22 DPA fibers were treated with colchicine for four days, microtubules were widely 

spaced or appeared beaded, respectively, yet maintained an orientation comparable to control 

fibers of the same age. Though some fibers lacked or only had partial MT arrays present after 

treatment, cellulose microfibrils were somewhat random, but not disorganized, and appeared 

“swirled”. This is indicative that parallel cellulose microfibrils deposition is occurring in short 

distances even with disrupted or altered microtubules. 

Cellulose synthesis and its importance for cotton fiber development 

Overview of cell wall components and composition, cellulose biosynthesis, and function 

Cellulose, composed of β-1,4-glucan chains, is the most abundant, natural biopolymer on 

Earth and a major constituent and load-bearing component of the plant cell wall conferring 
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strength and rigidity. Multiple cellulose synthase (CESA) proteins form a multi-protein, 

hexameric complex (CSC) or ‘rosette’ that synthesizes and deposits cellulose at the plasma 

membrane. Pear et al. (1996) first characterized CESA proteins from cotton (Gh cv Acala SJ-2) 

in 1996. These proteins were subsequently proven to have that role through mutations in 

Arabidopsis thaliana mutants where ten CESA isoforms have now been identified. Furthermore, 

different CESA proteins are required to form the complex: for primary cell wall, CESA1 (rsw1) 

(Arioli et al. 1998), CESA3 (ixr1) (Scheible et al. 2001), and CESA6 (prc1) (Fagard et al. 2000) 

are required, whereas CESA4 (irx1) (Taylor et al. 2000), CESA7 (irx3) (Taylor et al. 1999), and 

CESA8 (irx5) (Taylor et al. 2000) are required in secondary cell wall formation. Cellulose chains 

are synthesized and coalesce into microfibrils. Microfibrils, however, can vary in size, anywhere 

between 2.5–5 nm in diameter, depending on the organism or methods of analysis (Wallace and 

Somerville 2015; Cosgrove 2005; Turner and Kumar 2018; Fernandes et al. 2011; Ha et al. 

1998). Likewise, microfibril orientation is highly dynamic, and changes under normal cellular 

development in various tissues as well as in response to environmental factors, such as light and 

hormones. Specifically in cotton fibers, Seagull (1992) showed that microfibrils change 

orientation temporally and become more ordered. The orientation changes significantly in early 

fiber development (2–7 DPA), from parallel and oblique to perpendicular to the axis of 

elongation, an orientation that is maintained through about 19 DPA. Microfibrils will shift to a 

steeply pitched helical orientation at the onset of secondary cell wall formation. 

The CESAs in the CSC interact with a protein named cellulose synthase interacting 1 

(CSI1), which also interacts with microtubules to modulate cellulose synthesis (Bringmann et al. 

2012; Li et al. 2012; Gu et al. 2010). Gu, et al. (2010) shown that CSI1 interacts with primary 

cell wall CESAs (CESA1, -3, and -6) in yeast two-hybrid assays and csi1 mutants had reduced 
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cellulose content and hypocotyl and root elongation defects. Moreover, this mutant displayed 

CSCs with reduced motility, which corroborates the association between CSCs and cortical 

microtubules (Li et al. 2012). While it seems that CSI1 is important for maintaining the 

connection between CSCs and microtubules, the orientation of microfibrils and CSC trajectories 

can be maintained despite MT removal (Paredez et al. 2006b; Sugimoto et al. 2003; Baskin 

2001). However, there is some indication that there exists a MT-independent CSC guiding 

mechanism, as CSCs have been shown to have coordinated migration in locations without 

apparent MT co-localization (Fujita et al. 2011), suggesting that there is not an obligatory link at 

all times between CSI1 and MTs. 

Although CESAs are major agents in cellulose synthesis, it is possible that cellulose-

synthase-like proteins (CSL) also polymerize cellulose in certain cells. Within the CSL gene 

family, subfamily D (CSLD) is most similar to the CESA family (35% gene identity at the amino 

acid level) and CSLD2/3 and CSLD6 are strongly expressed within the developing cotton fiber, 

at 10 to 28 DPA (Tuttle et al. 2015). This protein family has been implicated in cellulose 

synthesis (possibly in generating a non-crystalline form) and/or mannan synthesis through 

studies of Arabidopsis (Manfield et al. 2004; Bernal et al. 2008) and guar seeds (Dhugga et al. 

2004), respectively. Li et al. (2017) suggest that GrCSLD1 perhaps contributes in cellulose, 

mannan, or other polysaccharide synthesis given it’s predicted Rossmann fold with the 

conserved D, D, D, QXXRW motif found in CESA and CSL proteins and putatively involved in 

substrate binding and catalysis (Richmond and Somerville 2000). While CSL genes are relatively 

tissue-specific, CSLD genes are functionally diverse and, at least in Arabidopsis, CSLD1 and 

CSLD4 are implicated in cellulose biosynthesis in pollen tube growth (Li et al. 2017; Wang et al. 

2011). In the root hairs of Arabidopsis, Park et al. (2011) showed that eYFP–CSLD3 specifically 
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localized to the polarized plasma-membrane of the apical domain. The fluorescent fusion of two 

primary cell wall CESAs, eGFP–CESA3 and eYFP– CESA6, did not localize to the plasma 

membrane of growing root hair tips. Park et al. (2011) found these to be localized to internal 

compartments. Unfortunately, functional fluorescent CESA1 fusions were unavailable, but the 

authors suggest that CESA1 is not essential due to root hair formation in the temperature-

sensitive CESA1 mutant, rsw1. Root hairs bulged when treated with a cellulose biosynthesis 

inhibitor (Dichlorobenzonitrile, DCB) and eYFP–CSLD3 was present throughout the bulge. 

More intriguing, however, another cellulose synthesis inhibitor, isoxaben, had no effect on tip 

growth or eYFP–CSLD3 localization (Park et al. 2011), even though it caused a rapid loss of 

eYFP–CESA6 and eGFP–CESA3 from the plasma membrane in upper etiolated hypocotyl cells 

of Arabidopsis (Paredez et al. 2006b). These results correlate with the existence of irx1 and irx2, 

mutations in the C terminus in CESA3 and CESA6, which confer isoxaben resistance in 

Arabidopsis (Desprez et al. 2002; Scheible et al. 2003). Additionally, when the catalytic domain 

of CSLD3 was replaced with the catalytic domain of CESA6, the CSLD3 fusion protein was able 

to rescue csld3 mutants. Collectively, these results are consistent with CSLD3s being involved in 

β-1,4-glucan (cellulose) synthesis at the apical plasma membrane of tip-growing root hairs (Park 

et al. 2011). 

Overview of cellulose biosynthesis inhibitors 

While microtubules can independently contribute towards the mechanical properties of 

the plant cell (Durand-Smet et al. 2014), one of their major roles is to help establish the 

orientation of cellulose microfibril synthesis. This association has been found in multiple studies 

(Ledbetter and Porter 1963; Fisher and Cyr 1998; Gardiner et al. 2003) and was demonstrated 

through live cell imaging when YFP-ATCES6-tagged activity co-localized with CESA 
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complexes in the plasma membrane and moved along the cortical microtubule array of etiolated 

Arabidopsis hypocotyls (Paredez et al. 2006b). However, some findings have shown that 

cellulose microtubules and cellulose microfibrils in young root hairs of Equisetum hyemale do 

not always co-align (Emons 1982; Emons and Wolters-Arts 1983). Similarly, the mor1-1 rsw1-1 

double mutant, with mutations in a microtubule organization protein (Whittington et al. 2001) 

and a primary wall cellulose synthase (Arioli et al. 1998), had disrupted microtubules, but 

disordered cellulose was still deposited in Arabidopsis root cells (Himmelspach et al. 2003; 

Sugimoto et al. 2003).  

Disruption of cellulose synthesis often causes loss of directional expansion and cell 

swelling. Perturbation of cellulose biosynthesis can be achieved with cellulose biosynthesis 

inhibitors (CBIs). The Herbicide Resistance Action Committee and Weed Science Society of 

America classify any herbicide that has a mode of action that inhibits cell wall (cellulose) 

biosynthesis as Group L and Group 21, respectively. Tateno et al. (2016) review of CBIs further 

classifies them into three groups according to their effect on CSCs studied in Arabidopsis by 

live-cell imaging. These authors focus on two CBIs; Isoxaben (Group 1) and 

Dichlorobenzonitrile (DCB) (Group 2). Isoxaben induces a “clearance” of labeled CESAs from 

the plasma membrane, which could be an active process or a disruption in CSC exocytosis. DCB 

produced a phenotype where more CESA particles accumulated within the PM with a reduction 

in CSC velocity. The direct mode of action for isoxaben perturbation is not understood, though 

missense mutations in Arabidopsis CESA3 (ixr1) and -6 (ixr2) cellulose synthase genes suggest 

these isomers are direct targets that confer isoxaben resistance after mutation (Desprez et al. 

2002; Scheible et al. 2001; Paredez et al. 2006b). Isoxaben (100 nM) causes a rapid loss of 

YFP:CESA6 particles from the plasma membrane in Arabidopsis seedlings (Paredez et al. 
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2006b). Alternatively, DCB caused an increased accumulation of YFP::CESA6 within the cell 

cortex with a reduction of CSC velocity (DeBolt et al. 2007). 

Vaughn and Turley (2001) analyzed Gh cotton fiber 24-to-48 hours after isoxaben or 

DCB treatment at 0 DPA using a variety of cytochemical and immunocytochernical probes. They 

found that the cellulose content  decreased, while amounts of other polysaccharides, chiefly 

pectin or callose, increased (Vaughn and Turley 2001). The increase in pectin could potentially 

help to compensate for the loss of cellulose (Vaughn and Turley 2001), and the callose could be 

a stress effect (Stone and Clarke 1992). An increase in calcium perception can also trigger an 

activation of callose synthesis by diverting glucose from cellulose to callose synthesis (Delmer et 

al. 1985; Samuels et al. 1995). Morphologically, however, Vaughn and Turley’s (2001) 

experiments showed that when ovules were treated at the fiber initiation stage with either 

isoxaben or DCB, fibers generally swelled into abnormal shapes. For isoxaben-treated ovules, 

fibers were distinctly and uniformly spherical in appearance; fibers on DCB-treated ovules 

ranged in appearance from shortened versions of the controls to spherical bulges.  

Cellulose biosynthesis inhibition, by isoxaben or DCB, is accompanied by side effects on 

the cytoskeleton organization. In tobacco (Nicotiana tabacum) cells, Fisher and Cyr (1998) 

demonstrated that microtubules became randomized after isoxaben treatment (2.5 µM) for 2hrs. 

In contrast, Paredez et al. (2008) reported that Arabidopsis roots displayed a reorientation (from 

transverse to oblique) of the microtubule array after 1.5 to 2.5hrs isoxaben (100 µM) treatment. 

In DCB-treated Arabidopsis roots, there was also an alteration of microtubule orientation 

(Himmelspach et al. 2003). 
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Gaps in knowledge addressed by my research 

Despite such a well-documented culture system for Gh ovules that has been the basis of 

research for several decades, no effective in vitro system had previously been described for the 

elite Gb cotton. Specifically, there was a need to develop an equivalent Gb culture system in 

order to probe the basis of differences in fiber quality among the various tip types and between 

these two species of agronomic importance. Given the unique, ‘mixed-mode’ of cotton fiber 

growth, using this new culture system in parallel with cytoskeletal antagonists will help explore 

the hypothesis that the control mechanism within one and between tip types are differentially and 

zonally controlled. Additional experiments to probe the mechanisms regulating fiber 

morphogenesis, especially at the cotton fiber tip would be useful. Though fiber development in 

both species shows a broad similarity, there are key and subtle key differences that may point to 

strategies for cotton fiber improvement that needs to be further defined. 
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CHAPTER 3 

Influence of a cellulose synthesis inhibitor, isoxaben, on cotton fiber tip morphology and 

diameter 
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Introduction 

Gossypium species produce highly elongated and thickened single seed epidermal cells, 

or cotton fibers. Each cotton fiber is approximately 3 cm long and composed of nearly 95% pure 

cellulose at the conclusion of secondary cell wall deposition (Tokumoto et al. 2002, Haigler et al. 

2012, Newaskar et al. 2017). These spinnable fibers are widely used in the manufacture of 

natural and renewable cotton textiles. Cellular morphogenesis determines the range of fiber 

qualities, notably fiber length, strength, and cell wall thickness, which make particular cotton 

crops suitable for particular end product uses. For example, narrower fibers contribute to silky 

and strong fabrics because more of them can fit within a yarn cross-section of a given size.  

However, the mechanisms that underlie the morphology of these cells are still poorly understood 

and additional research is needed. Higher quality fiber is produced by G. barbadense (Pima 

cotton, abbreviated here as Gb), whereas G. hirsutum (Gh) is the most commonly grown due to 

its higher yield in more diverse growing regions. Gb cotton fibers are longer, stronger, and have 

smaller diameter as compared to Gh fiber, but the Gb species can only be grown in limited 
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locations with lower yield. A limited supply of Gb cotton drives the higher price of premium 

textiles. Ultimately, understanding the cellular controls of particular fiber quality traits can be 

used to generate higher quality fibers in the more agronomically preferred Gh species.  

Stiff and Haigler (2016) characterized two distinct tip types in Gh – a broad hemisphere 

and a narrow tapered fiber. By contrast, Gb only has one narrow type of fiber tip, similar to Gh 

tapered. In all three fiber tip types, the data supported apical cell wall synthesis and diffuse 

growth along the flanks of young cotton fibers. Unlike classical tip growth where new cell wall 

material is deposited only at the apex and a constant diameter is maintain along the cell flank 

(Geitmann and Ortega 2009), a dual mode of growth is consistent with the extreme elongation of 

cotton fibers while expanding in length and diameter behind the apex (Seagull 1990, Qin and 

Zhu 2011). However, what controls the diameter of cotton fibers is unknown. Similar to classic 

tip growing cells, such as pollen tubes and root hairs, composition of the cell wall changes 

behind the apex. In 4 DPA Gh hemisphere tips, homogalacturonan (HG), with relatively high 

methyl-esterification (higher elasticity for turgor pressure driven cell wall expansion), was 

enriched at the apex, 0-5 µm, whereas tapered tips had less, as compared to 5 to 25 µm behind 

the apex. Compared to Gh, Gb fibers had the most abundant HG at the apex, 0-5 µm. Cellulose, 

however, was enriched behind the apex, between 35-45 µm or 15-55 µm for Gh tapered or Gb, 

respectively. Cellulose was more abundant between 5 – 45 µm in Gh hemisphere, suggesting 

cellulose mediated control behind the apex, though with some spatial and fiber type differences 

(Stiff  and Haigler 2016). 

Given these differences between and within species, additional experiments to probe the 

mechanisms that regulate cell shape and growth of cotton fibers are needed. An in vitro ovule 

culture system was previously described for Gh cotton (Beasley and Ting 1973). In this system, 
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ovules are dissected from bolls on a given day on or after flowering and floated on tissue culture 

medium. Afterwards, both the seed and attached fibers continued to develop. We developed an 

analogous method to culture Gb ovules so that experiments perturbing morphology (by inhibiting 

microtubules or cellulose biosynthesis) could be run in parallel with Gh (Pierce et al. 2019). 

More specifically, plant cellular morphogenesis is strongly regulated by the interplay 

between isodiametric turgor pressure, cell wall synthesis, and wall extensibility (Geitmann and 

Ortega 2009, Cosgrove 2014). During anisotropic growth, it is generally thought that cortical 

microtubules help to mediate the exocytosis of cellulose synthesis complexes (CSCs) to the 

plasma membrane as well as regulating the orientation of cellulose microfibril deposition 

through affecting the movement of CSCs (Crowell et al. 2009; Paredez et al. 2006a). In our prior 

experiments, we abolished the microtubule array by adding colchicine to 2 DPA cultured ovules 

(Pierce et al. 2019). The resulting changes in fiber diameter (as measured at the apex and 40µm 

and 200µm behind the apex) showed that microtubules helped to regulate the diameter of Gh 

tapered tips differently at the apex versus in regions behind it. The Gh tapered tips did not swell 

at the apex (-8.7% average change in diameter), whereas they swelled substantially at 40 µm and 

200 µm behind the apex (+14.4% and +31.3% average change in diameter, respectively). In 

contrast, a similar degree of swelling was observed at all locations measured for both Gh 

hemisphere (+9.1-17.7%) and Gb tips (+13.7-20.8%). 

While microtubules can independently contribute to plant cell mechanical properties 

(Durand-Smet et al., 2014), they most commonly regulate the orientation of the high-strength 

cellulose fibrils that strongly impact the direction of cell expansion. If the latter is true at the 

cotton fiber tip, we predict that inhibiting cellulose synthesis with isoxaben (Heim et al., 1990) 

will induce cell swelling similar to colchicine. Previously, fiber cell swelling was demonstrated 
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by Vaughn and Turley (2001) after applying isoxaben to younger ovules. They applied inexactly 

defined concentrations of isoxaben (between 10 nM to 10 µM) to 0 DPA G. hirsutum cv. DPL 

5690 ovules and observed abnormal swelling of fiber initials that were distinctly and uniformly 

spherical in appearance. Pectin and callose concentrations also increased, likely as a means to 

compensate for the loss of cellulose or, for callose, as a stress response. Additionally, 

ultrastructural analysis coupled with immunolabeling revealed that fibers had replaced the entire 

cell wall with an elaborated version of the pectin sheath, as compared to control fibers. 

Expanding upon our previous experiments, we wanted to examine whether or not fiber 

diameter was constrained by microtubules exerting their effect through control of cellulose 

synthesis or through another mechanism. We cultured 1 and 2 DPA Gh and Gb ovules with and 

without isoxaben, a preemergence herbicide that inhibits cellulose biosynthesis by inducing a 

clearance of cellulose synthase complexes from the plasma membrane (Paredez et al. 2006b). To 

pin-point a more specific timing of morphological control, 1 DPA was added to our analysis, 

given emerging data that tip refinement may occur prior to 2 DPA. Fiber tip diameter was 

measured at the apex and 20 µm, 40 µm, and 80 µm behind it 48h after treatment on 1 or 2 DPA, 

implying that measurements were made on 3 or 4 DPA, The effects of isoxaben were analyzed 

on each day and the two isoxaben treatments were compared to each other. Then, the effects of 

isoxaben were compared to those of colchicine at both 1 DPA (data from Dr. Ben Graham) and 2 

DPA (Pierce et al., 2019). Each of the comparisons was done for each tip type. The results 

showed that by 2 DPA, the effects of isoxaben and colchicine were similar with moderate 

swelling observed in most cases. In contrast, a differential response to the two inhibitors was 

observed at 1 DPA, with colchicine often causing greater swelling. Therefore, in this early stage 

of tip shape formation, microtubules are likely acting through multiple cellular processes, 
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including cellulose synthesis, to constrain tip diameter. Later, microtubules may act mainly 

through their impact on cellulose synthesis.  

Materials and methods 

Plant growth 

Seeds were hand-ginned to remove fiber and either germinated in soil or on a wet paper 

towel (30°C, dark) prior to transplanting. Young plants were grown in 4.5-L pots in a 1:2 (v/v) 

mixture of Redi-earth Plug and Seedling Mix (product no. F1153; Sun Gro Horticulture Canada) 

and gravel (no. 16, construction grade). Plants were grown to 4-6 weeks old in a growth chamber 

with a 26/22°C day/night cycle (12h/12h) with 290 µmol m -2 s -1 light intensity (near the 

middle of the plant) from fluorescent bulbs. Then, they were transferred to a greenhouse with the 

same temperature cycle and grown to maturity. In the greenhouse between about mid-October 

and mid-March, day length was supplemented to approximately 12 h with 1000W metal halide 

lights. The frequency of watering with Hoagland’s solution 

(https://phytotron.ncsu.edu/procedural-manual/) changed with the age of the plants: three times a 

week for the first four weeks, then daily for two weeks, then twice daily after six weeks. 

Cotton ovule culture and isoxaben treatment 

Bolls were harvested at 1 or 2 DPA. The standard culturing time was between 9 and 11 

am. Extra cultures from the same bolls were set up to run until 8 DPA in order to: (a) verify that 

controls performed as expected when measurements of treated fibers were made; and (b) easily 

measure effects of inhibitors on early fiber elongation. Bolls were surface sterilized in 12.5% 

Clorox bleach containing 0.01% (v/v) Triton X-100. The ovules were dissected and floated on 

modified Beasley and Ting medium (BT; Beasley and Ting, 1973), as described previously 

(Singh et al. 2009). The sole carbon source was 120 mM glucose, and 0.5 µM GA 3 and 5.0 µM 
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IAA were added from filter-sterilized stocks after autoclaving. The complete medium was stored 

(dark, RT) for no more than two weeks. For G. barbadense, 15.2 µM fluridone was added to the 

medium to enhance ovule success and fiber elongation (Pierce et al., 2019). Each well of 6-well 

tissue culture plates (Corning, Inc., #353046) contained 10 ml of medium that was pre-warmed 

(1h, 30°C) before six ovules (randomized from three to four ovaries of different plants) were 

added. Isoxaben (Sigma, CAS # 82558-50-7) was optionally added to the medium from a 0.1 

mM stock in DMSO to make final concentrations of 10, 25, and 50 nM. Cultures were incubated 

at 30°C in the dark until the targeted harvest date.  

Fiber length and tip shape analysis 

When needed, the ovules were fixed in HistoChoice Tissue Fixative (AMRESCO Inc, 

Solon, Ohio) and stored at 4°C for later analysis. Prior to length measurements, 8 DPA fibers 

were relaxed by vigorous shaking (30-60 sec) in hot (80°C) 0.025N HCl. After cooling, the 

attached chalazal fiber was straightened on a slide using a gentle stream of water prior to 

measurement of the main fiber halo using a digital micrometer. Fragments of the chalazal end of 

fixed ovules with attached fiber were digitally photographed using a light microscope. The FIJI 

image processing package (Schindelin et al. 2012) was used to measure apical diameter [via the 

diameter of curvature (DOC) of the apex] and tip diameter at 20 µm, 40 µm and 80 µm behind 

the apex. For Gh tips, the apical diameters were used as a main classifier of tip type, with 9 μm 

as the demarcator between Gh tapered and Gh hemisphere tips before and after treatment. The 

tips with 7 - 10 µm diameter were all confirmed visually to be in the right class, with pointed or 

blunt apices, respectively. 
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Microtubule immunofluorescence 

Microtubule detection via indirect immunofluorescence was performed mainly as 

previously described (Pierce et al., 2019) with some modifications. Antibody penetration was 

enhanced by pectinase digestion at 30°C in pH 5.5 microtubule stabilizing buffer made with 

MES instead of PIPES. Microtubule staining was also improved by incubating at 30°C versus 

room temperature. The use of 4% formaldehyde with 0.1% glutaraldehyde minimized non-

specific, cytoplasmic, fluorescence associated with fixation of 1 and 2 DPA fibers with 1% 

glutaraldehyde. Microtubule preservation was similar in either fixative. Observations were made 

on control and isoxaben-treated fibers growing on ovules cultured at 2 DPA and observed at 4 

DPA. 

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 0.46 or 0.22 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. 

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, and ‘X’ denotes the mean. 

Statistical analysis was done with Excel supplemented with the Real Statistics Resource Pack 

software (Zaiontz, 2019). When diameter measurements were not normally distributed or lacked 
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equal variance, 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 or Mann-Whitney U tests. Significant differences were 

then associated with the corresponding untransformed data depicted in the figures. 

Results 

Distinct fiber tip morphology is present by 3 DPA on Gh and Gb cultured ovules 

Gh has two distinct fiber tips, a narrow tapered tip and a larger hemisphere tip, while Gb 

has only a single narrow tip similar to Gh tapered (Stiff and Haigler 2016, Pierce et al., 2019). 

As measured at 3 or 4 DPA, the diameter of each tip type progressively increases from the apex 

to 80 μm behind the apex. The three tip types have different diameters at each measured location 

on 3 or 4 DPA (Fig. 1a-d; Table 1, 2). The apices of Gh hemisphere tips were widest, and the 

narrow Gh tapered tips were 29.6% or 30.1% wider than the Gb apices at 3 or 4 DPA, 

respectively. For the narrow tip types (Gb and Gh tapered), diameter decreased between 3 and 4 

DPA with similar magnitude at all locations measured (maximum of about 20% decrease), 

whereas no significant change was observed in the Gh hemisphere tips (Table 3). Notably, the 

apical diameters did not change or slightly shrank behind the apex in this time interval for all 

three tip types.  

Adding isoxaben reduces Gh fiber length and alters fiber and ovule morphology 

To determine an isoxaben concentration for further use, we first tested the effects of 10, 

25, and 50 nM isoxaben on Gh ovule performance in culture (Fig. 2 a-e). As compared to the 

control (Fig. 2 a), 10 nM isoxaben added on 2 DPA mildly disrupted ovule morphology by 4 

DPA, while a fiber halo was still observed (Fig. 2 b). Ovules were more swollen and distorted in 

25 and 50 nM isoxaben, with almost no fiber observable (Fig. 2 c, d). Measurement of fiber 
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length on 8 DPA showed that 10 nM isoxaben hindered fiber elongation by 30.2% (p<0.001), 

while 25 nM isoxaben stopped elongation completely (Fig. 2 f). The control fiber length was 

similar to previously published results (p=0.4; Pierce et al., 2019), demonstrating normality of 

the untreated cultures. Images showing longer fiber on control and 10 nM isoxaben-treated 

ovules are in Figure 3 a, b, along with short fiber in 25 nM or 50 nM treatments (Fig. 3 d, e). 

Fiber swelling occurred in each treatment, while elongation only continued in 10 nM isoxaben 

(Fig. 3 c). The fibers in 25 nM or 50 nM treatments had similar length to untreated control fibers 

prior to culturing (Fig. 3a), but they were swollen. Similarly, treatment of 2 DPA Gb ovules with 

25 nM isoxaben resulted in ovule swelling and no fiber elongation (Fig. 2e). 

Isoxaben treatment caused Gh and Gb fiber tips to swell with variances in timing and between 

tip types 

A 10 nM isoxaben concentration was used in further work because fiber elongation 

continued while swelling was observed. Isoxaben was added at either 1 or 2 DPA. Images and 

measurements of fiber tip diameter were made 48 hours later, on either 3 or 4 DPA (Table 1 and 

2, Fig. 4 and 5). As compared to the control (Fig. 4 a, c), Gb ovules treated with 10 nM isoxaben 

on 1 or 2 DPA (Fig. 4 e, g) were similar. Fiber swelling was apparent after measurements for 2 

DPA treatments only. Swelling, however, was immediately observed after visual inspection in 

isoxaben-treated Gh fibers (Fig. 4 f, h) at either DPA. Colchicine images will be discussed later. 

When isoxaben was applied at 1 DPA, Gb fibers were unaffected and resembled control fibers 

(Fig. 5 a). In Gh tapered fibers, tips only significantly swelled in diameter basally, 40 μm and 80 

μm behind the apex (Fig. 5 c). Gh hemisphere fibers, however, significantly swelled in diameter 

at each location measured (Fig. 5 e). In both Gh tapered and hemisphere fiber tips, the greatest 

average swelling occurred 80 μm behind the apex, either 13% or 28.1%, respectively. 
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When isoxaben was applied at 2 DPA, Gb fibers significantly swelled at each location 

with the greatest percentage increase, 23.6%, occurring at the apex (Table 2, Fig. 5 b). Similar to 

1 DPA, tips in Gh tapered fibers only significantly swelled in diameter basally, 40 μm and 80 

μm behind the apex (Fig. 5 d) while hemisphere fibers significantly swelled in diameter at each 

location measured (Fig. 5 f). Again, the greatest swelling occurred 80 μm behind the apex, either 

25.4% or 29.6% for tapered or hemisphere tips, respectively. 

These changes in average diameter occurred within populations of fiber that retained 

unimodal or bimodal distributions, for Gb and Gh, respectively, similar to the controls (Fig. 6). 

For Gh 3 DPA isoxaben-treated ovules, the fiber tips retained a bimodal apical diameter 

distribution similar to control tips (71.8% tapered and 28.3% hemisphere in controls versus 

52.1% tapered and 47.9% hemisphere in treated tips). The apical diameters of isoxaben-treated 

Gb tips remained unimodal like controls (Fig. 6 a, b). For Gh 4 DPA isoxaben-treated ovules, 

tips also retained a bimodal apical diameter distribution similar to control tips (65.7% tapered 

and 34.3% hemisphere in controls versus 54.4% tapered and 45.6% hemisphere in treated tips). 

The apical diameters of Gb tips treated with isoxaben on either DPA remained unimodal like 

controls (Fig. 6 c, d).  

Percent changes in tip shape were used to compare the magnitudes of effects of isoxaben 

treatment applied at 1 or 2 DPA and measured at 3 or 4 DPA (Fig. 7). Uniquely, Gb had the 

greatest change in the extent of isoxaben induced swelling between treatments days at each 

location, with the greatest effect observed for the 2 DPA treatment (Fig. 7 a). To the contrary, in 

Gh isoxaben treatments, the magnitude of swelling was relatively unchanged between treatments 

at 1 or 2 DPA (Fig. 7 b and c). The only significant change (p = 0.02) in the magnitude of 

swelling occurred in Gh tapered fibers at the farthest location measured, 80 μm behind the apex 
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(Fig. 7 b). By comparison, this suggests that cellulose and cellulose microfibrils play a greater 

role in constraining morphology in Gb treated fibers at 2 DPA as opposed to treatment at 1 DPA. 

Conversely, tip diameter in Gh fibers appeared to be fixed by 1 DPA and fibers respond, for the 

most part, similarly when treated either at 1 or 2 DPA. 

Tip swelling induced by isoxaben was less than colchicine when treatments occurred at 1 DPA  

The data for colchicine treatments at 2 DPA were modified from Pierce et al. (2019). 

Additional locations of 20 µm and 80 µm behind the apex were added so that complete statistical 

comparisons could be performed. Similarly, 200 µm data were excluded. Dr. Ben Graham 

contributed the data for 1 DPA colchicine treatments (Graham et al., in preparation for 

publication). Images and measurements of fiber tip diameter were made 48 hours later, on either 

3 or 4 DPA colchicine treated ovules(Fig. 4 i – l). As compared to the controls, fiber swelling 

was apparent prior to measurements at either DPA. Fibers often appeared bulged or became 

wavy. Comparisons of percentage changes in tip diameter in the presence of colchicine and 

isoxaben were performed to assess to what extent microtubules exert control through cellulose 

synthesis or other processes. 

When treatments at 1 DPA were compared, colchicine generally caused a greater 

magnitude of swelling as compared to isoxaben in all three tip types (Fig. 8 a, c, e). However, in 

two of the three cases (Gh tapered and hemisphere), there was no difference in the magnitude of 

swelling at the apex when treated with isoxaben or colchicine: swelling only occurred behind the 

apex. Colchicine-treated Gb fibers had a greater degree of swelling as compared to isoxaben at 

each location (Fig. 8 a). By contrast, Gh tapered (Fig. 8 c) and hemisphere tips only had a 

statistically greater magnitude of swelling with colchicine behind the apex, though the difference 

at 80 µm behind the apex in hemisphere fibers was not statistically significant (Fig. 8 e). 
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Conversely, when treatments are compared at 2 DPA, in any tip type, isoxaben treatment 

generally resembled colchicine treatment, notwithstanding two relatively small differences (see 

asterisks in Fig. 8 b, d, f). 

Isoxaben treatment altered microtubule organization 

Indirect immunofluorescence using an antibody to tubulin showed that microtubule 

organization was altered in fibers that were cultured at 2 DPA in the presence of 10 nM isoxaben 

and imaged at 4 DPA. Isoxaben generally caused microtubules to adopt different and/or more 

random orientations as compared to the well-organized perpendicular microtubule arrays in 

untreated tips (Fig. 9). These results are considered preliminary pending more images being 

collected, but the altered microtubule patterns after isoxaben treatments are not characteristic of 

controls that have been examined in depth (Dr. Ben Graham, personal communication). 

Discussion 

Cotton fiber cell morphogenesis is not clearly understood. Though cortical microtubule 

can contribute towards mechanical properties, they can also regulate the orientation of cellulose 

fibrils. Given this relationship, and knowing that abolishing microtubules with colchicine 

changes fiber diameter, we hypothesized that inhibiting cellulose synthesis will cause a change in 

fiber diameter and induce cell swelling similar to colchicine. Here, we showed that addition of 

isoxaben, a cellulose biosynthesis inhibitor, resulted in cotton fibers with a marked reduction in 

fiber length (or completely arrested fiber development at higher concentrations) and swollen 

fibers. Fiber swelling, however, varied by day of treatment or by location. Gb only swelled in 

isoxaben when treated at 2 DPA, but remained unaffected 24hrs earlier. When treated at either 1 

or 2 DPA, Gh tapered fibers only swelled basally (40 µm – 80 µm), whereas Gh hemisphere 

fiber swelled throughout tip. The apical diameters of isoxaben-treated Gb or Gh tips remained 
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unimodal or bimodal, respectively, like their controls regardless of being treated at 1 or 2 DPA. 

This emphasizes the relatively small changes in fiber tip shape induced by isoxaben.  

Comparing the percent changes of fiber tip diameter in the presence of isoxaben when 

applied at 1 DPA versus 2 DPA, Gb had the greatest magnitude of swelling when treated at 2 

DPA (9.5-23.6% swelling), whereas the small changes measured at 1 DPA were not significant. 

Gh tapered tips only showed a substantial difference relative to isoxaben treatment time at 80 

µm (+8.9% or +13.0% swelling, respectively, for 1 DPA versus 2 DPA). Gh hemisphere tips 

swelled similarly at all locations when treated at 1 DPA (18.6-28.1%) or 2 DPA (19.2-29.6%).  

When the effects of isoxaben are compared to colchicine, all three tip types are more 

strongly affected by colchicine at 1 DPA, whereas a similar response pattern occurred between 

the two inhibitors at 2 DPA. Colchicine-treated Gh tapered tips had the smallest magnitude of 

swelling at the apex (+1.2% average change in diameter), whereas they swelled substantially 

behind the apex (+44.8-66.5%). Similarly, Gh hemisphere tips had a similar degree of swelling at 

20 µm and 40 µm behind the apex (+45.3% and +44.8%, respectively). In both Gh fiber tip 

types, the magnitude of swelling at the apex were similar when treated with colchicine or 

isoxaben and had the greatest swelling behind the apex when treated with colchicine. In contrast, 

Gb tips treated with colchicine had the greatest swelling at the apex (+39.3%), while swelling 

was less behind the apex (+10.6-21.7%). 

The immunofluorescence data showed that isoxaben treatment can alter the organization 

of microtubules (Fig. 9). Although we have not yet analyzed the direct effects of isoxaben 

treatment on cellulose content or distribution, the changes in microtubule organization support an 

effect on cellulose synthesis. Similarly, Paredez et al. (2008) showed that 100 nM isoxaben 

disrupted microtubules in MAP4-GFP Arabidopsis seedlings after 2.5 h treatment, resulting in 
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oblique and longitudinally organized microtubules. Coupled with their exogenous degradation of 

cellulose with cellulase R10 that did not alter MT orientation, they conclude that active cellulose 

synthesis influences cytoskeletal organization. Isoxaben demonstrates a similar effect to 

colchicine (a loss of diametric control and disruption of microtubules) when cellulose synthesis 

is inhibited when treated at 2 DPA and analyzed at 4 DPA. Conversely, when treated a day 

earlier, isoxaben induces swelling to a lesser degree as compared to colchicine. This suggests 

that microtubules play a greater role in constraining diameter in early fiber development as 

compared to cellulose. These results seem to support our original hypothesis; however, we 

cannot say that isoxaben effects are directly related to cellulose synthesis as MTs are also 

disrupted. 

Perturbation of cytoskeletal elements and structural components, such as microtubules 

and cellulose microfibrils, respectively, have begun to characterize how cellular morphogenesis 

occurs in cotton fibers; disruption of either typically causes fibers to swell. However, 

understanding how this biology determines fiber diameter requires further progress. Ultimately, 

this research would be useful to help change fiber quality on the commonly grown Gh in ways 

that would make it similar to the more desirable (i.e. smaller diameter) Gb fiber. 
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Table 1 Median and mean diameters at four locations for three types of control (-Isox) or isoxaben-treated (+Isox) fiber tips treated 

at 1 DPA and measured at 3 DPA. 

 

                                                                          apex   20 µm   40 µm   80 µm  

Tip  

types 

 -Isox 

(µm) 

+Isox 

(µm) 

%  

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

G
b
 

Median 4.73 4.87 5.56 8.38 7.90 -4.62 10.21 9.85 -4.03 12.66 12.08 -3.76 

Mean 4.77 4.99 4.75 8.42 7.99 -5.11 10.39 9.80 -5.66 13.06 12.18 -6.72 

STD 1.14 1.22  1.42 1.28  1.98 1.55  3.09 1.94  

G
h
 

ta
p
er

ed
 Median 6.02 6.31 6.32 9.60 10.00 7.48 11.74 12.22 8.89 14.97 16.21 12.14 

Mean 6.17 6.40 3.65 9.60 10.32 7.47 11.74 12.79 a 8.94 14.86 16.79 b 13.02 

STD 1.37 1.28  1.68 2.23  2.12 3.02  2.58 4.47  

G
h
  

h
em

is
-

p
h
er

e 

Median 11.47 13.18 26.32 15.72 17.53 17.92 17.69 19.78 20.12 20.11 23.95 28.47 

Mean 11.83 14.48 c 22.45 15.63 18.54 c 18.62 17.70 21.25 c 20.00 20.16 25.84 c 28.13 

STD 1.89 4.73  2.32 5.03  2.70 5.98  2.79 7.34  

 

Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Isox compared to -Isox 

for each tip type and location: a, p < 0.05; b, p < 0.01; and c, p < 0.001.  Information on statistical analysis and replication is in the 

legend of Figure 5. 
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Table 2 Median and mean diameters at four locations for three types of control (-Isox) or isoxaben-treated (+Isox) fiber tips treated 

at 2 DPA and measured at 4 DPA. 

 

                                                                          apex   20 µm   40 µm   80 µm  

Tip  

types 

 -Isox 

(µm) 

+Isox 

(µm) 

%  

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

-Isox 

(µm) 

+Isox 

(µm) 

% 

change 

G
b
 

Median 4.30 5.45 26.45 6.93 7.41 10.74 8.09 9.18 12.41 10.40 11.50 12.03 

Mean 4.40 5.44 c 23.63 6.97 7.67 c 10.05 8.31 9.10 c 9.50 10.64 11.65 b 9.46 

STD 1.08 1.15  0.90 1.08  1.11 1.36  1.66 2.24  

G
h
 

ta
p
er

ed
 Median 5.73 5.16 -6.18 8.01 7.85 2.89 9.11 10.18 16.29 11.27 14.15 29.70 

Mean 5.72 5.38 -5.99 8.14 8.24 1.25 9.52 10.59 c 11.25 11.66 14.62 c 25.39 

STD 1.69 1.63  2.02 1.89  2.22 1.96  2.57 3.21  

G
h
  

h
em

is
-

p
h
er

e 

Median 11.47 12.32 23.23 14.39 16.78 23.60 16.27 18.72 23.77 18.57 23.09 31.37 

Mean 11.86 14.13 b 19.17 14.79 17.78 c 20.26 16.54 20.14 c 21.73 18.83 24.40 c 29.59 

STD 2.09 4.68  2.36 5.22  2.60 5.96  3.19 7.95  

 

Superscript letters indicate significant differences between the means (with standard deviation, STD) for +Isox compared to -Isox 

for each tip type and location: a, p < 0.05; b, p < 0.01; and c, p < 0.001. Information on statistical analysis and replication is in the 

legend of Figure 5. 
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Table 3 Average percent changes in tip diameter of untreated fibers 

between 3 and 4 DPA at three locations for three tip types. 

Tip types apex 20 µm 40 µm 80 µm 

Gb -7.7 ns -17.3 c -20.0 c -18.1 c 

Gh tapered -7.4 a -15.2 c -18.9 c -21.6 c 

Gh hemisphere +0.2 ns -5.4 ns -6.6 ns -6.6 ns 

 

Percent changes between 3 and 4 DPA were calculated from mean 

fiber diameters in Tables 1 and 2. Differences in the data points 

were assessed using Welch’s ANOVA. The ANOVA outcomes 

were as follows: F(7,386.49) = 347.54 (Gb),  F(7,523.52) = 340.64 (Gh 

tapered), and  F(7,239.67) = 112.45 (Gh hemisphere).  ns, p > 0.05; a, p 

< 0.05; b, p < 0.01; and c, p < 0.001 (determined by the Games 

Howell test). 
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3 DPA 4 DPA 

a. b. 

  
c. d. 

  
 

Figure 1: Diameter of control Gb and Gh fiber tips at the apex and 20, 40, and 80 μm behind 

the apex. Ovules were cultured at 1 or 2 DPA and analyzed 48h later at (a, c) 3 DPA or (b, d) 

4 DPA. Alternate forms of presenting the control data from Tables 1 and 2 are shown in (a, c) 

and (b, d). By 3 DPA, each tip type had a distinct diameter at each corresponding location 

measured (p < 0.0001); grouping for c-d are shown in a-b. The diameter increased behind the 

apex in all three tip types. In (a, b), an ‘x’ denotes the mean, empty circles denote outliers. 

Means with a common letter do not differ significantly. In (c,d), error bars are 95% 

Confidence Intervals, which are sometimes within the marker space. (a-d) Differences 

between groups were assessed using Welch’s ANOVA [for a, c p < 0.0001, F(11,457) = 556.55; 

for b, d p < 0.0001, F(11,472) = 442.71] followed by the Games Howell test. Replication 

information is found in the legend of Figure 5. 
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a. 8 DPA Gh control b. Gh, 10 nM isoxaben f. 8 DPA Gh 

  

 

c. Gh, 25 nM isoxaben d. Gh, 50 nM isoxaben 

  
e. Gb, 25 nM isoxaben  

Figure 2: Isoxaben effects on cultured Gh (a-d) and Gb (e) ovule 

morphology and Gh fiber length (f). Ovules were cultured at 2 DPA 

and analyzed at 8 DPA. (a-e) Representative micrographs of whole 

ovules, showing a halo of fiber only in the Gh control and 10 nM 

isoxaben-treated Gh ovules (outlined with a white line). Fiber 

elongation was arrested by 25 or 50 nM isoxaben. (e) Fiber elongation 

was also arrested in Gb ovules treated with 25 nM isoxaben. (f) 10 nM 

isoxaben inhibited Gh fiber elongation compared to controls (Mann–

Whitney U test; U = 15, p = 0.0004). The ‘x’ for 25 nM and the 

dashed line indicate the average 160 µm fiber length in planta at 2 

DPA when the ovules were cultured. Box plot labeling is like Fig. 1. 

Fiber on n = 12 ovules (from 4 replicates within 2 trials) was 

measured.  
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 a. 2 DPA control b. 4 DPA control c. 10 nM isoxaben 4 DPA 

   
 d. 25 nM isoxaben 4 DPA e. 50 nM isoxaben 4 DPA 

 

  
 

Figure 3: Micrographs of Gh fibers showing effects of isoxaben treatment. (a) A 2 DPA ovule 

with short chalazal fibers, representing the starting point of cultures. (b - e) Fibers on 4 DPA 

Gh ovules after 48 hours of 10, 25, of 50 nM isoxaben treatment (c-e) as compared to the 

control (b). (c) Limited fiber elongation continued on the 10 nM isoxaben-treated ovules. 

Isoxaben caused swelling in at least some tips. (d - e) In higher isoxaben concentrations, non-

elongating fibers swelled more frequently at the base. The 100 µm scale bar in (b) applies to 

all images. 
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Figure 4: Representative micrographs of Gb and Gh fibers on untreated control (a – d) and 10 

nM isoxaben (e – h) or 50 µM colchicine (i – l) treated ovules. Ovules were cultured at 1 or 2 

DPA and optionally treated with isoxaben or colchicine and imaged at 3 or 4 DPA, 

respectively. Gb controls have a single tip type whereas Gh fiber have distinct tapered and 

hemisphere tips. (e, g) Isoxaben-treated Gb fibers showed little or no effect, whereas 

colchicine-treated fibers (i, k) appear swollen and wavy either at 3 or 4 DPA, respectively. (f, 

h) Isoxaben-treated or (j, l) colchicine-treated Gh fibers have larger and swollen tips as 

compared to the untreated controls. The 20 µm scale bar in (l) applies to all images. Colchicine 

micrographs in i-l were contributed by Dr. Ben Graham. 
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Figure 5: Quantitation of the effects of isoxaben on the diameter of three cotton fiber tip types. 

Ovules were cultured at 1 or 2 DPA and measured 48 later at 3 DPA (a, c, e) or 4 DPA (b, d, f). 

Controls without isoxaben are shown in white plots, and treatments with 10 nM isoxaben are 

shown in grey plots. Tip diameters were measured at four locations: the apex and 20 μm, 40 μm, 

and 80 μm behind the apex. (a, b) Gb fiber tips: 3 DPA isoxaben-treated fibers remained similar 

to the untreated controls; however, at 4 DPA, fibers swelled at each location with the greatest 

(23.63%) increase in diameter at the apex. (c, d) Gh tapered fiber tips: isoxaben-treated fibers at 

either DPA swelled behind the apex (40 µm and 80 µm) with the greatest increase in diameter 80 

μm behind the apex (13.03% or 25.39%, respectively, for 3 or 4 DPA). (e, f) Gh hemisphere 

fiber tips: isoxaben-treated fibers at either DPA swelled at each location, with the greatest 

increase in diameter 80 μm behind the apex (28.13% or 29.59%, respectively, for 3 or 4 DPA). 

Box plot labeling is like Fig. 1. Statistical analysis was conducted on LOG10 transformed data. 

Differences in the control versus treatment at each location for each tip type were assessed using 

Welch’s ANOVA and the Games Howell test. Asterisks indicate significant differences *, p < 

0.05; **, p < 0.01; and ***, p < 0.001. The ANOVA outcomes were as follows: (a) F(7,388) = 

342.01, (b) F(7,407) = 311.32, (c) F(7,486) = 417.88, (d) F(7,438) = 219.52, (e) F(7,295) = 124.08, and 

(f), F(7,291) = 80.96. For 3 DPA, measurements derived from 11-12 replications over 2-3 trials 

with n=125-172 or 68-115 for Gh tapered or hemisphere, respectively, and n=110-120 for Gb. 

For 4 DPA, measurements derived from 10 replications over 3 trials with n=118-142 or 74-99 

for Gh tapered or hemisphere, respectively, and n=120 for Gb.
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1 to 3 DPA 2 to 4 DPA 

a.  b. 

  
c. d. 

  
e. f. 
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Figure 6: Distribution of apical diameters at 3 or 4 DPA in three tip types after culture on 1 or 

2 DPA in control (a, b) and 10 nM isoxaben-treated cultures (c, d). (a-d) After isoxaben 

treatment at either day, the Gb fiber tips retain a unimodal distribution of apical diameters 

similar to the control. Similarly, Gh fiber tips retain a bimodal distribution similar to that of 

tapered and hemisphere tips in the control, although a few more large apices are observed. 

(Values for five even larger Gh hemisphere tips are not shown.) Replication information is 

described in the legend of Figure 5. 
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a. b. c. 

   
 

Figure 7: Comparison of percent changes in fiber tip diameter in three tip types after 10 nM 

isoxaben treatment at 1 or 2 DPA. Measurements were made 48h after culturing at 3 or 4 

DPA. (a) Gb fibers are more affected by isoxaben when treatment was applied at 2 DPA as 

opposed to 1 DPA. (b, c) Both types of Gh fiber tips responded similarly to isoxaben on both 

treatment days, with only one significant difference observed (b). Differences in the data pairs 

at each location for each tip type were assessed using Welch’s ANOVA and the Games 

Howell test. Asterisks indicate significant differences *, p < 0.05; **, p < 0.01; and ***, p < 

0.001. The ANOVA outcomes were as follows: (a) F(7,407) = 35.97, (b) F(7,412) = 13.79, and (c) 

F(7,360) = 1.26. Replication information is described in the legend of Figure 5.  
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Figure 8: Comparison of effects of isoxaben and colchicine in three tips types after culture on 1 

or 2 DPA. Percentages reflect changes in fiber tip diameter at 3 DPA (a-c) or 4 DPA (d-f) in 10 

nM isoxaben or 50 µM colchicine as compared to the control. (a, c, e) When cultured at 1 DPA, 

all three tip types were more strongly affected by colchicine as compared to isoxaben. (b, d, f) 

When cultured at 2 DPA, all three tip types showed a similar response to both inhibitors. 

Differences in the groups were assessed using Welch’s ANOVA followed by the Games Howell 

test. Asterisks indicate significant differences *, p < 0.05; **, p < 0.01; and ***, p < 0.001. The 

ANOVA outcomes were as follows: (a) F(7,441) = 27.34, (b) F(7,574) = 7.22, (c) F(7,307) = 15.58, (d) 

F(7,392) = 21.28, (e) F(7,434) = 8.92, and (f), F(7,335) = 3.05. See the legend of Figure 5 for replication 

information for isoxaben. Dr. Graham contributed the data on colchicine effects (modified in part 

from previously published data in Pierce et al., 2019) that are used for comparison with isoxaben 

data. For individual fiber measurements with and without colchicine at 3 DPA, n = 160-210 for 

Gb or n = 68-172 for Gh tapered and hemisphere from at least 6 replications within 3 trials. At 4 

DPA, n = 120-257 for Gb and n = 87-118 for Gh tapered and hemisphere from at least 6 

replications within 3 trials
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1 to 3 DPA 2 to 4 DPA 

a. b. 

  
c. d. 

  
e. f. 
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Figure 9: Immunofluorescence of microtubules in 4 DPA cultured cotton fibers with and 

without 10 nM isoxaben treatment at 2 DPA. The images show three types of tips: (a, d) Gb; 

(b, e) Gh tapered; and (c, f) Gh hemisphere. Transverse microtubules occurred in untreated 

fiber tips (a–c), whereas microtubules were typically altered in the treated fiber tips (d–f). 

Scale bar = 20 μm for all images, which were provided by Dr. Ben Graham. 

 

 

 

 

 


