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Abstract 

Cellulose is one of the most important components of plant cell walls for industry and 

plant development. Screening mutants resistant to chemicals that conditionally inhibit 

cellulose synthesis, known as cellulose biosynthesis inhibitors (CBIs), allows us to dissect 

the cellulose biosynthetic process. Using flupoxam resistant (fxr) and isoxaben resistant 

(ixr) mutants, we characterized their response to our novel CBIs. Root length clustering 

showed similar responses and cross-resistance patterns based on mutation location. A 

3-D homology protein model of the cellulose synthases (CESAs) was generated to display 

our alleles. This model contradicted previous models and predicted a protein with 

seven-membrane spanning helices. Transcriptomic profiling of Arabidopsis thaliana in 

response to CBI treatment revealed differential expression of genes related to 

membrane dynamics, stress responses, cellular transporters, and general metabolism. 

Processes containing CESA co-expressed genes shared high overlap with CBI regulated 

processes. Through this study, we uncovered linkages between CESAs and cellular 

processes, discovering new avenues of research into cellulose biosynthesis. 
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Chapter 1 

 

 

1.0 Introduction and Literature Review 

 
It is no secret that in the past 10 years alone, the earth has seen an increase in 

temperature (Hansen et al., 2010; NASA GISTEMP Team, 2018). Various sources of 

consumption, such as the burning of fossil fuels, have led to the increase of greenhouse 

gases in the atmosphere. At current rates of consumption, we are at risk of depleting our 

non-renewable energy stores and entering a path of no return with respect to climate 

change. Just this year, over 15,000 scientists signed a document warning of the 

consequences humanity faces should we continue with the current energy paradigm 

(Ripple et al., 2017). We must now turn to renewable sources of energy to curb the 

increase of greenhouse gases in the atmosphere. One renewable energy source is biofuel. 

Presently, biodiesel and bioethanol can be used in internal combustion engines, making 

the switch from fossil fuels to this renewable resource much easier. Traditionally, 

biofuels are generated from the starch rich biomass of plants. Unfortunately, this has 

raised controversy due to their impact on food production. This issue could be solved by 

transitioning to cellulose-based feedstocks instead of starch-based feedstocks for biofuels. 

 Cellulose is the main constituent of plant cell walls, making it the most abundant 

biopolymer on earth (Klemm et al., 2005). Biofuel production using cellulose is desirable 

because the biomass feedstock can be harvested without affecting food production. The 

use of cellulose goes beyond that of just biofuels. It is used as a feedstock in many 
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industries including textiles, foodstuffs, and insulation, and also shows promise in 

electronics (Klemm et al., 2005; Du et al., 2017). Even with the high potential of 

cellulosic biofuels, there are shortcomings. Indeed, the current processing of cellulosic 

biofuel results in negative energy production (Zhu and Pan 2010; Hill et al., 2016). 

 

In the following review, I will briefly discuss our current knowledge pertaining to 

the well characterized cellulose synthase (CESA) interacting proteins, their place in 

phytohormone signaling, and about herbicides used in the exploration of cellulose 

biosynthesis. 

  

 

1.1 The Plant Cell Walls are Composed of a Complex Network of Biopolymers 

The plant cell wall is a complex and defining feature of land plants. Without cell 

walls, plants would lose their ability to maintain their structure against gravity and 

instead grow as flat pancake-like structures. The biopolymer cellulose is one of the most 

structurally important components in plants and is responsible for much of their strength 

(Cosgrove, 2005). Cellulose is an unbranched carbohydrate polymer consisting of many 

β-1,4 linked D-glucan chains that form together into a semi-crystalline structure through 

hydrogen bonding (Nishiyama et al., 2002; 2003). Cellulose forms naturally as type Iα and 

Iβ, with the native Iβ being the most abundant in higher plants (Klemm et al., 2005; 

Kovalenko, 2010). Together with hemicelluloses, a broad category of different 

polysaccharides containing β-1,4 glycosidic linkages (Reviewed by Scheller and 

Ulvskov, 2010), and pectins, diverse and complex polysaccharides which function to hold 

cells together in the middle lamella (Harholt et al., 2010), cellulose forms into the 
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malleable primary cell wall (Cosgrove, 2005). Together with lignin, a phenolic 

biopolymer produced from the oxidative coupling of p-coumaryl, coniferyl, or sinapyl 

alcohols (Feofilova and Mysyakina, 2016), and hemicelluloses, it forms the rigid 

secondary cell wall (Cosgrove, 2005). The presence of lignin in the secondary cell wall is 

significant because it drastically reduces the porosity of the cell, allowing much greater 

osmoregulation and increased resistance to pathogens (Cano-Delgado et al., 2003; 

Tronchet et al., 2010). 

 

1.2 Cellulose Synthesis Requires the Intricate Association of a Functionally Diverse 

Array of Proteins 

 Although cellulose was discovered in 1838 by Anselme Payen, the exact 

mechanism by which it is synthesized is not entirely understood. What is currently 

known, however, is that synthesis of cellulose in cell walls is carried out by a family of 

type-II glycosyltransferases known as cellulose synthases (CESAs; Somerville, 2004). 

The primary cell wall cellulose is synthesized during the initial stages of development by 

CESAs 1, 3, and 6 (Desnos et al., 1996; Ariloli et al., 1998; Fargard et al., 2000; Scheible 

et al., 2001), while the secondary cell wall is synthesized by CESAs 4, 7, and 8 (Turner 

and Somerville, 1997; Taylor et al., 1999; 2000; 2002). CESA 2, 5, and 9, which share 

partial redundancy with CESA6, also synthesize primary cell wall cellulose (Persson et 

al., 2007), Together with a vast array of other proteins, CESA proteins interact to form 

cellulose synthase complexes (CSCs) to synthesize cellulose at the plasma membrane and 

deposit it into the apoplast (Somerville, 2004). 
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Even though the Cellulose Synthase Complex (CSC) is responsible for cellulose 

formation, the exact composition of the complex remains elusive. The first notion of CSC 

structure came from freeze-fracture scanning electron microscopy, which revealed 

rosette-like complexes in cellulose synthesizing plant cells (Mueller and Brown, 1980; 

Haigler and Brown, 1986). Through immunogold labeling, constituents of these cellulose 

synthesizing rosettes were found to be CESAs (Herth, 1983; Kimura et al., 1999). Early 

models suggested 36 CESAs are arranged into these rosettes, with each rosette subunit 

containing 6 CESAs at a ratio of 2:3:1 CESAs 1, 3, and 6, respectively (Delmer, 1990). 

This idea has recently come under review with new evidence suggesting each rosette lobe 

consists of a trimer rather than hexamer (Gonneau et al., 2014; Vandavasi et al., 2016; 

Nixon et al., 2016). With a combination of wide angle X-ray and neutron scattering 

methods as well as vibrational and nuclear resonance imaging on celery collenchyma, 

Thomas et al. (2013) estimated 18-24 glucan chains are made by a single CSC rather than 

36. Consistent with this idea, evidence based on spectral counting quantitative mass 

spectrometry suggested that CESA1, 3, and 6 exist in a 1:1:1 ratio within the CSC 

(Gonneau et al., 2014; Hill et al., 2014). Work by two other groups supports an 18 

subunit CSC (Vandavasi et al., 2016; Nixon et al., 2016). Vandavasi et al. (2016) 

heterologously overexpressed only the catalytic domain of CESA1 in E. coli and 

analyzed them using small angle neutron scattering (SANS), then created a quaternary 

model for the CESAs. They proposed two models: the first predicting that each rosette 

lobe is composed of three different CESAs, while the second predicted each trimeric lobe 

contains only one type of CESA isoform (2016). Support for the trimeric model was also 

found by Nixon et al. (2016), who, through high resolution transmission electron 
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microscopy (TEM), attempted to determine possible folding conformations for the CESA 

subunits. Using a seven transmembrane CESA as their model, they determined only the 

trimer complex of CESAs satisfied the spatial constraints set by the TEM imaging 

(2016). The hexameric model, which has been favoured for years, was not possible. Amid 

these new studies, it seems a shift in understanding is occurring from the hexamer of 

hexamers complex to the hexamer of trimers complex. Intriguingly, primary CESAs are 

able to functionally replace secondary CESAs in vivo (Carroll et al., 2012), raising the 

question, “Is there truly a distinction between primary and secondary CSC?” In spite of 

these revelations, as none of the plant CESAs have been crystallized and modelled, 

simulations rely heavily on the crystal structure of the bacterial cellulose synthase 

(Morgan et al., 2012). Because of the low overall identity between plant CESAs and 

bacterial CESAs, generating an accurate homology model has been quite challenging. 

A paradoxical member of the CSC has been revealed to be a β-1,4 endoglucanase 

conserved across gymnosperms and angiosperms (Zuo et al., 2000; Maloney et al., 2012). 

This protein, KORRIGAN, has been shown to localize to the cell plate, be required for 

proper cellulose synthesis in both primary and secondary cell walls, and be necessary for 

cytokinesis (Nicol et al., 1998; Zuo et al., 2000). Confirming its association with 

cellulose synthesis, KORRIGAN associates with two CESAs as a member of the CSC 

(Vain et al., 2014; Mansoori et al., 2014). Furthermore, studies with the plants carrying 

the KORRIGAN alleles radial swelling2 (rsw2), irregular xylem2 (irx2), and kor1 display 

mutant phenotypes with severely stunted growth, reduced cellulose crystallinity and, in 

some cases, a seedling lethal phenotype (Nicol et al., 1998; Zuo et al., 2000; Lane et al., 

2001; Szyjanowicz et al., 2004). KORRIGAN may be necessary for ordered deposition of 
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cellulose, or for other functions, such as removal of a glucose primer modulation of 

cellulose strand length, or detachment of cellulose from the CSC. Further research into 

these possibilities will provide key insights into KORRIGAN’s function.  

Crystallization of cellulose is also required for normal cell wall structure 

(Schindelman et al., 2001). In this respect, the family of COBRA and COBRA-Like 

proteins may be involved in this process (Schindelman et al., 2001; Li et al., 2003; Liu et 

al., 2013). Originally found in a screen for mutants affecting normal root morphology, 

characterization of cob mutants revealed that functionally, COBRA appears to be 

necessary for ordered deposition of crystallized cellulose strands during active growth 

(Hauser et al., 1995; Schindelman et al., 2001). Supporting this, immunolocalization 

studies have revealed that COBRA localizes to the extracellular side of the membrane 

rather than facing the cytoplasm (Roudier et al., 2005). In addition, the reduced 

mechanical strength mutant BRITTLE CULM1 (BC1) in rice has been characterized as a 

member of the COBRA-Like family (Li et al., 2003; Liu et al., 2013). The bc1 mutations 

result in greatly reduced cellulose crystallinity and increased cellulose deficiency 

compared to wild type. COBRA and COBRA-Like families evidently have a strong 

relation to crystallization of cellulose at the cell wall. Even so, the question remains of 

how this occurs, and if these are the only functions COBRA performs. 

 In addition to the cob mutants, the study by Hauser et al. (1995) found another 

cell wall related gene affecting root morphology they named POM-POM1 (POM1). 

POM1 is a glycosyl hydrolase that has been implicated as an important component of 

stress modulation, root hair formation, normal cell growth, and in cellulose biosynthesis 

(Schneider et al., 1997; Kwon et al., 2007; Sánchez-Rodríguez et al., 2012). Other alleles 
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of the POM1 gene, including ectopic deposition of lignin in the pith (ELP1), chitinase-

like1 (ctl1), and sensitive to hot temperatures2 (hot2), cause ectopic lignification of the 

cell (Zhong et al., 2000; Zhong et al., 2002; Hong et al., 2003). Characterization of the 

ctl1-1 allele revealed abnormal cell morphology in the pith and overproduction of the 

phytohormone ethylene (Zhong et al., 2002). Consistent with this, Zhong et al. (2012) 

showed partial recovery of this mutant by addition of the ethylene inhibitors 

aminoethoxyvinyl glycine and silver. This gene also has a role in heat tolerance, as was 

found by the hot2 alleles of POM1 (Hong and Vierling, 2000; Hong et al., 2003). 

Moreover, the hot2 allele showed increased sensitivity to salt or mannitol addition, 

implying the POM1/CTL1 gene has a role in abiotic stress tolerance (Kwon et al., 2007). 

Additionally, the POM1/CTL1 gene is predicted to also play a large role in cellulose 

biosynthesis itself by modulating the association between nascent cellulose strands and 

hemicelluloses (Sánchez-Rodríguez et al., 2012). Using time average confocal 

microscopy images of fluorescently tagged CESA6 and ctl1-1 lines, Sánchez-Rodríguez 

et al. (2012) showed a marked decrease of CSC velocity at the plasma membrane and 

altered microtubule orientation. Analysis of the ctl1-1 mutant also revealed 

hypersensitivity to the cellulose biosynthesis inhibitors (CBIs) oryzalin and isoxaben 

(ISX). Lastly, Sánchez-Rodríguez et al. (2012) showed a green fluorescent protein (GFP) 

tagged CTL1 protein was found in trans-golgi vesicles, shown to associate with small 

CESA compartment/microtubule associated cellulose synthesizing compartments 

(SmaCCS/MASCs), and was revealed through immunoblotting to be present in the 

apoplastic fraction of the cell. Through their work, the authors of this study proposed a 

role of POM1/CTL1 in cell wall assembly.  
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1.3 Ordered Deposition of Cellulose into the Apoplast Requires Cortical 

Microtubules  

The CSC itself has not to date been shown to directly use energy for movement. 

Instead, it is hypothesized that movement of the complex comes from the incorporation 

of glucose (from UDP-glucose cleavage) into the growing glycan chain, the mechanical 

force generated from this, and stabilization of this process by cortical microtubules 

(Guerriero et al., 2010; Lloyd, 2011). Although they are not explicitly required for 

movement of the CSC across the membrane, through the “microtubule directed” or 

“microtubule alignment” hypothesis, cortical microtubules are believed to facilitate the 

bidirectional movement of CSCs (Paradez et al., 2006). The mediating link between 

CESAs and microtubules was unknown until Gu et al. (2010) identified an isoform of 

POM1/CTL1 they named Cellulose Synthase Interactive1 (CSI1). Based on genetic and 

biochemical analysis, co-localization of microtubules and CSCs is greatly reduced in csi1 

knock-out lines, resulting in decreased cellulose crystallinity (Gu et al., 2010; Li et al., 

2012a). This result was further supported by the POM-POM2 (POM2) alleles of CSI1 

(Bringmann et al., 2012). Fluorescently tagged pom2 mutants, like csi1, show reduced 

colocalization with microtubules and CESAs compared to wild type, reduced CSC 

velocity, as well as reduced cellulose crystallinity (Bringmann et al., 2012). It appears 

that this protein is necessary for ordered deposition and proper function of the CESAs.  

Another CSC related gene, Cellulose Synthase Interactive3 (CSI3), was also 

investigated as an isoform of CTL1/Pom1 and CSI1/Pom2 by Lei et al. (2013). In their 

studies, Lei et al. (2013) showed that fluorescently tagged CSI3 protein colocalized with 
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cortical microtubules and, through a split ubiquitin two-yeast hybrid system, that CSI3, 

like CSI1, directly interacts with primary CESAs. csi3 mutations generated by Lei et al. 

(2013) did not have any apparent phenotypes, but the csi1csi3 double mutants markedly 

reduced the velocity of CSCs across the membrane compared to csi1 alone; indicating 

these components function similarly. Intact CSI3 could not complement csi1 mutations, 

suggesting that CSI3 does not perform the same function as CSI1. The authors speculated 

that CSI3 may perform a supportive role with CSI1 or may act like CSI1 in specific cell 

types.   

 

 
1.4. Cell wall synthesis and its relation to phytohormone signaling  

 
 In plants, just as in humans, tightly regulated control of hormones is necessary 

for proper growth and function. In plants, there are numerous hormones which work 

synergistically or antagonistically to facilitate growth in response to environmental 

conditions (Gray, 2004).  

Of the multitude of phytohormones, gibberellin is considered the initial growth 

hormone required for germination and sustained growth (Davière and Achard, 2013). 

Auxin, which is another very important developmental hormone, acts synergistically with 

gibberellins, enhancing growth (Björklund et al., 2007; Křeček et al., 2009). For example, 

addition of gibberellin increases the rate of polar auxin transport - a process necessary for 

the anisotropic growth of plants (Björklund et al., 2007). PIN-formed (PIN) proteins are a 

class of transporters that act as auxin efflux pumps (Zhao, 2010). These PIN proteins are 

crucial for proper transportation of auxin and cell development (Zhao, 2010). In 
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conjunction with auxin, the phytohormones brassinosteroids (BR) act as physiologically 

important regulators of growth, showcased through dwarfed phenotypes from inhibited 

BR signaling (Belkhadir and Jaillais, 2015; Tian et al., 2017a). Auxin and BRs act 

together to increase hypocotyl elongation, with a large dependency on one another to 

accomplish this, such as through the Brassinosteroid Insensitive1 (BRI1) receptor or BR 

responsive element BRI1-EMS-Suppressor1 (BES1; Tian et al., 2017a). The last well 

characterized developmental hormones are cytokinins, which are necessary for cell 

division and proper cell cycle in response to environmental conditions (Werner and 

Schmülling, 2009).  

Three other well characterized hormones, called ethylene, salicylic acid (SA), and 

jasmonic acid (JA), act mainly in response to abiotic or biotic stress to regulate cell and 

root growth (Swarup et al., 2007; War et al., 2011; Huang et al., 2017). Ethylene also 

appears to have a bifunctional role, as it can act directly affect auxin transportation 

thereby altering root growth (Lewis et al., 2011; Hu et al., 2017). Lastly, the stress-related 

phytohormone abscisic acid (ABA), originally believed to be solely responsible for 

abscission, is important for stomatal control, repression of germination, and response to 

stress (Chater et al., 2014; Kundu and and Gaintait, 2017).  

Alteration of the cell wall or CSC components have been shown to modulate 

phytohormone signalling. Evidence for this has come in the form of the CESA3 allele 

constitutive expression of vegetative storage proteins1 (cev1; Ellis et al., 2002). This 

mutant was isolated through a forward genetic screen using a luciferase assay for 

Vegetative Storage Protein (VSP) expression (Ellis and Turner, 2001). VSPs are known to 

store amino acids and nitrogen to act in stress-related protection through JA signaling 
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(Staswick, 1994; Liu et al., 2005). The CEV1 allele of CESA3, which contains a G617E 

substitution, has been shown to have greatly altered concentrations of the phytohormones 

ethylene and JA in their cells (Ellis and Turner, 2001; Ellis et al., 2002). Additionally, the 

heat intolerant radial swelling1 (rsw1) alleles of CESA1 also showed this constitutive 

expression of VSPs at non-permissive temperatures, indicating that perturbations of 

CESAs result in stress-signaling through ethylene and JA (Ellis et al., 2002).  

Alteration of auxin distribution has also been linked to perturbations in the cell 

wall itself. In the study of Fereru et al. (2011), they generated a pin-formed2 (pin2) 

knockout and introgressed the PIN2::PIN1-HA fusion line into it, then screened for 

mutations that restored normal auxin flow by examining gravitropism. After performing a 

mutagenic screen for restoration of normal PIN localization, they found a mutant with 

partial restoration of PIN2 proteins to the basal membrane. The mutations, which they 

named regulators of PIN polarity (repp), caused altered localization of PIN2:PIN1-HA 

from the apical to basal membrane. One of these alleles, repp3, is allelic to CESA3 

(Feraru et al., 2011). The authors also showed that repp3 had minor resistance to the 

herbicide ISX, and that addition of ISX or 2,6-dichlorobenzonitrile (DCB) to wild type 

plants caused a similar PIN mis-localization effect (Feraru et al., 2011). This further 

supports the idea that the cell wall in plants actively regulates phytohormone signaling. It 

is yet unclear if this is a direct consequence of cellulose inhibition or a general stress 

response.  

The glycosyltransferase-like protein Elongation Defective1/Kobito/ABA 

Insensitive8 (ELD1/KOB1/ABI8; Cheng et al., 2000; Pagant et al., 2002; Brocard-Gifford 

et al., 2004) was originally identified using gamma-ray irradiation mutagenesis to screen 
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for plants defective in elongation (Cheng et al., 2000). ELD1/KOB1/ABI8 encodes a 

plasma membrane secreted serine-rich protein important for normal cell expansion and 

growth (Cheng et al., 2000; Lertpiriyapong et al., 2003). Mutations in this gene result in 

dwarfed, cellulose deficient plants, indicating a role of ELD1/KOB1/ABI8 in cellulose 

synthesis (Pagant et al., 2002). It also has a role in ABA signaling, as the ABI8 alleles 

were insensitive to ABA addition (Brocard-Gifford et al., 2004). Consistent with its 

relation to the ABA pathway, the ABI8 allele resulted in altered stomatal patterning and 

altered plasmodesmata permeability, which may be common stress responses modulated 

by ABA (Kong et al., 2012; Chater et al., 2014). Lastly, studies by Wang et al. (2015) 

revealed that alleles of ABI8 may promote hypocotyl growth and cellulose synthesis by 

directly controlling CESA expression. Comparison of theABI8 alleles to the E3-ubiquitin 

ligase Constitutive Photomorphogenesis1 (COP1) implicated both in inhibition of light 

mediated cell inhibition and in upregulation of CESA expression (Wang et al., 2015). 

Taken together, this gene appears to be an important regulatory element of the 

carbohydrate pathway by linking photosynthesis, ABA signaling, and cell wall synthesis, 

and may directly interact with CESAs.  

 
1.5. Receptor-like kinases involved in the cell wall 

 In A. thaliana, there are over 600 receptor-like kinases (RLKs), less than 100 of 

which have been functionally examined (Shui and Bleecker, 2001; Wu et al., 2015). Of 

those in plants, there are a subset that appear to have a distinct relationship to CESA 

activity and regulation.  
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 One important RLK is FERONIA (FER). This protein has been characterized as 

an important part of pollen tube formation, cell patterning, and response to stress (Huck 

et al., 2003; Escobar-Restrepol et al., 2007; Kessler et al., 2010; Feng et al., 2018). FER 

proteins have been shown to be responsive to ethylene levels, and fer mutants are 

insensitive to BR signaling under light-conditions, linking FER to phytohormone 

signaling (Delauriers and Larsen, 2010). FER has also been shown to bind to pectin in the 

cell wall and act as a sensor for its integrity (Lin et al., 2018). Although still in preprint, 

the work by Lin et al. (2018) showed convincing evidence that an HA tagged FER 

protein was found in the pectin-related fraction of the cell wall. Lin et al. (2018) also 

showed in vitro pull-down assays of FER purified from E. coli could bind to pectin, while 

purified FER fusions missing the extracellular domain could not (Lin et al., 2018). Lastly, 

FER has been shown to be necessary for salt stress protection (Feng et al., 2018). fer 

mutants generated by Feng et al., (2018) showed hypersensitivity to high salinity, and 

were unable grow under salt conditions. The authors hypothesized that salt softens the 

cell wall by interfering with the calcium ions cross linking pectin molecules. Addition of 

calcium ions and borate were able to recover the salt-related growth defects in fer 

mutants, adding support to the claims of Feng et al. (2018). Lastly, Feng et al. (2018), 

using fer and wild type lines expressing a fluorescence energy transfer calcium sensor, 

were able to show calcium transient bursts protected the cell wall integrity in wild type, 

but lack of these bursts in fer mutants caused defects and hypersensitivity to salt. With 

this information, FERONIA appears to be a RLK important in sensing and reacting to 

abiotic and biotic stressors and activating downstream protective responses.  



14 
 

 In addition to FER, another RLK found in the same family, named THESEUS1 

(THE1), was discovered in a screen for suppressors of the CESA6 null allele procuste1 

(prc1; Fargard et al., 2000; Hématy et al., 2007; Cheung and Wu, 2011). the1-1 and the1-

2 mutant alleles showed suppression of the prc1 phenotype, while THE1 overexpression 

lines increased the prc1 and ectopic lignin effects of the CESA3 allele Ecoptic 

Lignification1 (ELI1; Roger et al., 2005; Hématy et al., 2007). Contradicting previous 

assumptions, the hypermorphic the1-4 allele acted to enhance the response of the 

cellulose deficient Je5 allele of CESA3, including increased ectopic lignification, stress 

response, and net-negative effect on cell expansion (Merz et al., 2017). The authors 

showed conflicting evidence to previous research, but THE1 still appears to be a major 

sensor of cell wall integrity.  

 Two other RLKs of the same family as FER and THE1, called HERKULES1 and 

HERKULES2 (HERK1 and HERK2) act to regulate cell growth in a manner redundantly 

to THE1 (Guo et al., 2009; Cheung and Wu, 2011). FER, HERK1, HERK2, and THE1 

were also shown to be partially upregulated by BR stimulus or in the constitutively active 

BR signaling mutant bes1-D, but the herk1herk2the1 triple mutants could not respond to 

the BR effect, instead having shortened hypocotyls and reduced petiole size (Guo et al., 

2009a). This information links these RLKs to proper cell development and growth.  

 Moreover, leucine-repeat rich RLKs (LRR-RLKs) have also been shown to 

integrate cell wall and abiotic stress responses (Xu et al., 2008). Named FEI1 and FEI2, 

double mutants of these two receptors were found to alter cell patterning, regulate 

cellulose synthesis, and have hypersensitivity to ISX, elevated salt, and moderate sucrose 
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treatment (Xu et al., 2008). Addition of ethylene biosynthesis inhibitors suppressed this 

effect, linking FEI1 and FEI2 to ethylene signaling (Xu et al., 2008).  

  

 
1.6. Regulation of cellulose synthase complexes occurs through assembly, 

trafficking, and membrane dynamics 

 Synthesis of cellulose is regulated during assembly and trafficking (. Like most 

proteins, it is believed that CSCs are assembled at the golgi and transported to the 

membrane through the trans-golgi network (Bashline et al., 2014). Previously, 

fluorescently labelled CESAs were found to be localized to the golgi apparatus, 

indicating it as the first known location of an assembled CSC (Haigler and Brown, 1986). 

Analysis of proteins containing domains of unknown function (DUF) by Zhang et al. 

(2016) revealed two glycosyltransferases, therein named STELLO1 (STL1) and STELLO2 

(STL2), involved in the direct assembly of CSCs in the golgi apparatus. In their studies, 

Zhang et al. (2016) showed fluorescently labelled STL1 and STL2 localized to the golgi 

apparatus, and that stl1stl2 double mutants caused reduced cellulose content in the cell 

wall and mis-localization of GFP tagged CESA proteins at the golgi. Additionally, the 

stl1stl2 double mutants reduced the mobility of CSCs in the plasma membrane, greatly 

reduced the delivery rate of fluorescently labelled CSCs to the membrane, and reduced 

the fraction of multimeric CESA complexes found through blue-native polyacrylamide 

gel electrophoresis analysis (Zhang et al., 2016). Lastly, the double mutant was also 

hypersensitive to the herbicide ISX (Zhang et al., 2016). The function of CESAs, then, 

may be dependent on proper assembly by the STL proteins.  
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Normal vesicle trafficking to the membrane shows the CSCs moving in 

SmaCCs/MASCs, and accumulation of CSCs into these transport vesicles during stress 

(Gutierrez et al., 2009; Crowley et al., 2009; Wightman and Turner, 2010). This 

internalization effect has been seen through clathrin mediated endocytosis (CME; 

Bashline et al., 2013; Bashline et al., 2015). Clathrin, which is the main component of the 

CME receptor-mediated endocytic process, coats vesicles and allows them to be pulled 

out of the membrane by adaptor proteins in the AP-2 complex (Kaksonen and Roux, 

2018). Two-yeast hybrid screens identified an interaction between μ2, which is an 

adaptor protein of CME, and CESA6 (Bashline et al., 2013). Bashline et al. (2013) also 

showed that knockouts of the μ2 adaptor protein led to accumulation of fluorescently 

labelled CESA6 at the plasma membrane, indicating μ2’s role in endocytosis of CESA 

proteins. Mutants of Transducin/Tryptophan-Aspartate motif 40-2 (TWD40-2), which is a 

suspected member of a T-Plate CME adapter complex, also resulted in overaccumulation 

of fluorescently labelled CESAs at the plasma membrane, as well as reduced cellulose 

biosynthesis by both μ2 and twd40-2 mutants (Bashline et al., 2015). The present data 

suggests that proper recycling and distribution of CSCs across the plasma membrane is 

crucial for cellulose synthesis, possibly through CME.  

Interestingly, the microtubule associating CSI1 protein may also be involved in 

this rapid internalization of CSCs into SmaCCs/MASCs (Lei et al., 2015). By examining 

the csi1 and csi1csi3 double mutant they generated previously, Lei et al. investigated the 

localization of fluorescently labelled CESA6 under addition of the cellulose inhibitor ISX 

and under high mannitol addition. They noted that in the csi1 mutant, there was a 

reduction in the number of SmaCCs/MASCs generated, and time for recovery from stress 
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was increased. In the csi1csi3 double mutant, the authors found there were almost no 

detectable SmaCCs/MASCs, indicating that CSI1 may be required for the internalization 

of CSCs during stress responses (Lei et al., 2015). Consistent with this, in a screen for 

salt-hypersensitive mutants, Zhang et al. (2016) identified an osmotic stress related allele 

of CSI1 they named salt hypersensitive 2 (SHE2), further supporting CSI1’s role in stress 

tolerance.  

The non-endocytic internalization mechanism of CSCs into SmaCCs/MASCs by 

CSI1 inhibition could also be because CSI1 acts to mark the location of vesicle delivery 

for the exocyst complex (Zhu et al., 2018). A two-yeast hybrid system and further 

coimmunoprecipitation for components interacting with CESA6 and CSI1 pulled out 

numerous exocyst related proteins, one of which was PATROl1 (Zu et al., 2018). The 

patrol1 mutants caused reduced cellulose content in dark-grown seedlings, and the 

patrol1patrol1-like double mutants resulted in gametophytic lethal phenotypes. Zhu et al. 

hypothesized that PATROL1 acts redundantly to PATROL1-Like proteins together with 

CSI1, CSI3, and cortical microtubules to facilitate vesicle docking to the membrane 

(2018).  

 This can further be supported by the companion of cellulose synthase proteins 

(CC1 and CC2). Endler et al. (2015) showed that these proteins bind to cortical 

microtubules and act to protect them and CSCs during salt stress. By generating cc1cc2 

double mutants, the authors showed that fluorescently labelled CSCs accumulated in 

SmaCCs/MASCs under salt stress but could not re-enter the membrane, whereas wild 

type microtubules were regenerated and CSCs found in the plasma membrane after salt 

stress recovery. Growth of the cc1cc2 double mutants on salt, CBIs, or microtubule 
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inhibitors additionally showed hypersensitivity phenotypes (Endler et al., 2014). With 

creation of the cc1cc2pom2-4 triple mutant, Endler et al. (2016) found plants with severe 

growth defects - more so than a simple additive mutation. With this data, the CC proteins 

are demonstrated to assist CSC function during times of stress and may have additional 

functions.  

 

1.7. Post-translational modifications of CESAs are required for functional cellulose 

synthesis 

Golgi-localized glycosyltransferases play a role in cellulose synthesis. For 

example, mutants in the glycosylinositol phophorylceramide mannosyl-transferase, which 

performs manosylation of proteins at the golgi-apparatus, leads to an approximate 30-

40% reduction in cellulose quantity at the cell wall, but not in other cell wall polymers 

(Fang et al., 2016). Although it has not been examined, mannosylation may be a form of 

post-translational modification of CESAs.  

CSC motility and anisotropic growth is directly regulated by phosphorylation of 

specific residues of the CESA proteins (Chen et al., 2010; 2016). Substitutions of 

serine/threonine residues, specifically S162E, T165E, T166A, S167E, S686A, and S688A 

in CESA1 showed alteration of anisotropic growth, and revealed fluorescently labelled 

CESAs lacking bidirectional movement across the membrane (Chen et al., 2010). 

Phosphorylation states of CESA3 are also important for normal development (Chen et al., 

2016). Mutations of the phosphorylated S211 and S212 residues of CESA3 showed 

similar loss of anisotropic growth seen by the CESA1 mutations (Chen et al., 2016). The 
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bidirectional movement of CESAs to facilitate ordered cellulose deposition and 

anisotropic growth is, therefore, predicated on proper phosphorylation states.  

In fact, direct phosphorylation of CESA1 by a Glycogen Synthase Kinase3-like 

protein (GSK3), named Brassinosteroid Insensitive2 (BIN2), led to drastically reduced 

velocity of the CSCs across the plasma membrane (Sánchez-Rodríguez et al., 2017). 

BIN2 is a known inhibitor of BR signaling which acts by phosphorylating BR responsive 

elements (He et al., 2002). BIN2 was shown to directly interact with a synthetic peptide 

fragment of CESA1 in E. coli, and a transition mutation of T157A prevented 

phosphorylation of the peptide by BIN2. in vivo application of this mutation in A. 

thaliana showed not only insensitivity to BIN2 phosphorylation, but also increased 

growth and movement of the CSC across the plasma membrane (Sánchez-Rodríguez et 

al., 2017). BIN2 was also found to share partial redundancy with two other A. thaliana 

GSKs named BIN2-Like1 and BIN2-Like2 (BIL1 and BIL2, respectively), which are the 

closest related homologs to BIN2 (Yan et al., 2009). It would be interesting to see if these 

two homologs also phosphorylate the CESAs - possibly revealing additional regulatory 

elements.  

Amino acid residues of CESAs are also targets for acylation (Kumar et al., 2016). 

Examination of CESAs, particularly CESA7, revealed S-acylated cysteine residues in two 

domains (the variable region 2 and carboxy terminus) that, when mutated, largely 

reduced cellulose content in the cell wall (Kumar et al., 2016). Although these mutations 

in both regions did not affect assembly of the CSC or trafficking through the trans-golgi 

network, Kumar et al. (2016) showed significantly reduced localization of CESAs to the 
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plasma membrane. The authors speculated that the increased acylation of these cysteine 

residues is necessary to increase the hydrophobicity of the protein for membrane fusion.  

  

1.8. Cellulose biosynthesis inhibitors act to conditionally phenocopy genetic 

mutations and provide powerful exploratory tools 

Recently, cellulose biosynthesis inhibitors (CBIs) have seen increasing use as 

tools that can be used in conjunction with genetic analysis. CBIs are a group of herbicides 

that act by inhibiting cellulose biosynthesis, typically causing shortened hypocotyls and 

radial root-swelling (Brabham et al., 2013; Tateno et al., 2016). By identifying mutations 

conferring resistance to these chemical probes, it is possible to learn about the different 

components involved in cellulose biosynthesis. Chemicals like flupoxam (FPX; O’Keefe 

and Klevorn, 1991), isoxaben (ISX; Huggenberger et al., 1982), quinoxyphen (Harris et 

al., 2012), 2,6-dichlorobenzonitrile (DCB; Sabba and Vaughn, 1999), and indaziflam 

(Brabham et al., 2014) are widely used as herbicides and contain diverse chemical 

structures (Figure 1.1). 
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Figure 1.1. Cellulose biosynthesis inhibitor structures of those used in this 

study. Chemical structures were downloaded from ChemMine (Backman et al., 2011). 



22 
 

FPX, ISX, and quinoxyphen have been used in a wide number of studies. 

Although the exact mode of action of each has not been determined, ISX and 

quinoxyphen cause rapid clearance of fluorescently-labelled CESAs from the membrane 

and accumulation in trans-golgi vesicles (Gutierrez et al., 2009; Harris et al., 2012). FPX 

is suspected to also cause rapid clearance of CSCs from the membrane, but it has not yet 

been examined using fluorescent labeling or other means. Like ISX and DCB, FPX 

inhibits cell plate formation (Heim et al., 1998; Sabba and Vaughn 1999). In previous 

studies, both in our lab and others, 9 ISX resistant (ixr) mutants and 8 FPX resistant (fxr) 

mutants have been identified (Table 1.1; Heim et al., 1989; 1990; Desprez et al., 2002; 

Law, 2011; Shim, 2014). These mutants have been shown to affect cellulose crystallinity 

in the cell wall, possibly due to decreased stabilization of glucan chains (Shim 2014). 

Interestingly, ixr and fxr mutations map to CESAs themselves, indicating that the mode of 

action of these CBIs is most likely through direct contact with the CESAs. All ixr 

missense mutations map to CESA3 or 6, while all fxr mutations map to CESA1 or 3 

(Table 1.1). It is possible that ISX works by interfering with the interaction between 

CESAs 3 and 6, as no additional mutations have been discovered in CESA1, while FPX 

works by interfering with the interactions between CESA1 and 3, as no resistant 

mutations have been found in CESA6 (Table 1.1). However, it is equally possible that 

they interfere with transportation of the CSC to the membrane, assembly of the CSC, 

interactions with signaling proteins, or by preventing interactions with key regulatory 

proteins at the membrane. More studies need to be undertaken to understand exactly the 

mode of action of these CBIs. 
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Table 1.1. Alleles of primary CESAs conferring resistance to ISX, FPX, or 

quinoxyphen. Relative location of the amino substitution in each allele are included based on 
transmembrane helix (TM), catalytic region, or class-specific regions (C-SR). Resistant mutations 
were isolated through mutagenic screening in our lab and others (Heim et al., 1989; 1990; 
Despres et al., 2002; Shim, 2014; Harris et al., 2012; Tateno et al., 2016). 
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Interestingly, FPX seems to work in a manner that is analogous to a cyclic 

carboximide compound referred to as C17 (Hu et al., 2016). Alleles conferring resistance 

to C17 also confer resistance to FPX. Most likely this indicates that the mechanism of 

action between FPX and C17 is very similar if not identical. In addition, mutations in 

pentatricopeptide repeat transcription factors named cell wall maintainers (cwm) resulted 

in tolerance to C17. This effect can be phenocopied by addition of the mitochondrial 

complex III inhibitor antimycin A (Hu et al., 2016). Lastly, mutations in ANAC017, a 

mitochondrial specific transcription factor, also confers resistance to C17 (Ng et al., 

2013; Hu et al., 2016). FPX may work through mitochondrial signaling to abolish cell 

wall synthesis, possibly by inhibiting ATP synthesis. It may also inhibit interactions with 

KORRIGAN, which has been previously linked to cytokinesis (Zuo et al., 2000). 

Another CBI, Thaxtomin A, is associated with a mitochondrial translocase which 

may be involved in negative regulation of plant immune responses and which can confer 

Thaxtomin A resistance when mutated (Scheible et al., 2003, Huang et al., 2013). 

Surprisingly, the thaxtomin A resistant (txr1) allele also confers minor tolerance to ISX 

(Tegg et al., 2013). It, therefore, appears that there is a tight association between normal 

CESA function and mitochondrial signaling; possibly through specific stress-responsive 

pathways. 

Like FPX, resistance to quinoxyphen is conferred by missense mutations in 

CESA1. The first quinxoyphen mutant isolated, aegeus, contains a transition mutation in 

the C-terminal transmembrane domain of CESA1 (Table 1.1; Harris et al., 2012). In 

addition to aegeus, two other alleles, P2P5 and P3P4, have been identified as 
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quinoxyphen resistant (Table 1.1; Tateno et al., 2016). It is yet unclear the exact 

mechanism of this compound.  

Although these CBIs have been shown to result in rapid clearance of CSCs from 

the plasma membrane, the question remains whether or not this effect is a direct result of 

the CBI addition, or if this effect is a general result of CSC inhibition. For example, high 

osmotic stress and other events, such as with addition of high mannitol, have also been 

shown to result in rapid clearance of CSCs from the membrane (Gutierrez et al., 2009). 

By contrast, another group of herbicides, which includes molecules like DCB and 

indaziflam, cause altered motility of CSCs across the plasma membrane. DCB and 

indaziflam act to completely inhibit movement of the CSC across the plasma membrane 

(DeBolt et al., 2007; Brabham et al., 2014). Forward genetic screens (Tateno et al., 2016) 

have failed to identify a resistant mutant against either chemical, suggesting that these 

CBIs may have multiple targets. Shedding some light on its function, biochemical studies 

show that DCB may modulate microtubules or microtubule interacting proteins 

(Rajangam et al., 2008). For example, a radiolabeled analogue of DCB can bind to the 

Microtubule Association Protein 20 (MAP20) in hybrid aspen (Rajangam et al., 2008). 

Also, a mutant conferring tolerance to DCB was found in the brittle culm11 (bc11) allele 

of CESA4 in rice (Zhang et al., 2008). The authors found, through western blot analysis, 

that bc11 mutants had increased levels of CESAs in the endomembrane fraction when 

compared to wild type. It was implied that this reduction in CESA trafficking may give 

resistance to DCB. In addition, microarray analysis indicates that DCB regulated genes 

cluster with two known microtubule inhibitors, morlin and oryzalin (Bonetta 

unpublished).  
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The possible mode of action of indaziflam is quite unclear in contrast. Although it 

has been shown to cause an approximate 4.5X decrease in CSC velocity (Brabham et al., 

2014), why it does not completely abolish it like DCB suggests that these two herbicides 

have different modes of action. The only clue to indaziflam’s mode of action currently 

rests with the ixr 1-1 allele, which has been shown to confer a low level of resistance 

against indaziflam (Brabham et al., 2014). 

 

1.9. Rationale for this thesis 

 The compound cellulose is rich in glucose monomers and shows high potential as 

a feedstock in many industries. However, some key issues remain with its use. The 

current recalcitrance of cell walls means their processing requires more energy than it 

produces, keeping most of the glucose under lock and key. Therefore, my overall goal is 

to elucidate the process of cellulose biosynthesis so that it may be altered in crop 

organisms, including wheat or corn. We can then generate crop species with less-

recalcitrant cell walls and higher biomass. This will simultaneously allow us to increase 

cellulose yields and digestibility without affecting food production. In this study, I set out 

to examine the space surrounding the cellulose synthase complex to identify new 

components of the cellulose synthesizing machinery and increase our overall knowledge 

of the process. To do so, I employed an investigative system using cellulose biosynthesis 

inhibitors (CBIs). Using previously identified CESA alleles conferring resistance to the 

herbicides flupoxam and isoxaben, I set out to find cross-resistance to our novel CBIs. It 

was hypothesized that if a CBI binds to a protein directly interacting with a CESA, then 

mutations in the CESAs themselves should, at some level, confer resistance to these 

chemicals - possibly by modulating the protein-protein interactions. With these CSC 
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targeting CBIs, I then wanted to further characterize them by creating transcriptomic 

profiles of A. thaliana in response to their treatment. With these profiles, it allows us to 

draw linkages between cellulose synthesis, and different biological processes that relate 

to cellulose synthesis. 

 Therefore, the work presented here aimed at increasing our knowledge of 

cellulose synthesis. This thesis adds preliminary data and discovers avenues for further 

research into the composition of the cellulose synthesizing complex, its relationship to 

normal cellular function, and the result of cellulose inhibition from a transcriptomic view.  

 

 

 

 

 

Chapter 2 

 

2.0. Methods 

 

 

2.1. Plant growth conditions and seed lines used 

 All seedling lines used in these studies were of the Columbia (Col-0) or 

Landsberg erecta (Ler) backgrounds. Mutant lines for ixr1-2 and ixr2-1 were generated 

previously by Scheible et al. (2001) or Desprez et al. (2002). All other seed lines were 
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generated in our lab (Bonetta unpublished; Shim 2014). Seeds were sterilized with 

chlorine gas accordingly (Lindsey et al., 2017). For light-based growth, mutant and wild 

type seeds were grown on a medium containing 0.8% bacteriological agar and with 0.5% 

Murashige and Skoog (MS) basal salts (Sigma Aldrich, St. Louis, MO). For biochemical 

studies, the medium was supplemented with a concentration of chemical causing 

complete inhibition of root growth in 100% of wild-type grown seedlings. Seeds were 

stratified in the dark at 4° Celsius over 4 days, then germinated and grown for 1 week at 

21-23° Celsius under 200 μE/m2 /s light. Root lengths were measured using ImageJ 

image analyzer (Schneider et al., 2012). Root lengths of chemical treated seedlings were 

then compared to the root length of plants on MS medium only to determine percentage 

of control (i.e. %control =  rootlengthCBI treated / rootlengthMS X 100). This was completed 

for each mutant and for wild-type. 

For lifetime growth, plants were grown in growth chambers under a strict 16/8 

light/dark cycle under 200 μE/m2 /s light, at 22° Celsius, and with 30-40% relative 

humidity on a soil mixture from Promix (70% sphagnum peat moss, 15% perlite, and 

15% vermiculite). 

 

2.2. Clustering analysis of alleles, chemicals, and genes 

 Two-dimensional hierarchical clustering was performed by subtracting the root 

length percent control of wild type from the percentage of control of the mutants (i.e. 

clustered values = %controlmutant - %controlwildtype). Values were then clustered together 

using Cluster 3.0 (deHoon et al., 2004). Distance matrices were made using Pearson’s 

Correlation and linked together by the pair-wise means. The heatmap and tree were 

visualized using Java Treeview (Version 3; Saldanha et al., 2004).  
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 For chemical clustering, each CBI or phytohormone was assigned values based on 

JoeLibs 2-dimensional physical descriptors library (University of Tübingen, Germany) 

and clustered together using ChemMine Tools (Backman et al., 2011). Descriptors 

include number of hydrogen bond acceptors/donors, octanol/water partition coefficient 

(LogPoct/wat), molecular weight, fraction of rotatable bonds, acidic/basic groups, number 

of heavy bonds, number of hydrophobic groups, molar refractivity, number of 

heterocycles, number of a given atom (F, Cl, C, et cetera), polar surface area, geometrical 

measurements, Kier shape, and Zagreb group indices (Backman et al., 2011; University 

of Tübingen. Germany).  Clusters were generated based on Pearson’s Correlation and 

linked together using the pairwise means.  

 Similarly, for the differentially expressed genes, those across all chemical 

treatments were clustered together using Cluster 3.0 (deHoon et al., 2014). The distance 

matrix was generated using Pearson’s Correlation and the samples linked together using 

the pairwise means. The heatmap and tree was visualized using Java Treeview (Version 

3; Saldanha et al., 2004).  

 

 

2.3. Lignin staining  

To visualize ectopic lignification, seedlings were stratified for 4 days at 4° 

Celsius, exposed to light for 2 hours for germination, then grown in the dark at room 

temperature under light agitation. After 4 days, seedlings were exposed to 3% 

phloroglucinol in 95% ethanol and 20% HCl for 6 minutes. Pictures of the hypocotyl just 

above the root/shoot boundary were taken immediately after phloroglucinol incubation.  
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2.4. Homology modelling of the CESA tertiary structure and ligand-protein docking 

Generation of the initial crude models by homology modelling, using the bacterial 

cellulose synthase 4P02 (Morgan et al., 2014) as template, was carried out using Swiss-

Model (Biasini et al., 2014; Bordoli et al., 2009; Arnold et al., 2006; Bienart et al., 2017; 

Kiefer et al., 2009; Kopp et al., 2006; Guex et al., 2009) and Phyre2 (Kelly et al., 2015). 

Models generated by Swiss-Model and Phyre2 using 5EJ1, 4HG6, 5EIY, or 5EJZ 

(Morgan et al., 2012; 2014; 2016) as template had almost no difference among final 

structures. Templates had approximately 25% overall identity to AtCESA3. 4P02 was 

chosen as template because it has the highest resolution at 2.65 Angstroms (Morgan et al., 

2014). Models of the CESAs generated from Swiss-Model and Phyre2 were used to 

create a partial model devoid of the zinc binding region and hypervariable region 1 

(approximately positions 1-257), and the last transmembrane helix (approximately 

positions 1024-1065), then modelled using Modeller (Version 9.19; Sali and Blundell, 

1993; Marti-Renom et al., 2000; Fiser et al., 2000; Webb and Sali, 2014). The sequence 

of the seventh transmembrane helix (positions 1024-1065) was generated using ab initio 

modelling by Modeller based on secondary structure prediction from UniProt and by 

Jpred 4 (Drozdetskiy et al., 2015), and docked to the partial model using PyDockWeb 

(Jiminez-Garcia et al., 2013). Out of 100 output conformations, 40 viable ones (i.e. helix 

was located in transmembrane region) were chosen. Among these 40, the most energy 

favourable conformations accumulated in two approximate regions: one associating 

closely with the first and second transmembrane helices, and the second in a gap between 

the second and sixth transmembrane helices. The model refined using GalaxyWEB (Ko et 

al., 2012, Shin et al., 2014) placed the helix in a position associating with the first and 
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second transmembrane helices and overlapping with 4P02. This lowest (more negative 

ΔG) energy conformation was then re-threaded in Modeller. PyMol (Version 2.2.0; 

https://pymol.org/2/) software was used for visualization, and image and movie 

generation. 

Ligand-protein docking was performed with AutoDock VINA (Version 1.1.2; 

Trott et al., 2010) using the model of CESA3 generated here. Conversion of chemical 

conformer structures to .pdbqt was done using OpenBabel (Version 2.4.0; The Open 

Babel Package, 2011; O’Boyle et al., 2011). The 3D conformer of ISX was downloaded 

as a .SDF file from PubChem (Kim et al., 2015), then converted to a .pdbqt. For CBIs, 

.mol files were downloaded from ChemBridge (San Diego, CA) and converted to .pdbqt 

files, then docked to CESA3. To maximize accuracy, each chemical was docked first 

with a search space encompassing the whole protein (80 x 80 x 80 Angstroms), which 

was then reduced to a 30 x 30 x 30 Angstrom search space to explore each area more 

thoroughly. This was repeated for each possible binding position from the set of whole 

protein binding conformations until the lowest energy (most negative ΔG) binding 

conformation was found.  

 

 

2.5. Protein topology prediction 

 The amino acid sequence of CESA3 was downloaded from Uniprot 

(https://www.uniprot.org/uniprot/Q941L0) and the membrane topology was predicted 

based on constrained consensus prediction using TOPCONS and Consensus Constrained 

TOPology (CCTOP) prediction algorithms (Tsirigos et al., 2015; Dobson et al., 2015).  

 



32 
 

 

2.6. Sample preparation and RNA sequencing 

200 seeds of Ler background were grown in 0.2% MS liquid medium 

supplemented with 1% glucose. They were stratified at 4° Celsius for 4 days, exposed to 

light for 2 h to stimulate germination, and then grown for 3 days whilst shaking in the 

dark. After this period, the liquid medium was replaced with new 0.2% liquid MS 

medium, 1% glucose, and supplemented with 10 μM cycloheximide and a CBI at double 

the lowest concentration that resulted in 100% root inhibition. Seedlings were incubated 

for 6 hours in this medium, then immediately flash frozen in liquid nitrogen. RNA was 

isolated using Tri reagent following the Invitrogen TRIzol isolation protocol 

(ThermoFisher Scientific). RNA samples were then electrophoresed to test for 

degradation and DNA contamination, and the A260/230 and A260/280 ratios measured to 

determine nucleic acid purity. Samples with A260/230 ratios above 1 and A260/280 

between 1.9-2.1 were taken. These were then submitted to the Sick Kids Centre for 

Applied Genomics -TGAC sequencing facility and analyzed using an Agilent 

BioAnalzyer to determine the RNA integrity number (RIN). Those with a RIN higher 

than eight were then used for cDNA creation. Sequencing of cDNA was carried out using 

paired-end Illumina 2500 sequencing. Three biological replicates per CBI treatment were 

used for sequencing.  

 

 

2.7. RNA sequencing analysis 

   Illumina sequencing data was processed as a .fastq file. Poor reads or missing 

data were trimmed from this file using Trimmomatic Version 0.38 (Bolger et al., 2014). 
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Processed reads were aligned to the genome of Ler Arabidopsis using Hi-SAT2 version 

2.1 (Pertea et al., 2016), and number of reads were quantified using StringTie version 

1.3.4. (Pertea et al., 2015; 2016) to generate the raw transcript count. Differential 

expression data between CBI treatment and no treatment was generated from the raw 

transcript count using the DESeq2 R package (Love et al., 2014) and normalized using 

the negative binomial distribution of samples. Differentially expressed genes were then 

annotated with a description of their function, gene ontology (GO) terms, and locus tags 

from the TAIR repository (Beradini et al., 2015). 

 

 

2.8. Protein-protein network generation 

Protein-protein interaction networks and neighbourhoods were generated using 

Network Analyst (Xia et al. 2015) and STRING (Szklarczyk et al., 2015; 2017). 

Neighbourhoods were generated using the Walktrap algorithm (Pons and Latapy, 2006) 

in Network Analyst (Xia et al., 2015) and labelled based on overall functional annotation 

using the database for annotation, visualization, and integrated discovery (DAVID) 

bioinformatics resource (Huang et al., 2009a; 2009b).  

 

 
2.9. Functional enrichment analysis and clustering 

Functional annotation clustering was performed using DAVID (Huang et al., 

2009a; 2009b) based on a modified fisher exact test. GO term enrichment tests for 

biological processes were performed using AgriGO (Zhou et al., 2010; Tian et al., 2017) 

and significant terms based on a fisher exact test. GO terms for Biological Process only 
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were summarized and treemaps were made using the DrasticData Treemapping 

(https://www.drasticdata.nl/treemapping.htm) tool using the Reduce and Visualize Gene 

Ontology (REVIGO) summarization web server (Supek et al., 2011).  

Full GO Term enrichment tests were generated using Super Classification Viewer 

from U of T Bar Tools (Provart and Zhu, 2003). Significance was determined based on a 

hypergeometric test. Values were displayed as either a total count for each GO term or as 

a normalized value based on a binomial distribution.   

 

 

2.10. Pathway analysis  

Gene mapping and pathway visualization was performed using MapMan (Version 

3.5.1; Thimm et al., 2004; Urbancyzk-Wockniak, 2005; Usadel et al., 2005; 2009) and 

the Kyoto Encyclopedia of Genes and Genomes (KEGG) search and colour pathway 

mapper (Kanehisa et al., 2000; 2015; 2016) 

 

2.11. Co-expression analysis 

Lists for co-expressed genes were downloaded from ATTED-II Web (Version 

9.2; Obayashi et al., 2017) for expression across various plant species, and from 

GeneMANIA and the University of Toronto BAR Tools Expression Angler (Warde-

Farley et al., 2010; Austin et al., 2016) for expression patterns across tissue types of A. 

thaliana. Predicted co-expressed genes were taken at an R value of 0.6 (level at which 

experimental evidence was found).  Co-expressed genes of all CESAs were combined and 

compared to the differentially expressed genes across all chemical treatments for overlap. 
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Co-expressed gene lists were then compared with predicted interactors with CESAs and 

with CBI regulated genes using STRING (Szklarczyk et al., 2015; 2017). 

 

 

Chapter 3 

 

 

3.0 Results overview 

  
The flupoxam resistant (fxr) and isoxaben resistant (ixr) mutants, as alleles of the 

cellulose synthases (CESAs) themselves, offer the most direct method for studying the 

mode of action of isoxaben (ISX) and flupoxam (FPX), and to search for additional 

proteins interacting with the cellulose synthase complex (CSC). To this end, using 30 

cellulose biosynthesis inhibitors (CBIs) and 3 phytohormones or phytohormone 

inhibitors, the cross resistance of the numerous ixr or fxr alleles were tested and analyzed 

based on root length growth. Specific ixr or fxr alleles showed cross resistance to a subset 

of CBIs. Root lengths were then used to cluster CBIs and alleles together through two-

dimensional hierarchical clustering, revealing consistencies based on location of amino 

acid substitution.  

To further characterize the alleles and to explain the clustering data, homology 

models of the CESA tertiary structure was generated. The tertiary models predicted that 

the CESAs contain seven-transmembrane helices. 

Lastly, transcriptomic analysis was performed on A. thaliana plants under CBI 

treatment. Differentially regulated genes were found in common among CBI regulated 
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genes and shown to be consistent with the root length clustering. The most altered 

processes were regulation of cell cycle, phytohormone signaling, trafficking and 

membrane dynamics, and energy processes. This new information highlights the link 

between cellulose synthesis and stress responses, giving potential avenues for exploring 

the role that CESAs play in normal cell development.  

 

3.1. Novel chemicals exhibit common CBI effects 

CBIs are chemicals that work by inhibiting cellulose production, resulting in a 

shortened, swollen hypocotyl, with abnormal cell morphology and a deformed 

appearance (Brabham et al., 2014; Tateno et al., 2016; Figure 3.1). Six new CBIs, 

including CBIs 3, 5, 6, 19, 26, and 27, were examined previously and shown to have CBI 

effect (Bonetta Unpublished). Growth of A. thaliana plants on these chemicals causes 

radial swelling of roots and shoots, and an overall lack of growth (Figure 3.1).  Of the 

chemicals, CBI 27 had the greatest effect, with the half-maximal inhibitory concentration 

(IC50) in the nanomolar range, followed by CBI 5 and 6 in the very low micromolar 

range, and lastly CBIs 19 and 3 in the low micromolar range (not shown).  
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Figure 3.1. Demonstrative pictures of wild type seedlings and the CBI effect.  

Seeds were stratified for 4 days at 4° Celsius and grown on (A) MS medium, on (B) MS medium 

supplemented with 10 nM FPX, or on (C) MS medium supplemented with 500 nM CBI 27. 

Photographs were taken of seedlings 7 days after germination. CBIs result in a shortened, 

thickened root and hypocotyl (B and C), while some CBIs (B) also result in the accumulation of 

extra root-hairs at the root-hypocotyl tissue boundary. Size bars represent 4 mm (A), 1.20 mm 

(B), or 2 mm (C).  
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3.2. The fxr and ixr alleles show cross resistance to previously characterized and 

novel CBIs 

As these novel CBIs inhibit cellulose production, they are potent tools to examine 

components of the cellulose synthase complex (CSC). By testing for cross-resistance of 

the ixr and fxr mutants to these CBIs, we can identify new CSC components that interact 

with the CESAs. These fxr or ixr mutants have a variety of different amino acid residue 

alterations across CESA1, CESA3, and CESA6 (Table 1.1). 

Using the fxr and ixr mutants outlined in Table 1.1, I tested for cross resistance to 

the 30 CBIs and 3 phytohormones or phytohormone inhibitors at the concentration 

showing 100% inhibition of root length (Figures 3.2-3.5). For our purposes, resistance 

was considered as those mutants showing root growth on a concentration of CBI that 

completely inhibited root growth of wild-type seedlings. Of the mutants, only the fxr2-4 

allele conferred cross-resistance to quinoxyphen at 30 μM (Figure 3.2). All fxr mutants 

had increased resistance to CBIs 5 and 6 at 30 μM, although their resistance was not as 

strong as to FPX at 10 nM (Figure 3.2).  

 Cross resistance was also conferred by the ixr alleles. For example, ixr1-4 and 

ixr1-6 alleles showed resistance to CBI 3 at 30 μM (Figure 3.2). Most ixr mis-sense 

mutations also showed some resistance to CBI 19 around 10 μM concentrations, with 

only ixr1-4 and 1-6 showing resistance upwards of 30 μM (Figure 3.3). Two other CBIs, 

named CBI 26 and 27, have been shown to have CBI action in previous studies (Bonetta 

unpublished). Upon testing, all ixr mutants conferred resistance to these two CBIs at 500 

nM for CBI 27 and 30 μM for CBI 26 (Figure 3.4). In fact, some were more resistant to 

these CBIs than to ISX (Figure 3.4).  
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 Although the fxr2-1, 2-2, and 2-4 mutants showed minor tolerance to DCB at low 

concentrations (not shown), the fxr2-2 allele showed the highest tolerance to DCB at 1 

μM (Figure 3.5) where no previously characterized mutant showed resistance. The ixr1-

1B allele, which is the same allele as ixr1-1 but in a different ecotype, showed tolerance 

to indaziflam (Figure 3.5). Interestingly, ixr1-3, which has a substituted amino acid at the 

same position as ixr1-1B (Table 1.1), also conferred resistance to indaziflam (Figure 3.5).  

I then attempted to find structural similarities among the CBIs where cross-

resistance was found. To do so, I performed 2-D structural clustering based on the Joe-

libs descriptor library using Chemmine Tools (Backman et al., 2011). Clustering revealed 

2D structural similarities between CBI 5 and CBI 6, but did not find large structural 

similarities among the other CBIs from Figure 1.1 (Figure 3.7).    
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Figure 3.2. Root length measurement of CBI treated seedlings on CBI 5, CBI 6, and 

quinoxyphen. 

Seedlings were stratified at 4° Celsius for 4 days, then grown for 1 week at room temperature 

under constant light. 30 seeds were sown for each chemical treatment, and the resulting plants 

were measured (N = 10-30). Seedlings were grown on MS basal medium supplemented with the 

concentration shown previously to completely inhibit root growth in 100% of wild-type 

seedlings. Concentrations used here were 10 nM FPX, 30 µM CBI 5, 30 µM CBI 6, or 30 µM 

quinoxyphen. Error bars represent the standard error as a percentage of control (+ only).  
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Figure 3.3. Root length measurement of CBI treated seedlings on CBI 3 and CBI 19. 

Seedlings were stratified at 4° Celsius for 4 days, then grown for 1 week at room temperature 

under constant light. 30 seeds were sown for each chemicals treatment, and the resulting plants 

were measured (N = 10-30). Seedlings were grown on MS basal medium supplemented with the 

concentration shown previously to completely inhibit root growth in 100% of wild-type 

seedlings. Concentrations used here were 10 nM ISX, 30 µM CBI 3, or 10 µM CBI 19. Error bars 

represent the standard error as a percentage of control (+ only).  
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Figure 3.4. Root length measurement of CBI treated seedlings on CBI 26 and CBI 27. 

Seedlings were stratified at 4° Celsius for 4 days, then grown for 1 week at room temperature 

under constant light. 30 seeds were sown for each chemicals treatment, and the resulting plants 

were measured. Seedlings were grown on MS basal medium supplemented with the concentration 

shown previously to completely inhibit root growth in 100% of wild-type seedlings. 

Concentrations used here were 10 nM ISX, 30 µM CBI 26, or 500 nM CBI 27. Error bars 

represent the standard error as a percentage of control (+ only).  
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Figure 3.5. Root length measurement of CBI treated seedlings on DCB and Indaziflam. 

Seedlings were stratified at 4° Celsius for 4 days, then grown for 1 week at room temperature 

under constant light. 30 seeds were sown for each chemicals treatment, and the resulting plants 

were measured. Seedlings were grown on MS basal medium supplemented with the concentration 

shown previously to completely inhibit root growth in 100% of wild-type seedlings. 

Concentrations used here were 10 nM ISX, 10 nM FPX, 500 pM indaziflam, or 1µM DCB. Error 

bars represent the standard error as a percentage of control (+ only).  
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Figure 3.6. Two-dimensional hierarchical clustering of CBIs based on 2-dimensional Joe-

libs physical descriptors.  

Clusters are based on 2-dimensional Joe-libs physical descriptors. Distance matrices were 
generated using Pearson’s correlation and linked by their pairwise means. Chemicals include 
those used in this study and CBIs from past studies. TBC = 3-(trifluoromethyl)benzofuran-5-

carbonitrile, APC = 2-aminopyrimidine-5-carbonitrile, CPC = 5-chloro-pyrazine-2-carbonitrile, 

CMC = 4-chloro-2(methylthio)pyrimidine-5-carbontrile, ACC = 4-amino-6-chloro pyrimidine-5-

carbonitrile, DPC = 4,6-dichloro pyrimidine-5-carbonitrile.  



45 
 

3.3. Two-dimensional hierarchical clustering links CESA alleles by their relative 

location in the CSC 

 With the root lengths data, I then wanted to find linkages among the different 

CBIs, as well as among the different mutant alleles used in this study. For this reason, the 

root lengths of ixr and fxr alleles on 33 different CBIs or phytohormones were tested as a 

percentage of their respective control and clustered together. Two-dimensional 

hierarchical clustering grouped CBI 3, 19, 26, and 27 together with ISX, while FPX, CBI 

5, and CBI 6 were grouped together (Figure 3.7). Quinoxyphen clustered equally close to 

FPX and ISX, which is surprising based on the resistance of fxr2-4 (Figure 3.7). 

Consistent with the growth analysis, DCB clustered relatively close to FPX, but not 

directly in the same cluster (Figure 3.7). Instead, it clustered more closely with 

propyzamide, which is an inhibitor of mitosis (U.S. E.P.A., 1994; Figure 3.7). Indaziflam 

clustered closely to ISX, but unexpectedly clustered closer to the natural auxin indole-3-

acetic acid (IAA, Figure 3.7). 

 With respect to the alleles themselves, they seemed to cluster based on the 

location of their amino acid substitution. The ixr1 alleles clustered together, the ixr2 

alleles clustered together, the fxr1 alleles clustered together, and the fxr2 alleles also 

clustered with one another (Figure 3.7). This is true for all alleles except fxr2-4 and ixr1-7 

(Figure 3.7). The ixr1-7 allele clustered closer to the ixr2 alleles than the other ixr1 alleles 

(Figure 3.7), while the fxr2-4 allele clustered by itself but closely to the fxr alleles. Lastly, 

the ixr1-2 allele, which contains a mutated extracellular loop, clustered most closely with 

the catalytically-mutated alleles ixr1-4 and ixr1-6 (Figure 3.7).  

 

 



4
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Figure 3.7. Condensed heatmap and clustering of mutant root lengths on various CBIs and phytohormones 

Values are represented as a percentage of MS growth only and normalized by subtracting wild type percentages from mutant values. 

Distance matrices were generated using Pearson’s Correlation coefficient and linked based on their pair-wise averages. Values are 

expressed between -30 and 120. Red (negative value) represents mutants being more sensitive to CBI treatment than wild type. Black 

(zero) represents no difference in sensitivity to treatment between mutant and wild type. Green (positive) represents mutant is less 

sensitive to treatment than wild type. Propz = propyzamide, IZM – indaziflam, NPA = naphthylpthalamic acid, IAA = indole-3-acetic 

acid, DTAH = 5-(3,4-dichlorobenzyl)-1,3-thiazol-2-amine hydrochloride 
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3.4. Ectopic lignification of ixr mutants reveals association between ixr1-2, 1-4, and 

1-6 

For further phenotypic characterization of the ixr mutants, they were stained for 

ectopic lignification. Lignin usually accumulates close to the central pith around vascular 

elements, like the xylem, and accumulation of lignin in other areas or the pith itself 

indicates cell wall weakening (Caño-Delgado et al., 2003). Although some alleles had 

increased lignification in the vasculature, such as ixr1-1 (not shown), only three showed 

ectopic lignification. Ectopic lignification was found in the catalytic alleles ixr1-4 and 

ixr1-6, but also in the ixr1-2 allele (Figure 3.8). 

 

 

 

 

 

 

 

 

 

Figure 3.8. Ectopic lignin staining using an acidic phloroglucinol stain.  

Images were taken of dark grown hypocotyls 4 days after germination grown on MS medium 

only. Lignified portions reveal a reddish-purple colour. Scale bar = 0.75 mm 
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3.5. Topology prediction of CESA proteins indicates 7-10 membrane-spanning 

helices 

 Previous predictions, such as from Uniprot (https://www.uniprot.org/), have 

indicated that the CESAs contain 8-transmembrane helices. Because the amino acid 

substituted in the ixr1-2 allele is located in an extracellular loop of CESA3 while the 

amino acid substitutions of ixr1-4 and 1-6 are in the catalytic cytosolic region, the 

clustering of the three together did not make sense (Table 1.1). Thus, I performed 

topology predictions on CESA3 to see if these predictions are consistent with the current 

model, or if these predictions give a different indication. Topology predictions of CESA3 

by TOPCONs suggested CESAs contain 9-transmembrane helices (Tsirigos et al., 2015; 

Figure 3.9A), CCTOP (Dobson et al., 2015) predicted a seven-transmembrane helix 

CESA, and other algorithms used through CCTOP suggested CESAs contain anywhere 

from 7-10 transmembrane helices (Figure 3.9B).  
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Figure 3.9. Surface topology prediction of CESA3.  

Sequences were downloaded from Uniprot and topologies predicted using (A) TOPCONS, or a 

consensus of 10 algorithms by (B) CCTOPS. Topology prediction was also performed other 

algorithms under CCTOPS (B). Red lines represent cytosolic regions, while blue lines represent 

extracellular regions. Boxes represent predicted locations of transmembrane helices based on the 

consensus of known models and relative hydrophobicity of the regions. Numerical X-axis values 

represent the approximate amino acid position. 
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3.6. Tertiary homology modelling suggests CESAs contain seven-transmembrane 

helices rather than the predicted eight 

Topology prediction of CESA3 revealed conflicting evidence to previously 

reported CESA topology. In addition, the clustering of ixr1-2 together with ixr1-4 and 

ixr1-6 did not seem realistic, based on the former having its amino acid substitution in the 

extracellular environment and the latter two having their amino acid substitutions in the 

catalytic region of CESA3 (Table 1.1). To explain this discrepancy, a 3-D homology 

model of CESA3 was generated based on chain A of the crystallized bacterial cellulose 

synthase subunit 4P02 (Morgan et al., 2013; Figure 3.10). The CESA3 model here 

contained only seven-transmembrane helices, with the fifth helix (approximately 

positions F911 to V931) instead partially entering the membrane before returning into the 

cytosol (Figure 3.11). The model contains the characteristic beta-sheet ladder of type-A 

glycosyltransferases and predicted catalytic residues (D379 and D765) face towards the 

internal region of the protein (Figure 3.12). In addition, overlap of the CESA3 model with 

the bacterial cellulose synthase A subunit of 4P02 shows remarkable similarity in the 

catalytic regions, containing a glycan translocation pore that fits the predicted glycan 

chain (Figure 3.13)  

The apparent inversion of transmembrane helices now rearranges the location of 

the ixr and fxr mis-sense mutations across the proteins (Figure 3.10). Instead of 

aggregating at the cytosol-membrane interface, the mutation locations now localize 

around the extracellular-membrane interface, consistent with the unchanged location of 

the fxr2-4 and ixr1-7 allele mis-sense mutations. This change now places the ixr1-2 allele 
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in a cytosolic loop extending closely towards the catalytic region and ixr1-4 and ixr1-6 

alleles (Figure 3.10; 3.12). 
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Figure 3.10. Predictive homology model of CESA3 based on the bacterial cellulose 

synthase subunit A  

The front view (A) has been rotated 90 degrees counter clockwise (B) and 90 degrees counter 

clockwise (C). Red coils represent alpha helices, and green arrows represent beta sheets. Blue 

clusters represent positions altered in ixr alleles, green clusters represent positions altered in fxr 

alleles, orange clusters represent predicted catalytic aspartates, and yellow clusters represent the 

predicted glucose binding residues. The teal molecules running through the central pore represent 

glucose monomers in the growing glycan chain. 
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Figure 3.11. Highlighted image of the CESA3 transmembrane helices.  

The model in (B) has been rotated 90 degrees clockwise with respect to the front-view (A), while 

(C) has been rotated 90 degrees counter-clockwise relative to (A). Red coils represent the 

predicted transmembrane helices. Blue coils represent the possible interfacial helix. 
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Figure 3.12. Enhanced picture of the catalytic region of the CESA3 model.  

Model has been rotated 90 degrees clockwise in (B) relative to (A). Blue clusters represent 

positions altered in ixr alleles, orange clusters represent the predicted catalytic aspartates, and 

yellow clusters represent the predicted glucose binding residues. Green arrows represent beta-

sheets, and red coils represent alpha helices.   

 

 

 

 



5
5
 

 

 

Figure 3.13. Overlap of CESA3 and the bacterial cellulose synthase A subunit model of 4P02.   

Front views are straight on looking at the glycan translocation pore and catalytic region (A). View has been rotated clockwise 90 degrees in 

(B) and 90 degrees counter clockwise in (C) relative to (A). Clusters containing a blue-like colour represent ixr alleles, green-based colour 

representing fxr alleles, orange clusters representing predicted catalytic aspartate residues, and yellow clusters representing predicting 

glucose binding residues. Cyan molecules represent glucose monomers as part of the glycan chain. The yellow protein represents 4P02. 
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3.7. Resistance of fxr2-4 to quinoxyphen can be explained by its proximity to the 

quinoxyphen resistant allele P2P5 

Previously in our lab, the fxr2-4 mutation was identified, and here was shown to 

have high resistance to both flupoxam and quinoxyphen (Figure 3.2). The location of the 

fxr2-4 missense mutation is in the adjacent transmembrane helix to the unpublished P2P5 

(Table 1.1) allele from Tateno et al. (2016). On the 3D model of CESA1, both of these 

residues are directly facing one another and potentially interact (Figure 3.14).  

 

 

 

 

 

 

 

 

 

Figure 3.14. Trimmed transmembrane picture of CESA1.  

Position of substituted fxr alleles are represented by the blue clusters, while the positions of 

quinoxyphen resistant alleles from Tateno et al., (2016) are represented by pink clusters. Model 

has been trimmed of 90% of the cytosolic region, instead only showing parts close to the 

transmembrane region. 
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3.8. Ligand-Protein docking of CBIs to CESA3 

With the newly created model of a CESA, the CBIs were docked to CESA1, 

CESA3, or CESA6. Because the model is missing the zinc binding domain and 

hypervariable region 1, AutoDock VINA tended to place conformations in regions that 

did not make sense (for example, in the middle of the transmembrane domain). These 

regions were discredited. For the control test, UDP-glucose, which is the substrate used 

by CESAs to produce cellulose, was hypothesized to dock to the catalytic region. Using 

AutoDock VINA, the CBIs and UDP-glucose were docked to CESA1 or CESA3, 

depending on their respective predicted binding protein. Of the top ten conformations for 

UDP-glucose, seven were placed in the catalytic region of CESA3, with the top binding 

conformation in the catalytic region (ΔG =  -37.1 kJ/mol; Figure 3.15). Docking of CBI 3 

placed five out of ten conformations in the catalytic region, with the top conformation 

being one of them (ΔG = -33.5 kJ/mol; Figure 3.16). Docking of CBI 19 placed five of 

the top ten binding conformations in the catalytic region, with the fourth best 

conformation being in this region (ΔG = -29.7 kJ/mol; Figure 3.17). On CESA3, the 

remaining viable top binding conformation of ISX placed it in an exterior pocket of the 

protein in the predicted class specific region (C-SR; ΔG = -37.7 kJ/mol; Figure 3.18). 

Although CBI 26, 27, and ISX all had a binding conformation in the catalytic region, the 

Gibbs free energy was half that of UDP-glucose, so they were not considered.  
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Figure 3.15. Ligand-protein docking of UDP-Glucose to CESA3.  

(A) represents the surface view of CESA3, and (B) shows a magnified image of the catalytic 

region of CESA3.  Purple clusters represent ixr 1-6, orange clusters represent the predicted 

catalytic residues, blue clusters represent ixr1-4, and light blue clusters represent ixr1-2. Yellow 

molecules represent glucose monomers linking to one another in a glycan chain. Scale in (A) 

represents an arbitrary unit between -5 and 5 where red = negative and blue = positive. The 

glycan chain is in the central translocation pore of CESA3. Predicted binding energy ΔG = -37.1 

kJ/mol. 
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Figure 3.16. Ligand-protein docking of CBI 3 to CESA3.  

(A) represents the surface view of CESA3, and (B) shows a magnified image of the catalytic 

region of CESA3. Purple clusters represent ixr 1-6, orange clusters represent the predicted 

catalytic residues, blue clusters represent ixr1- , and light blue clusters represent ixr1-2. Yellow 

molecules represent glucose monomers linking to one another in a glycan chain. The glycan chain 

is in the central translocation pore of CESA3. Scale in (A) represents an arbitrary unit between -5 

and 5 where red = negative and blue = positive. Predicted binding energy ΔG = -33.5 kJ/mol. 
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Figure 3.17. Ligand-protein docking of CBI 19 to CESA3.  

(A) represents the surface view of CESA3, and (B) shows a magnified image of the catalytic 

region of CESA3. Purple clusters represent ixr 1-6, orange clusters represent the predicted 

catalytic residues, blue clusters represent ixr1-4, and light blue clusters represent ixr1-2. Yellow 

molecules represent glucose monomers linking to one another in a glycan chain. The glycan chain 

is in the central translocation pore of CESA3. Scale in (A) represents an arbitrary unit between -5 

and 5 where red = negative and blue = positive. Binding energy ΔG = -29.7 kJ/mol. 
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Figure 3.18. Ligand-protein docking of ISX to CESA3.  

Purple clusters represent ixr 1-6, orange clusters represent the predicted catalytic residues, blue 

clusters represent ixr1-4, and light blue clusters represent ixr1-2. Docking of ISX to CESA3 was 

performed using AutoDock VINA in (A), and the docking is shown in (B) rotated 90 degrees 

counter-clockwise compared to (A). ISX is located in an unfolded-region representing the 

approximate class-specific region. Binding energy ΔG = -37.7 kJ/mol. 
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3.9. Comparison of genes co-expressed with CESAs shows overlap with 

differentially regulated genes 

 Even now, the modes of action of all our CBIs are unknown. To gain a better 

understanding of their effects, RNA sequencing was carried out to profile the 

transcriptomic changes that A. thaliana elicits under CBI treatment. For our purposes, we 

chose the CBIs to which some of ixr or fxr alleles had cross resistance. These included 

CBIs 3, 19, 26, 27, quinoxyphen, DCB, and indaziflam. To do so, we isolated RNA from 

A. thaliana plants treated with twice the amount of CBI causing complete inhibition of 

root growth in 100% of plants. Analysis of RNA sequencing revealed over 3000 genes 

differentially regulated by 2-fold across all CBI treatments. Clustering of differentially 

regulated genes across CBI treatment revealed a close association between CBI 3 and 

CBI 19, a moderate association between CBI 26 and CBI 27, and a slight association 

between quinoxyphen and DCB (Figure 3.19). CBI 3 and CBI 19 seem to have a similar 

effect on the transcriptome of A. thaliana and may in fact have the same or similar mode 

of action. Of the 1989 genes differentially regulated by CBI 3, 50% of genes were found 

to be differentially regulated by CBI 19 treatment (Figure 3.20). In fact, the magnitude of 

fold-change between the two CBIs was consistent across those genes differentially 

regulated. CBI 26 and CBI 27 also had similarity in expression patterns, with 40% of 

genes co-regulated by CBI treatment (Figure 3.21). There was, however, a higher overlap 

of downregulated genes between CBI 26 and CBI 27, with 46% of downregulated genes 

found in common (Figure 3.21C) compared to the 28% upregulated across both CBI 

treatment (Figure 3.21B). DCB and quinoxyphen did not have a high level of similarity 

among differentially expressed genes, with only 27% found in common (Figure 3.22).  
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Figure 3.19. Two-dimensional hierarchical clustering of all genes with >2-fold up or 

downregulation.  

Genes in green represent upregulated genes, while genes in red represent downregulated genes. 

Length of the tree-lines connecting members in each cluster represent association of the clustered 

genes/CBIs, with smaller corresponding to higher Pearson correlation coefficient. Clusters were 

generated using Pearson’s correlation coefficient to create the distance matrix, and elements 

linked by the pair-wise means. To properly display colours, scale represents fold-change between 

-8 (downregulation) and 8 (upregulation). Fold-change values outside of these bounds were 

scaled up or down to a maxiumum of -8 or 8 fold-change. Red (negative) = downregulation, 

while green (positive) = upregulation. IND = indaziflam, QUIN = quinoxyphen, DCB = 2,6-

dichloro benzonitrile. 
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47% overlap among upregulated genes 50% overlap among downregulated genes 

          50% total overlap 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3.20. Venn diagrams representing the overlap between CBI 3 and CBI 19 

differentially regulated genes.  

Overlaps are drawn from (A) association of all differentially regulated genes, from (B) overlap of 

only the upregulated (>2-fold) genes, and from (C) the overlap of only the downregulated genes 

(>2-fold). Percentages were found by dividing the co-regulated genes by the total number of 

differentially expressed genes between the two chemicals. Total overlapping genes between CBI 

3 and CBI 19 treatments show 50% of total genes co-regulated between treatment (A), with 47% 

of total upregulated genes being co-regulated (B), and 50% of total downregulated genes being 

co-regulated (C). 
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Figure 3.21. Venn diagrams representing the overlap between the CBI 26 and CBI 27 

differentially regulated genes.  

Overlaps are drawn from (A) association of all differentially regulated genes, from (B) overlap of 

only the upregulated (>2-fold) genes, and from (C) the overlap of only the downregulated genes 

(>2-fold). Percentages were found by dividing the co-regulated genes by the total number of 

differentially expressed genes between the two chemicals. Total overlapping genes between CBI 

26 and CBI 27 treatment show 40% of total genes co-regulated between treatment (A), with 26% 

of total upregulated genes being co-regulated (B), and 46% of total downregulated genes being 

co-regulated (C).  

 

40% Total overlap 
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Figure 3.22. Venn diagrams representing the overlap between quinoxyphen and DCB 

differentially regulated genes.  

Overlaps are drawn from (A) association of all differentially regulated genes, from (B) overlap of 

only the upregulated (>2-fold) genes, and from (C) the overlap of only the downregulated genes 

(>2-fold). Percentages were found by dividing the co-regulated genes by the total number of 

differentially expressed genes between the two chemicals. Total overlapping genes between 

quinoxyphen and DCB treatment show 27% of total genes co-regulated between treatment (A), 

with 28% of total upregulated genes being co-regulated (B), and 31% of total downregulated 

genes being co-regulated (C). 

27% total overlap  

28% overlap among upregulated genes 31% overlap among upregulated genes 
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3.10. Analysis of GO Term Biological Process of CBIs reveals large similarities in 

enriched terms 

To further characterize the A. thaliana transcriptomic profiles, I performed 

enrichment analysis for overrepresentation of Gene Ontology (GO) terms among the 

genes altered by CBI treatment. In comparing the different chemical treatments, the 

highest altered GO Biological Process term was change in cellular macromolecule 

metabolism (Figures 3.23-3.29). All CBIs caused changes in stress responses, anatomical 

structure development, cellular metabolism, energy processes, and regular cell growth 

(Figures 3.23-3.29; Supplemental Figures S.1-S.7). All chemical treatments did, however, 

have differing levels of changes in each category (Figures 3.23-3.29). GO Molecular 

Function terms showed the most common terms being hydrolase activity, kinase activity, 

transferase activity, and receptor binding (Figures 3.23-3.29). The biggest difference 

among CBI treatments was between indaziflam and the other CBIs. For the most part, 

although different genes and different levels were found across CBI treatment, they 

tended to alter genes localizing to the golgi apparatus, endoplasmic reticulum, 

chloroplast, mitochondria, cell wall, membrane, and ribosome (Figures 3.23-3.28), while 

indaziflam tended to have the most number in the extracellular domain and plastids 

(Figure 3.29).  
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Figure 3.23. Functional enrichment of CBI 3-responsive genes.  

Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.24. Functional enrichment of CBI 19-responsive genes.  

Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.25. Functional enrichment of CBI 26-responsive genes  
Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.26. Functional enrichment of CBI 27-responsive genes.  

Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.27. Functional enrichment of DCB-responsive genes. 

 Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.28. Functional enrichment of quinoxyphen-responsive genes.  

Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution. 
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Figure 3.29. Functional enrichment of indaziflam-responsive genes.  

Over-representation tests were performed using Super Classification Viewer from U of T Bar 

Tools (Provart and Zhu, 2003; http://bar.utoronto.ca/ntools/cgi-

bin/ntools_classification_superviewer.cgi). Clusters for biological process, molecular function, 

and cellular component were produced based on (A) a normalized set of gene terms across all 

categories, and (B) by the total number of genes per category. BP = biological process, MF = 

molecular function, and CC = cellular component. Significant terms (P < 0.05) are in bold letters 

based on a hypergeometric test. Values in (A) were normalized using a binomial distribution.  
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3.11. Functional annotation clustering of CBIs  

With the multitude of genes, pattern analysis becomes a necessity of RNA 

sequencing analysis. To find relationships, I clustered different functional annotations of 

overrepresented terms across different databases using the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID; Huang et al., 2009a; 2009b), and took 

the top ten (highest EASE score) clusters for each CBI. 

CBI 3 had the largest clustering of flowering, while the other significant clusters 

had to do with alteration of transcription, pectin metabolism, modulation of auxin, 

ethylene, and gibberellin responsive elements and pathways, alteration of cell cycle, and 

alteration of cell patterning and development under stress (Table 3.1). CBI 19 showed 

similar clusters to CBI 3, but with more clusters relating to regulation of mitotic 

microtubule organization (Table 3.1).  

CBI 26 and CBI 27 had very similar clusters, with the most similar of the top ten 

being sugar transporters, differentiation and development, cytoskeletal arrangement, and 

innate immunity (Table 3.1).  

The clusters generated using quinoxyphen responsive genes were fairly unique 

compared to the others, with the most interesting clustered terms relating to translation 

alteration, regulation of small ion/water transport and calcium signaling, regulation of 

cytokinesis and microtubules, alteration of nutrient storage, and alteration of 

phytohormone signaling (Table 3.1).  

DCB had several terms relating to auxin signaling and transduction (Table 3.1). 

These clusters included two with genes relating to auxin transportation, and one relating 

to genes involved in auxin signaling (Table 3.1). DCB also caused changes in clustered 

genes relating to actin cytoskeleton organization, tricarboxylic acid cycle activity, 
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cytokinin signaling, and response to light (Table 3.1). Like quinoxyphen, there were also 

changes in calcium signaling and water/small ion transport (Table 3.1).  

Lastly, clusters of genes with associated terms for indaziflam showed weak 

clustering, with, for the most part, insignificant relationships between clustered genes 

(EASE score < 0.3; Table 3.1). However, the clustered groups showed mostly alteration 

of transcription factors, glycosyl hydrolases, and transporter activity at the membrane and 

chloroplasts (Table 3.1).  
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Table 3.1: Functional annotation clustering of differentially regulated genes. Genes were 
clustered together based on commonality of function, location, and/or process in a given 

category using DAVID (Huang et al., 2009a; 2009b). The top 10 clusters with the highest 
enrichment score were taken for each CBI treatment. Enrichment scores represent a modified 
fisher exact test. Number of enriched genes per pathway were included. 

CBI Summarized cluster term  
Enrichment 

score (EASE1)

# of genes in 

pathway2 

 

CBI 3 

Flowering and development 2.08 27 
Potassium ion transport 1.65 13 
Pectin metabolism 1.6 17 
Hydrolysis/catabolism  1.44 6 
Transcription factors  1.42 8 
Transcription process 1.33 5 
Phosphatidylinositol regulation 1.31 7 
Gibberellin signaling (stress and              

general) 1.3 10 
Auxin/ethylene mediated regulation 

of phyllotactic patterning 1.28 16 
Regulation of transcription  1.28 259 

CBI 19 

Auxin/ethylene mediated regulation of 
phyllotactic patterning 1.98 5 

Cytoskeletal organization 
(microtubule) 1.73 5 

Pectin metabolism 1.58 15 
Mitotic microtubule organization 1.37 7 
Regulation of transcription 1.28 218 
Cell division organization 1.18 6 
Ethylene-mediated stress signaling 1.18 17 
Cell death 1.15 4 
Transcription factors 1.15 9 
Gibberellin signaling (stress and 

general) 1.12 8 
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CBI 26 
Transmembrane proteins 1.79 92 
Carbohydrate transportation 1.52 13 
Regulation of cytoskeleton (actin)  1.47 7 
Glycosyltransferase activity 1.44 30 
Membrane sugar transporters 1.36 21 
Sumoyl-related protease activity 1.29 6 
Sterol biosynthesis 1.28 5 
Kinase-mediated signal transduction 1.24 149 
Integral membrane proteins  1.23 292 
Response to pathogen 1.16 7 

CBI 27 

RNA recognition proteins 1.23 12 
Fatty acid metabolism 1.1 6 
Flowering and development 1.1 18 
Response to pathogen 0.866 8 
Tetracopeptide repeat-related 0.86 7 
Thylakoid-related processes 0.85 12 
Translation regulation 0.822 28 
Transcription factors 0.8 10 
Regulation of protein folding 0.72 4 
Membrane sugar transporters 0.68 11 

Quinoxyphen 

Regulation of ribosomes 1.34 21 
Nutrient reservoir proteins 1.15 6 
Calcium signaling 1.14 10 
Amino acid biosynthesis 1.01 5 
Microtubule organization involved in 

cell division 0.93 8 
Fatty acid metabolism 0.87 11 
DNA repair/response to damage 0.84 7 
Geranylgeranyl protein modification 0.81 5 
Phosphatase activity 0.75 6 
Auxin signaling pathway 0.74 9 
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DCB 

Auxin activated signaling 1.31 10 
Cytoskeletal organization (actin) 1.13 8 
Tricarboxylic acid cycle 1.08 9 
Cul4-ubiquitin ligase complexes 1.03 22 
Auxin transport 0.984 7 
Flowering and development 0.963 11 
Cytokinin-mediated signaling 0.905 5 
Calcium signaling 0.859 7 
NAF/FISL domain related signal 

transduction 0.856 4 
Calmodulin binding 0.8 12 

Indaziflam 
Transcription factors 1.21 4 
Protein kinases signal transduction 0.873 18 
Metal-binding 0.857 13 
Glycosidase activity 0.83 4 
Glycoprotein secretion 0.67 10 
Transmembrane proteins 0.51 6 
Regulation of transcription 0.26 12 
Membrane transporter activity 0.24 7 
Chloroplast-related 0.24 6 
Integral components of membrane 0.156 21 

1 = EASE score represents DAVID-specific term outlining the significance of gene association 

in a category. The higher the value, the more significant the relationship, with values 

above 0.3 having biological significance. Significance is assigned to a modified fisher 

exact test.  

2 = Genes in pathway represent those differentially regulated by CBI addition – not the total of 

all genes found in that pathway 
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3.12. Pathway analysis reveals consistencies with Go Annotations 

Of the seven CBIs examined by RNA sequencing, CBI 3 caused the highest 

number of differentially regulated genes, so it was chosen for further investigation. To 

further characterize the differentially expressed genes of CBI 3, I mapped these genes to 

the different major pathways using the KEGG or MapMan. Genes were mapped to over 

35 different biochemical pathways, with the main pathways investigated here relating to 

glucose metabolism, endocytosis, phytohormone signaling, and plant-pathogen 

responses. Many genes involved in endocytosis, including clathrin and early response to 

dehydration7 (ERD7), genes were upregulated by CBI 3 treatment (Figure 3.30). In the 

endocytic pathway, there were also numerous altered genes involved in regulation of 

vesicle trafficking and fusion, including components of the actin cytoskeleton organizer 

Arp2/3 wave complex, were downregulated (Figure 3.30; Table S.1). Addition of CBI 3 

appeared to cause an overall reduction in sucrose and glucose metabolism, but also 

upregulation of the sucrose/glucose regulator trehalose-6-phosphate synthase (Figure 

3.31; Table S.2). Genes altered in this pathway included different sugar-conversion 

proteins, such as the suspected sucrose sensor hexokinase-like 3 (HKL3), genes involved 

in starch metabolism, sucrose degradation, and interconversion of glucose/sucrose 

(Figure 3.31; Table S.2). Overall, CBI 3 appears to downregulate genes that increase the 

amount of glucose in a cell (Figure 3.31; Table S.2).  

There were also large changes in biotic and abiotic stress responses, especially 

through phytohormone signaling and various signaling pathways (Figure 3.32). A large 

number of genes relating to stress-signaling were actually found to be differentially 

regulated by CBI 3 (Figure 3.32; 3.34). These included heat-shock proteins, cell wall 

related genes, phytohormone signaling genes, and stress-related transcription factors 
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(Figure 3.32). The largest changes were seen in cell wall metabolism, biotic and abiotic 

stress signaling, and general energy processes (Figures 3.32-3.33). Stress related 

components included genes relating to heat tolerance, drought/salt tolerance, and genes 

involved in regulating radical oxygen species (Figure 3.34). Additionally, large 

alterations were seen in genes involved in development, cell cycle, and protein 

modification (Figures 3.32; 3.34). These included genes involved in cell wall related 

components, such as pectin lyases, various cell wall proteins, carbohydrate metabolism 

including xyloglucans and other cell wall carbohydrates, and pectin esterases (Figure 

3.33).  

CBI 3 also altered the expression of many genes involved in fatty acid 

metabolism, phospholipid synthesis, and sphingolipid metabolism (Figure 3.33). CBI 3 

treatment resulted in altered expression of genes involved in pigment metabolism such as 

flavonoids, in phytohormone biosynthesis, in amino acid metabolism, in light responses, 

and in starch/sucrose metabolism (Figure 3.33). Lastly, CBI 3 caused changes in general 

development related genes, cell cycle and cell division related genes, and showed an 

overall upregulation of receptor kinases (Figure 3.34).  
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Figure 3.30. KEGG map of endocytic processes with CBI 3 regulated genes.  

Yellow highlighted squares represent upregulation (>2-fold), while blue squares represent downregulation (>2-fold). Genes in green 

represent those with an equivalent gene in A. thaliana. Boxes in white are components that have not been shown to have an equivalent 

gene in A. thaliana. Abbreviations are explained in Supplemental Table S.1. Map is from KEGG (Kanehisa et al., 2000; 2015; 2016) 
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Figure 3.31. KEGG pathway of carbohydrate metabolism with CBI 3 regulated genes. 

 Yellow highlighted squares represent upregulation (>2-fold), while blue squares represent downregulation (>2-fold). Genes in green 

represent those with an equivalent gene in A. thaliana. Boxes in white are genes that have not been shown to have an equivalent gene in 

A. thaliana. Abbreviations are explained in Supplemental Table S.2. Map is from KEGG (Kanehisa et al., 2000; 2015; 2016) 
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Figure 3.32. Mapman map containing CBI 3 regulated genes mapped to biotic and 

abiotic processes.  

Yellow squares represent upregulation (>2-fold), while blue squares represent down regulation 

(>2-fold). Bar represents values from 2-fold downregulation (blue) to 2-fold upregulation 

(yellow), with white being no difference.  Map shows the multitude of stress-related elements 

altered by CBI 3 addition. HSP = Heat shock proteins, Brassinost = brassinosteroids, MAPK = 

microtubule associated protein kinases, MYB = myeloblastosis transcription factors, WRKY = 

WRKY amino acid domain containing transcription factors, PR-protein = pathogenesis related 

proteins, R genes = resistance-related genes, ABA = abscisic acid, SA = salicylic acid, JA = 

jasmonic acid.  
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Figure 3.33. MapMan map of general cellular processes for A. thaliana in response 

to CBI 3 treatment.  

Yellow squares represent upregulation (>2-fold), while blue squares represent downregulation 

(>2-fold). Bar represents 4.7-fold downregulation (blue) to no change (white) to 4.7-fold 

upregulation (yellow). Processes included are for general metabolism. TCA = tricarboxylic acid 

cycle, mito = mitochondria, FA = fatty acid.  Map outlines genes associated to a wide range of 

cellular functions relating to energy metabolism.  
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Figure 3.34. Overview of cellular responses with CBI 3 regulated genes. 

Squares represent up (yellow) or down (blue) regulation. Bar represents 3-fold downregulation 

(blue) to 3-fold upregulation (yellow). Genes are mapped to (A) components involved in general 

stress responses, or to (B) components involved in regulatory pathways. ABA = abscisic acid, 

IAA = indole-3-acetic acid, SA = salicylic acid, BA = brassinosteroids, GA = giberellins, MAP = 

microtubule associated protein. Maps describe a wide range of cellular responses to CBI 3 

addition across growth, development, stress response, and cellular regulation.  

B 
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3.13. Genes co-expressed with the CESAs function in interconnected processes 

Our novel CBIs are shown to inhibit cellulose synthesis by affecting the CESAs 

or a component they interact with. Therefore, it was hypothesized that processes affected 

by CBI addition should also relate to genes co-expressed with the CESAs. Using ATTED-

II (Obayashi et al., 2017), Gene Expression Angler (Austin et al., 2016), and Gene 

MANIA (Warde-Farley et al., 2010), I compiled a list of genes co-expressed with the 

CESAs based on expression from different tissues and across different organisms. Of the 

multitude of genes found to be co-expressed with the CESAs, there were commonalities 

in their functions. For example, receptor-like kinases (RLKs) were found to be co-

expressed with the CESAs, including FEI1, FEI2, FER, HERK1, HERK2, BRI1, and 

THE1, to name a few (Figure 3.35). Genes co-expressed were found in phytohormone 

signaling, cell cycle, ion and small molecule transporters, energy processes, and in stress-

related genes (Figures 3.35).  

Protein-protein networks and protein functional-association neighbourhoods were 

then generated to further explore the CESA co-expressed genes using Network Analyst 

(Xia et al., 2015). Similar to the STRING (Szklarczyk et al., 2015) analysis and 

enrichment clustering, Figure 3.36 shows most co-expressed gene groups were found in 

trafficking (both endocytosis and exocytosis), cell metabolism, cell organization (actin 

and microtubules), cell division, and phytohormone signaling. The largest groups of 

interconnected co-expressed genes related to water and small-ion transporters, and 

vacuolar H+ ATPase transporters (VHA; Figure 3.36) 

Functional enrichment clustering also confirms this, with the highest clustered 

terms being cell organization and biogenesis, electron transport or energy pathways, 

small ion/water transport, and response to abiotic or biotic stimulus (Figure 3.37). These 
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components appear to have a strong relation to trans-golgi trafficking, with the highest 

clustered terms relating to the golgi apparatus and cell wall (Figure 3.37), which may 

have to do with processing of the CSC. 
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Figure 3.35. STRING Interactome network of genes co-expressed with the CESAs. 

 Network includes genes of different interacting groups. Nodes represent different genes, and groups represent the overall process 

these genes are involved in. Groups are not indicative of all genes involved in these processes, but instead a subset to demonstrate 

among them. Thickness of the edges represents the confidence of the interactions, with thicker = more likely and thinner = less 

likely. Nodes with a red star represent genes co-expressed with the CESAs.  
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Figure 3.36. Protein-protein interaction network of genes co-expressed with the 

CESAs and their interactors.  

Blue nodes represent the co-expressed genes. Genes are organized into neighbourhoods using the 

Walk Trap algorithm in Network Analyst and coloured. Gene members in groups have a high 

chance of performing the same or similar functions. Genes in the network are based on those 

downloaded from ATTED-II (Obayashi et al., 2017), Gene Mania (Warde-Farley et al., 2010), 

and Expression Angler (Austin et al., 2016). Groups have been altered to reduce overlap and 

isolate them from other groups. Lines represent interactions between different proteins – lengths 

are not significant.  
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Normalized gene frequency 
 

Figure 3.37. Gene enrichment of genes co-expressed with the CESAs. 

 Enrichment was performed using Super Classification Viewer (Provart and Zhu, 2003. Clusters 

are generated based on Biological Process, Molecular Function, and Cellular Component GO 

Terms. Clusters are based on either (A) normalized gene numbers in each process, or (B) by the 

total number of genes involved in each process. BP = biological process, MF = molecular 

function, and CC = cellular component. Terms in bold are significant (P <0.05) based on a 

hypergeometric test. Values in (A) were normalized using a binomial distribution.  
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3.14. Protein-protein interaction networks reveal associations between a multitude 

of elements and CESA co-expressed genes under CBI 3 treatment 

Protein-protein interaction networks were created based on known biochemical 

interactions within A. thaliana and those with high confidence in other organisms using 

Network Analyst.  Input of differentially expressed genes led to a large network 

interconnecting over 2000 different proteins. Minimal gene networks showed large 

interconnections. All of the CBI treatments had relatively similar networks, with minor 

divergences. Here, because it had the greatest number of differentially regulated genes 

and not all ixr alleles conferred resistance, I focus on CBI 3. Treatment of seedlings with 

CBI 3 caused large changes in a multitude of different processes with a common theme: 

Stress response signaling, modulation of energy processes, alteration of transcription, 

phytohormone transduction and signaling, modulation of cell division, and alteration of 

cytoskeletal arrangement and cellular component trafficking (Figure 3.38). Changes in 

phytohormone signaling and transduction included alterations in ABA signaling, auxin 

signaling, and ethylene signaling with respect to regulation of cell cycle (Figure 3.38).  

CBIs may target CESAs themselves in order to inhibit cellulose production. 

Following this assumption, genes co-expressed with the CESAs were acquired based on 

co-expression patterns across all tissues and compared to the RNA sequencing data. 

Many genes co-expressed with CESAs were differentially regulated, and many proteins 

interacting with those co-expressed with CESAs were also differentially regulated 

(Figure 3.35-3.37). Highlighting these genes on the protein-protein interaction network of 

CBI 3 shows that multiple nodes interacting with these co-expressed components are 

differentially regulated (Figure 3.38). Many co-expressed genes, such as Acetyl-CoA 

Carboxylase1 (ACC1) or Glutamate Synthase1 (GLT1) appear to be hubs of interactions.  
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Figure 3.38. Minimal protein-protein interaction network of CBI 3 regulated genes.  

Network represents a network between the most closely interacting proteins. Green nodes 

represent upregulated (>2-fold) and red nodes represent downregulation (>2-fold). Nodes 

highlighted in blue are those found to be co-expressed with the CESAs. Edges connecting nodes 

are coloured based on their association to one another, with each colour representing a 

neighbourhood. Genes in a neighbourhood have a high chance of acting in the same/similar 

pathways. Neighbourhood labels represent the most common process among the differentially 

regulated genes. 
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Chapter 4 

 

4.1 Discussion 

 Cellulose synthesis is a complex process that has been known for years, yet we 

still do not have a grasp of all the proteins involved. The purpose of this study was to 

further our knowledge of the various proteins involved in cellulose synthesis and its 

regulation.  

 

 
Until now, there has not been a model, even predictive, of the CESAs with the 

transmembrane domain included. Here, although incomplete, I present a homology model 

based on the bacterial cellulose synthase crystallized from Rhodobacter sphaeroides 

(Morgan et al., 2013; Figure 3.10). Historically, the CESAs were believed to have 8 

membrane spanning helices (Somerville, 2004). The new model presented here suggests 

that CESAs contain 8-membrane interacting helices, but only seven of these helices pass 

completely through the membrane. Consensus topology prediction by CCTOP confirmed 

a seven-transmembrane model, while analysis from TOPCONS and algorithms used 

through CCTOP yielded mixed results. TOPCONS and other sources predicted anywhere 

from 7-10 membrane-spanning helices (Figure 3.9). This brings into question the validity 

of these analyses on AtCESA proteins. With the high complexity of CESA proteins and 

the extensive post-translational modifications they undergo, it is hard to complete an 

accurate prediction. Sequence alignments of the 7th and 8th membrane-spanning helices 

between the bacterial CESAs and plant CESAs showed low identity, which may be the 
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cause of the apparent disagreement (Slabaugh et al., 2014). Studies by Slabaugh et al. 

(2016) also contradict the eight-transmembrane helix model and instead support the 

seven-transmembrane helix model here. In their studies, Slabaugh et al. (2016) identified 

a physiologically important FxVTxK motif conserved among bacterial cellulose 

synthases, Arabidopsis CESAs, and Physcomitrella patens CESAs.  They suggested that 

the fifth transmembrane helix may actually be an interfacial helix, and that the plant 

CESAs contain seven-membrane spanning helices instead of the predicted eight. 

Following this prediction, the authors implied that the loop containing the FxVTxK motif 

may be oriented closely to the catalytic region of the CESAs and act as a carbohydrate 

gating loop. Consistent with this, it has been proposed that this region acts to physically 

scoop UDP-glucose into the active site of the bacterial cellulose synthase A and may be 

modulated into an on or off state by binding of cyclic-di-GMP to the pilZ domain 

(Morgan et al., 2014; Morgan et al., 2016).  

Additional confirmation of this model comes in the form of the ixr1-2 allele. 

Through studies in our lab, ixr1-2 was shown to phenotypically cluster with alleles of the 

catalytic region (Figures 3.7-3.8; Bonetta unpublished). As the ixr1-2 allele has its 

transition mutation located in the threonine of the apparent FxVTxK motif of CESA3, 

this would place it in a cytosolic loop stretching closely to the catalytic region, which was 

seen in the model. Further supporting the model presented here, the catalytic region and 

glycan translocation pore overlap with the bacterial cellulose synthase A subunit (Figure 

3.13), and ligand-protein docking predicts that the top binding conformation of UDP-

glucose (ΔG = -37.2 kJ/mol) resides in the catalytic domain of the CESA3 model 

presented here (Figure 3.15).  
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  The CESA3 model presented here does have shortcomings, however. It is missing 

the zinc-binding domain and the hypervariable region 1, which may be responsible for 

CSC assembly (Kurek et al., 2002), and the plant conserved region and class specific 

regions remain unfolded. In addition, the CESA3 model presented here was based on the 

bacterial cellulose synthase template 4P02, to which they share approximately 25% 

overall identity. Despite being incomplete, the model presented here does provide an 

explanation for the phenotypic clustering of the ixr1-2, 1-4, and 1-6 alleles. Also, the 

regions of interest, including the catalytic domain and transmembrane domain, are 

conserved with the bacterial cellulose synthase (Slabaugh et al., 2014; 2016). As of yet, it 

is still unknown if the CESA proteins have seven-transmembrane helices, or if the 

CESAs contain eight-membrane helices with two of them being interfacial 

helices.  Future efforts should be placed in modeling the unfolded regions, modeling the 

zinc binding domain and hypervariable region 1, and confirming the protein topology. A 

homology model using the predictive catalytic domain of CESA1 in cotton (Sethaphong 

et al., 2013) could prove a worth-while endeavour.  

 
Over the course of our investigations, we wanted to learn about the proteins 

interacting with the CESAs using our novel CBIs. By looking for cross-resistance to the 

previously characterized ixr and fxr alleles to our novel CBIs, we reasoned that cross-

resistance of the mutant alleles to the CBIs would allow us to further explore the mode of 

action of these chemicals and begin to dissect the CSC. To explore this hypothesis, I grew 

the ixr and fxr mutant lines on our CBIs to identify cross-resistance. In addition, we also 

profiled the transcriptomic changes of A. thaliana under CBI treatment to investigate the 

potential modes of action of our CBIs. Overall, addition of the CBIs seemed to cause 
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changes in a broad range of abiotic and biotic stress responses. This does make sense, 

however. Since cellulose, as the main structural component of plants, is a tightly 

regulated and guarded resource, any perturbations of this process most likely activates a 

multitude of stress sensors. Comparison of root length effect clusters and differential 

expression clusters showed consistency, with CBI 3 and 19, CBI 26 and 27, and DCB and 

quinoxyphen being placed in clusters together (Figure 3.7; Figures 3.19). 

Of all the alleles conferring cross-resistance, the fxr2-4 is the most interesting. 

Not only did the fxr2-4 allele confer cross-resistant to quinoxyphen at 30 μM (Figure 

3.2), it was unaffected by treatment at higher concentrations (not shown). It is quite 

possible that quinoxyphen binds to CESA1, or to a protein interacting directly with 

CESA1. This can be explained because all known mutations that confer resistance to 

quinoxyphen have been found in CESA1 itself, including Aegeus (Harris et al., 2012), the 

unpublished P2P5 and P3P4 alleles (Tateno et al., 2016), and fxr2-4. Although fxr2-1 did 

show tolerance to quinoxyphen at lower concentrations (not shown), it was not at the 

level of fxr2-4. Previously, it was unknown how the fxr2-4 allele conferred resistance to 

quinoxyphen, as it is the only FPX resistant mutant known currently to also confer high 

resistance to quinoxyphen (Figure 3.2). The possible explanation could come from the 

proximity of the amino acid residues between fxr2-4 and P2P5. The P2P5 allele has a 

mis-sense mutation in a transmembrane helix of CESA1 which is adjacent to the 

transmembrane helix where fxr2-4 contains a mis-sense mutation (Figure 3.14). In the 

model presented here, the arginine and serine residues (which are altered in the P2P5 and 

fxr2-4 alleles, respectively) appear to locate very closely to one another in three-

dimensional space. Transcriptomic profiles showed that quinoxyphen mainly affects 
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calcium signaling, cell organization, nutrient storage, and cell plate formation (Figure 

3.28; Figure S.6; Table 3.1), which is similar to results found by an ISX and thaxtomin A 

microarray performed previously (Duval and Baeudoin, 2009). As quinoxyphen was 

shown to cause internalization of CSCs (Harris et al., 2012), quinoxyphen may affect the 

interaction of CESA1 and other components involved in endocytosis, such as CSI1 or 

Patrol1.  

DCB is a CBI which has been fairly well researched, yet its mode of action 

remains unknown. No previous studies in A. thaliana have characterized a resistant 

mutation to this chemical, yet here I show that the fxr2-2 allele confers resistance to DCB 

(Figure 3.5). The fxr2-2 allele may affect microtubules to confer DCB resistance, as DCB 

has been linked to microtubules and secretion of CSCs to the membrane (Rajangam et al., 

2008; Zhang et al., 2009; Bonetta unpublished). Comparing this to current transcriptomic 

profiling revealed that DCB also has a link to auxin. Out of the top 10 enriched clusters, 

three were related to auxin transporters, while others were related to cytoskeletal 

arrangement and cytokinin signaling (Figure 3.27; Figure S.5; Table 3.1). Binding of 

DCB to a microtubule associated protein (MAP) kinase (shown by Rajangam et al., 2008) 

could, then, directly regulate auxin transduction, possibly by inhibiting endocytosis of 

these elements and preventing proper distribution of transporters. The fxr2-2 allele, which 

is a P1010L substitution, could alter protein conformation and allow CESA1 to function 

irrespective of DCB. As DCB has also been shown to cause accumulation of non-motile 

CSCs at the membrane (DeBolt et al., 2007), the effect seen could be because of absent 

recycling of the CSCs, or because of inhibition of the actual addition of glucose 

monomers onto the growing strand. CESA1 may bind to a protein that DCB targets, and 
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now that this binding is lost, the effect of DCB is reduced. Alteration in CESA1 structure 

may also cause a downstream stress response, thereby providing tolerance towards DCB. 

Lastly, the fxr2-2 allele may reduce the rate of translocation of the CSCs to the 

membrane, mimicking the phenotype of the bc11 allele in rice (Zhang et al., 2009). 

Further studies should investigate the link between endo/exocytosis of CSCs, the 

translocation rate, and auxin transduction.  

Although there are some ixr alleles confer resistance to ISX, CBI 3, and CBI 19, 

the fact that not all ixr alleles confer resistance to the latter two indicates that these two 

CBIs act differently than ISX does. It is very likely that these chemicals bind to the same 

or similar locations to elicit their effect. CBI 3 and CBI 19 had large similarity in their 

enriched terms and clusters, and they had 50% overlap of differentially expressed genes 

(Figure 3.23; 3.24; S.1; S.2; Table 3.1). These two chemicals may specifically bind to the 

catalytic site of CESA3. The only alleles conferring resistance to these CBIs at 30 μM 

were transition mutations in the catalytic-located residues, namely ixr1-6 and ixr1-4 

(Figure 3.3; Not shown). It should be noted that fxr2-1 also appeared to confer resistance 

to CBI 3 at 30 μM, but this is most likely untrue as only 1/30 fxr2-1 seeds germinated on 

CBI 3 (Figure 3.3). In addition, ligand-protein docking of CBI 3 to CESA3 showed 5 of 

the top 10 binding conformations in the catalytic region (Figures 3.16), while 4 of the top 

10 CBI 19 binding conformations placed it in the exact same location (Figure 3.17). This 

does, of course, assume that CBI 3 and CBI 19 bind to CESA3 and not to another protein 

interacting with CESA3. This theory needs significant investigation and validation, 

however, as the approximate octanol/water partition coefficient (log Poctanol/water) of CBI 3 

and CBI 19 are 3.66 and 4.30, respectively, which make them relatively hydrophobic 



100 
 

(http://www.chembridge.com/). They may be more likely to bind to a different region of 

CESA3 and cause allosteric alterations of the catalytic region. Considering the CESA3 

model is still predictive and missing the zinc binding domain and hypervariable regions, 

these missing regions may skew the results. Future studies should investigate the 

metabolism of these CBIs, and forward genetic screens should find resistant mutations 

located around the catalytic region.  

 CBI 26 and 27 appear to have a similar effect as ISX, but also result in different 

expression profiles. All ixr alleles conferred cross-resistance to these two chemicals 

(Figure 3.4). Transcriptomic profiling of these two chemicals showed variances between 

these two chemicals, with only 48% overlap found across all genes (Figure 3.19; 3.21). 

The overall processes altered were similar, but there were differences, such as more cell-

wall related terms were found in CBI 27 regulated genes than CBI 26 regulated genes 

(Figure 3.25-3.26; S.3-S.4; Table 3.1). This brings into question the similarity of their 

mode of action. If from a mutant resistance perspective, they are the same, yet from a 

transcriptomic view, they are vastly different, it becomes hard to claim they have the 

same mode of action.  This may be because of secondary effects of these chemicals, or 

because they have two different targets - both of which interact with CESA3. 

Like CBI 26 and 27 to ISX, CBI 5 and 6 cause similar effects as FPX. All fxr 

alleles conferred some resistance to these two chemicals (Figure 3.2), and both of these 

chemicals clustered based on structure (Figure 3.6). To further examine these chemicals, 

transcriptomic profiles should also be generated.  

Why all ixr or fxr alleles have cross-resistance to specific CBIs is a mystery, 

especially considering these CBIs have very different chemical structures (Figure 3.6). 
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This indicates that there is a specific substructure or 3D configuration found in common 

between these CBIs that results in their CBI effect, and 2D descriptors are not enough to 

discriminate between them. Identification of this substructure will lead to a much greater 

understanding of their mode of action.  

Even after this study, it remains a mystery to how indaziflam acts. After screening 

millions of seeds, our lab and Tateno et al. (2016) were unable to find a strongly resistant 

mutation at the time of this study. Here, we add more clues, though, in the form of the 

ixr1-1b and ixr1-3 alleles. Because both have amino acid substitutions of the exact same 

residues (G998), the partial resistance conferred by these two alleles implies that the 

location of amino acid substitution is of greater importance than the specific amino acid 

being substituted. Alteration of this glycine residue may greatly reduce flexibility of this 

region, largely affecting CESA3’s capacity to bind other proteins. Transcriptomic 

profiling of A. thaliana’s response to indaziflam shows alterations of chloroplast and 

plastid localized proteins, as well as signal transduction and development (Figure 3.29; 

Figure S.7; Table 3.1). Indaziflam may target a master regulator of growth, and any 

mutations of this regulator lead to lethality. Also, because indaziflam causes complete 

inhibition of wild-type roots at low concentrations (~400 pM), it may target multiple 

proteins, which makes investigation of its mechanism very difficult.  

 
As CBI 3 had the highest number of differentially regulated genes, I pursued it 

further for analysis. Generation of protein-protein networks based on transcriptomic data 

and mapping of differentially regulated genes to different pathways revealed very similar 

results. It appeared that many elements that were differentially regulated were related to 

four main categories: stress signaling, regulation of cell cycle and development, 
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regulation of membrane dynamics, and alteration of energy processes (Figures 3.23-3.29; 

Figures S1-S7; Figure 3.38; Table 3.1). When these were compared to co-expression data 

with the CESAs, there appeared to be large overlaps in the different groups (Figure 3.36; 

3.38). Combining these together and modelling them in Network Analyst (Xia et al., 

2015) and STRING (Szklarczyk et al., 2015; 2017) revealed a clear path of interactions. 

In Figure 3.35, I present a general model of potential interactions using a STRING 

interactome linking together phytohormone signaling, energy processes, protein 

trafficking, and cell cycle to the CSC related proteins. 

Transduction through the RLKs, which have been shown to sense cell wall status 

(Hématy et al., 2007; Feng et al., 2018), may in fact cause alteration of downstream 

elements and create the supposed “CBI” effect. Several BR regulated RLKs, like FER, 

HERK1, HERK2, and THE1, and the ethylene responsive FEI1 and FEI2 receptors were 

found to be co-expressed with the CESAs (Figure 3.35). Processes directly interacting 

with these, such as ethylene signaling, BR signaling, cytoskeletal control, abscisic acid 

signaling, and energy processes through ACC1, reveal interactions with many 

differentially regulated genes (Figure 3.35-3.36; Figure 3.38). 

 Additionally, these receptors are predicted interactors with the CESAs 

themselves as putative homologs have been found to interact in yeast (Breitkreutz et al., 

2010). Inhibition of these RLKs can elicit the CBI effect, as was shown in the herk1the1 

double knockouts and fer knockdown lines (Guo et al., 2009). The authors also showed 

that the bri1herk1the1 triple mutant caused an extremely dwarfed phenotype, enhancing 

the bri1 mutation, and that the bes1-Dherk1the1 triple mutant caused suppression of the 

constitutive BR expression found in the bes1-D mutant, indicating the essential role of 
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these RLKs in normal cell growth. Interaction of CESAs with these receptors may be 

responsible for activation of downstream metabolism, and inhibition of CESA activity 

leads to its inactivation - possibly in a manner to combat stress.  

The cellular organization proteins Rho of Plants (ROPs) have been implicated not 

only for acting antagonistically to ABA signaling, but also to have a role in auxin-

mediated localization of Pin-Formed (PIN) proteins to the plasma membrane through 

auxin binding protein1 (ABP1; Chen et al., 2012; Nagawa et al., 2012). ROP2, when 

under auxin stimulus, has been shown to inhibit clathrin-mediated endocytosis (CME) of 

PIN1 from the membrane (Nagawa et al., 2012). ROP2 and one of its activators, RHO of 

Plants Guanine Nucleotide Exhange Factor1/Spike1 (ROPGEF1/SPK1), have also been 

shown to be co-expressed with the CESAs (Figure 3.35-3.36). Genes interacting with 

SPK1, including ROP4 and ROP5, are differentially regulated by CBI 3 addition (Figure 

3.38). In addition, through activation by ROPGEF1/SPK1, the ROP6 protein has been 

linked to control of auxin transduction by inhibiting CME of PIN1 and PIN2 (Lin et al., 

2012; Chen et al., 2012).  

Interestingly, THE1 itself has also been shown to attenuate biotic stress response 

to the fungal pathogen Botrytis cinera by modulating the ROP pathway (Qu et al., 2017). 

Through their studies, Qu et al. showed that THE1 and guanine exchange nucleotide 

factor4/Rho of Plants Guanine Nucleotide Exchange Factor4 (GEF4/ROPGEF4), which 

acts to exchange GDP with GTP in specific ROP proteins and activate them, interacted in 

a 2-yeast hybrid system. In addition, the authors also showed that ropgef4 mutants and 

the1 mutants were unable to properly respond to B. cinera inoculation - whereas wild 

type was.  
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THE1 is not the only RLK shown to actively alter cellular responses through the 

ROP pathway. FER has also been shown through a two-yeast hybrid system and 

bimolecular fluorescence complementation assay to interact with ROP2, ROPGEF4, 

ROPGEF1/SPK1, and ROPGEF10 (Duan et al., 2010; Yu et al., 2012).  Intriguingly, 

FER was also shown to inhibit the ABA pathway with ROP11 by interacting with the 

ABA-repressor ABA Insensitive2 (ABI2; Yu et al., 2012). Additionally, co-

immunoprecipitation studies indicated ROP11 interacts with ABA Insensitive1 (ABI1) and 

acts to protect it from ABA-mediated degradation, showcasing ROP11’s antagonistic role 

in ABA signaling (Li et al., 2012b). It is possible that when CESA activity is interrupted 

by a CBI, it results in the drastic reduction of cell wall integrity. This causes inactivation  

of the FER-ROP pathway, leading to increased ABA signaling and reduction of PIN 

localization. This improper auxin transduction would then cause large developmental 

issues, such as decreased BR signaling in growing cells and local accumulation of auxin. 

This lack of BR signaling would then result in repression of the cellular state by BIN2. In 

addition to inhibiting CESA1 movement and growth (Sánchez-Rodríguez et al., 2017), 

BIN2 was shown to increase ABA signaling by phosphorylating the ABA responsive 

Snf1-related kinase2 (SnRK2s; Cai et al., 2014). One such member, SnRK2.2, which is 

involved in inhibition of primary root growth (Fujii et al., 2007), is also co-expressed 

with the CESAs (Figure 3.35).  Repressors of ABA signaling, ABI1 and ABI2, bind BIN2 

and its homologues BIL1 and BIL2, and can actually dephosphorylate BIN2 to prevent its 

activity - consistent with the antagonistic nature of ABA and BR signaling (Wang et al., 

2018). The CESAs, then, are most likely in the middle of phytohormone crosstalk, and 

are closely monitored by cell wall sensors.  
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This is further supported by the repp3 allele of CESA3. The repp3 allele causes 

mis-localization of PIN2 from the apical to basal side of the cell (Feraru et al., 2011). It is 

possible that for normal PIN localization, the CESAs need to either physically interact, as 

putative homologs were shown to interact in yeast (Breitkreutz et al., 2010), or properly 

deposit cellulose into the apoplast.  

With this knowledge, a potential pathway exists where RLK signaling, by 

interacting with the cell wall and CESAs, acts to inhibit ABA signaling and activate BR 

signaling through the ROP proteins. Stress responses, which would lead to altered cell 

wall integrity, would then be sensed by these RLKs and cause downstream inhibition of 

cell division and development, general energy process, and cause upregulation of ABA 

signaling to combat the stressors.  

 
 Moreover, a possible link exists between CESAs and control of membrane 

dynamics. Co-expression analysis revealed that the CESAs are co-expressed with multiple 

components of the vacuolar-type H+ ATPase (VHA) vacuolar proton transporters (Figures 

3.35-3.36). These transporters also formed a neighbourhood in the CBI 3 protein-protein 

network, with several interacting genes being differentially regulated (Figure 23.38). In 

previous studies, the VHAs, which can control the pH of the cytosol (Gaxiola et al., 

2007), have also been implicated in exocytosis of BRI1 receptors and CSCs to the 

membrane (Luo et al., 2015). By examining Deetiolated3 (DET3), an allele of VHA 

subunit C (VHA-C), mutants and fluorescently labelled CESAs and BRI1, Luo et al. 

showed that there was a reduction in the recycling and endocytosis of these components. 

The results offer a link between acidification of the trans-golgi network and proper 

delivery of CSCs to the membrane.  
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 Endocytic processes were also altered by CBI 3 treatment. There was a direct 

upregulation of clathrin-heavy chain, and many components involved in membrane 

dynamics were altered (Figure 3.30). For example, Syntaxin of Plants71 (SYP71), an 

endoplasmic reticulum and plasma membrane localizing Qc-snare protein specific to 

plants (Suwastika et al., 2008), was found to be co-expressed with the CESAs, and many 

proteins it interacts with are differentially regulated by CBI 3 addition (Figure 3.35-3.36; 

Figure 3.38). Inhibition of proper membrane dynamics by any stretch could result in 

decreased cell wall integrity, making the cell vulnerable to osmotic stress. This, then, 

would explain why inhibition of cellulose in any capacity by CBIs results in more or less 

the same effect - inhibition of cellulose synthesis results in downstream inhibition of 

energy processes, cell cycle, cell division, and attenuation of proper phytohormone 

signaling.  

Overall, CBI treatment results in 4 different responses: modulation of membrane 

trafficking, inhibition of the development phytohormone signaling, activation of stress 

related signaling and inhibition of cell cycle, and inhibition of energy production. The 

slight differences seen from each CBI would then point to different CSC-related protein 

being inhibited. For example, DCB may target CSI1-CC-microtubule interactions and 

prevent endocytosis, CBI 3 may cause inhibition of cellulose translocation, or 

quinoxyphen may cause inhibition of exocytosis.  
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Conclusion 

 The purpose of this study was to create a foundation for further exploring the role 

of CESAs in the cell. By testing for cross-resistance of fxr and ixr alleles to our novel 

herbicides, we found interesting compounds with which to analyze cellulose biosynthesis. 

RNA sequencing of A. thaliana seeds under treatment with these CBIs revealed a 

common theme - that inhibition of the cellulose biosynthetic process results in large 

alterations of stress-signaling. By pairing the A. thaliana CBI 3 transcriptomic profile 

with co-expression analysis of the CESAs, large overlaps were found in the groups altered 

by CBI treatment and the groups co-expressed with the CESAs. The data show that 

inhibition of cellulose results in altered trafficking and membrane dynamics, stress 

responses through phytohormone signaling, altered energy processes, and altered cell 

division. Although we were not able to completely understand the mechanisms of our 

CBIs, the information revealed through the transcriptomic profiles showed links between 

various cellular processes which can be exploited for further analysis. Future studies 

should focus on the link between CESAs, trafficking, and phytohormone signaling 

through the RLKs. Studies should also focus on the interactions mediating proper auxin 

transduction, the RLK signaling and responses, and the ROPs relationship to the CESAs. 
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Supplementary Tables 

 

Table S.1. CBI 3 regulated genes involved in endocytic processes. Pathway tag 
represents label denoted on the pathway map. Gene identifiers represent locus tag assigned 
to that gene.  

Pathway tag 

Gene 

identifier Gene Description References 

     

          

AMSH AT1G48790 

Associated 
molecule with the 
SH3 domain of 
STAM 1 (AMSH) 

De-ubiquitinating 
enzyme involved 
pathogen response 
and organogenesis. 

Malolepszy 
et a., 2015. 

RAB7 AT1G52280 

RAB GTPase 
homolog G3D 
(RABG3D) 

Necessary for 
intracellular 
trafficking and 
protein transport. 
Involved in stress 
response and 
apoptosis. 

Pereira and 
Seabra, 2001; 
Ascencio-
Ibáñez et al., 
2008;  

ArfGAP AT1G60860 

ADP-ribosylation 
factor GTPase-
activating protein 
domain 2 (AGD2) 

Predicted GTPase 
activating 

Koizumi et 
al., 2005. 

Spartin AT2G17840 

Early responsive to 
dehydration 7 
(ERD7) 

Involved in 
response to 
dehydration stress. 
Chloroplastic 
localizing.  

Kiyosue et 
al., 1994.  

Arp2/3 
AT2G30910; 
AT2G31300 

Actin-related 
protein 2/3 
complex subunit 
1A (ARPC1A); 
ARPC1B 

Component of the 
Arp2/3 wave 
complex. Necessary 
for actin 
polymerization.  

Shundai et 
al., 2003. 

PLD AT3G05630 

Phospholipase D 
zeta 2 
(PLDZETA2) 

Important for 
regulation of vesicle 
trafficking. Involved 
in auxin 
transduction 
component 
recycling. 

Qin and 
Wang, 2002; 
Li and Xue, 
2007. 
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PLD AT5G25370 

Phospholipase D 
alpha 3 
(PLDAlpha3) 

Hydrolyzes 
membrane lipids 
under hyperosmotic 
conditions. 
Necessary for 
osmotic stress 
tolerance.  

Hong et al., 
2008a; Hong 
et al., 2008b  

PIP5K AT3G09920 

Phosphatidylinosito
l monophosphate 5-
kinase 9 (PIP5K9)  

Involved in negative 
regulation of sugar-
mediated root 
growth.  

Lou et al., 
2007.  

Clathrin AT3G11130 

Clathrin heavy 
chain 1 (CHC1) 

Coats vesicles to 
facilitate 
endocytosis. 
Required for correct 
recycling and 
distribution of PIN 
proteins.  

Kitakura et 
al., 2011. 

Rab11 AT3G12160   

Ras-related protein 
Rab11A homolog 
A4D (RABA4D) 

Required for 
intracellular 
trafficking and 
secretion. Found in 
pollent tube growth 
regulation.  

Szumlanski 
and Nielsen, 
2009.  

  AT4G09720 

Ras-related protein 
RAB  GTPase 
homolog G3A 

Similar to other Rab 
proteins. May be 
involved in 
intracellular 
trafficking and 
vesicle secretion.  

Pereira and 
Seabra, 2001 
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Table S.2. CBI 3 regulated genes involved in starch and sucrose metabolism in A. 

thaliana. Genes correspond to those that are upregulated or downregulated by 2-fold 
under CBI 3 treatment. Code represents the KEGG identifier used for mapping purposes. 
Gene identifiers correspond to locus codes of A. thaliana.  

Code 

Gene 

Identifier Gene  General description References 

          

2.7.1.1 AT4G37840 

Probable 
hexokinase-like3 
(HKL3) 

Catalytically inactive possible glucose 
sensor expressed in flowers only. 

Karve et al.,  
2008 

2.7.1.4 AT5G51830 
Fructokinase1 
(FRK1) 

Expressed in all tissues of A. thaliana. 

Phosphorylates fructose to create 
fructose-6-phosphate. 

Riggs et al.,  
2017 

3.2.1.26 AT1G62660  

Glycosyl 
hydrolases family 
32 protein/ Beta 
fructofuranosidase4 
(BFRUCT4) 

Vacuolar invertase causing cleavage 
of sucrose to glucose and fructose. 
Involved in regulation of plant carbon 
metabolism and root length. 

Sergeeva et al.,  
2006;  
Nägele et a.,  
2010  

2.4.1.15 
/3.1.3.12 AT1G78580 

Alpha-trehalose-6-
phosphate synthase 
(TPS1) 

Possible glucose/sucrose sensor 
during vegetative growth. Necessary 
for normal development, including 
starch and sucrose deposition, cell 
wall synthesis, and embryo growth. 

Blázquez et al., 
1998; 
Schluepmann et 
al.,  
2003; Gómez et 
al.,  
2010 

2.4.1.21 AT3G01180 
Starch synthase2 
(SS2) 

Chloroplastic/amyloplastic protein. 
Involved in synthesis of starch by 
synthesizing glycan chains.  

Zhang et al., 
2008. 

3.1.3.12 AT5G10100 

Probable trehalose-
phosphate 
phosphatase I 
(TPP1) 

Predicted conversion of trehalose-6-
phosphate to trehalose 

Schluepmann et 
al.,  
2004 

3.2.1.21 AT2G25630 
Beta glucosidase 
14 (BGLU14) 

Inactive beta-glucosidase isoenzyme. 
Catalyzes breakdown of beta-
glycosidic bonds. Turan, 2008. 

 3.2.1.21 AT2G44450  
Beta glucosidase 
15 (BGLU15) 

Apoplast localized. Shown to 
hydrolyze flavonol 3-O-β-glucoside-
7-O-α-rhamnosides and flavonol 3-O-
β-glucosides under stress. 
Downregulation indicates high stress 
levels. 

Roepke and 
Bozzo, 2015; 
Roepke et al., 
2017. 

3.2.1.21 AT5G54570 

Beta glucosidase 
41 (BGLU41) 

Predicted endoglucanase. Hydrolysis 
of beta-1,4 glycosidic linkages in 
beta-D-glucans.  Xu et al., 2004. 

3.2.1.28 AT4G24040  Trehalase1 (TRE1) 
Hydrolysis of trehalose to glucose. 
Involved in responses to pathogens.  

Blázquez et al., 
1998; Müller et 
al., 2001  
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3.2.1.39 AT1G11820 

O-glycosyl 
hydrolase family 
17 

Unknown function. ABA-repressed 
O-glycosyl hydrolase predicted to 
cleave 1,3-Beta-glucans.  

Leonhardt et al., 
2004. 

3.2.1.4 AT2G44570  
Glycosyl hydrolase 
9B12 

Predicted endoglucanase. Hydrolysis 
of beta-1,4 glycosidic linkages in 
beta-D-glucans.  

Libertini and 
McQueen-Mason, 
2004.  

3.2.1.68 AT1G03310 

Isoamylase 2 
(ISA2) 

Involved in preparation of starch 
synthesis and starch crystallizaing by 
trimming pre-amylopectin chains.  Streb et al., 2008.  

5.3.1.9 AT4G24620  

Glucose-6-
phosphate 
isomerase1 (PGI1) 

Chloroplastic-localized protein 
causing isomerization of glucose-6-
phosphate to fructose-6-phosphate. 
Necessary in floral initiation. Yu et al., 2000. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.1. Treemap for CBI3 GO Terms.  

The size of the square represents the significance of the term. Colour squares represent GO terms 

involved in similar processes. Terms were enriched with AgriGO, then summarized and 

visualized using REVIGO. The size of the squares represent the significance of the term based on 

a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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Figure S.2. Treemap for CBI 19 GO Terms. 

 Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour.  
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Figure S.3. Treemap for CBI26 GO Terms.  

Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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Figure S.4. Treemap for CBI 27 GO Terms. 

 Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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Figure S.5. Treemap for DCB GO Terms.  

Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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Figure S.6. Treemap for Quinoxyphen GO Terms.  

Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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Figure S.7. Treemap for IND GO Terms.  

Enrichment was performed using AgriGO, terms simplified using REVIGO, and treemap 

generated using Drastic Data. The size of the squares represent the significance of the term based 

on a fisher exact test, with larger meaning more significant. Square colours represent different 

functions overlapping in similar processes. Terms in black represent the summary of that square’s 

function, while terms in grey represent the overall summary of all processes in that colour. 
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