
 

 

ABSTRACT 

 

ABERG, LISSETE BETANCUR. Use of Arabidopsis as a Model to Investigate the Cellular 

Controls of Cotton Fiber Secondary Wall Thickening. (Under the direction of Dr. Candace H. 

Haigler.) 

 

 

 Cell walls provide support and set the structure of plant cells. Studies analyzing their 

composition and the proteins involved in their biosynthesis have been performed in several 

models including cotton fiber, arabidopsis schlerenchyma, and arabidopsis interfascicular 

fibers. Despite the findings using cotton fiber, cotton is difficult to transform and its genome 

is not fully sequenced. For these reasons we decided to study secondary cell wall thickening 

in different arabidopsis cell types and find a good model for cotton fiber. First we used 

trichomes to determine their cell wall composition, since they possess thick walls and are 

dispensable for plant survival. We showed that the thick (> 1 µm) trichome wall contained 

pectin, cellulose, mannose-containing polysaccharides, integrated cuticular components, and 

guaiacyl lignin, having a different cell wall composition than that of cotton fiber. 

  In the second part of this work, we characterized the expression of the cellulose 

synthase gene family in arabidopsis vegetative trichomes. We analyzed the expression of 

nine CESApromoter:GUS reporter genes. The promoters of five genes typically associated 

with primary wall deposition drove strong GUS expression in vegetative trichomes, whereas 

the CESA promoters typically associated with secondary wall deposition did not drive GUS 

expression. In order to corroborate this, we designed primers for nine CESA genes and 

performed qPCR using RNA isolated from detached trichomes. In addition, we compared 

microarray data from isolated trichomes for correspondence with the other experimental 

results. We also compared the process by which cell walls are built in arabidopsis trichomes 

and cotton fibers. We were able to conclude that although both are described as trichomes, 

their thick secondary cell walls are built by a different set of cellulose synthase genes, which 

opens a new perspective in the definition of cellulose synthase primary and secondary wall 

related genes.  



 

 

 For the third part of the investigation we chose AtSP1L5, a gene whose homologue in 

cotton is up-regulated at the onset of secondary wall deposition. This gene belongs to the 

spiral family, which is exclusive to plants and SPR1 has been proven to co-localize with 

microtubules. In spr1 the roots tend to bend to the right, suggesting a role in microtubule 

dynamics. In this research we identified, cloned, and sequenced two members of the spiral 

family in cotton. We studied the expression pattern of these genes in cotton fiber and 

determined that GhSP1L5 has two peaks of expression, one during early fiber elongation and 

another at the onset of secondary wall deposition, whereas GbSP1L1 has high expression at 

the onset of secondary wall deposition. In addition, we created a phylogenetic tree with spiral 

homologues in a variety of plant species, discovering that the SP1L1 and SP1L5 homologs 

have distinct motifs in their variable region. These short sequence motifs are specific for the 

respective isoform and were present in translated proteins of multiple species. Since we were 

not able to find the T-DNA insertion annotated for AtSP1L5, we proceeded to down-regulate 

its gene expression using an artificial micro RNA (amiRNA) strategy. We obtained two 

transgenic amiRNA lines (amiRNA61 and amiRNA221) and showed the down-regulation of 

AtSP1L5 in stem tissues compared to controls. However, no difference compared to controls 

was observed in overall plant growth phenotype or crystalline cellulose content in the stem. 

Future experiments may possibly identify a subtle phenotype not yet analyzed. 
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Chapter I 

 

Literature Review 

 

 The understanding of how plant cell walls are built, what proteins are involved in this 

process, and which cell structures are essential for a proper cell wall deposition is imperative. 

Studies have been performed using cotton fiber and arabidopsis schlerenchyma cells [xylem 

and interfascicular fibers (IF)] to begin to address these questions with good outcomes. 

Nevertheless, given the genetic tools available in arabidopsis and the limitations presented by 

cotton fiber (such as inefficient regeneration of transgenic plants), in this research I explored 

which cell types in arabidopsis were the best models for processes involved in cotton fiber 

cell wall thickening. In the first chapter, I deal with determining the cell wall composition in 

arabidopsis trichomes. In the second chapter, I explore the expression of the cellulose 

synthase genes (CESA) in trichomes and I evaluate if trichomes are a good model to 

understand secondary wall deposition as it occurs in cotton fiber. In the third chapter, I focus 

on one family of genes in cotton and explore its relationship to differentiation of the 

arabidopsis stem.  

 In this literature review, I provide a broad perspective on the importance of 

understanding cell wall biosynthesis, including explaining the importance of cotton fiber, cell 

walls, summarizing how microtubules (MTs) function in cell wall synthesis, and illustrating 

the role of MT associated proteins (MAPs) with an emphasis on the Spiral family. 

 

Plant cell walls and cellulose synthase genes 

 

 A plant cell wall is composed of polysaccharides, proteins, and in some cases lignin. 

Plants are made of approximately 35 types of cells, and all these cells possess walls that give 

strength, determine the cell’s shape, and provide a barrier to protect the cells against 

pathogens (Cosgrove, 2005). Even though walls are essential for the plant’s structure, cell 

wall components are modified throughout cell development (Labavitch, 1981).  
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For instance, developing cells have thin, flexible walls that must grow through synthesis of 

new components and surface area at the same rate that cells expand. Without cell walls, the 

world would not have the tall, rigid, strong plants we appreciate and use since specialized 

secondary walls are the structure that confer rigidity to plants (Cosgrove, 2005).  

 Plant cell walls are divided in two categories, primary and secondary cell walls, and 

not all plant cell types possess both. The type of wall depends on the function of the cell, 

since secondary cell walls give extra strength and support. Primary cell walls of dicots 

contain hemicelluloses that are thought to be cellulose-binding polysaccharides, pectins that 

are galacturonan-based polysaccharides, semi-crystalline cellulose fibrils, and structural 

proteins. Secondary cell walls on the other hand, are typically composed of a higher 

percentage of cellulose than in primary walls in addition to hemicelluloses, a minor amount 

of structural protein, and lignin in many cases (Cosgrove, 2005). However, the secondary cell 

wall of domesticated cotton fibers are a notable exception because they do not contain lignin, 

being composed almost entirely of cellulose (Meinert and Delmer, 1977).  

 Cellulose, as a main components of cell walls and a major renewable material 

resource, has been the target of many studies. Cellulose is made of β-1,4 glucan chains, 

which aggregate together form the cellulose microfibrils. These long, semi-cristalline, 

microfibrils have a diameter of 2 - 6 nm and are built by the cellulose synthesis complex 

(CSC) containing multiple cellulose synthase (CESA) proteins (Haigler and Roberts, 2009). 

Where the transmembrane helices of CESAs across the plasma membrane, the CSCs are 

approximately 20 – 30 nm in diameter with six particles (or lobes) containing 3-6 CESA 

each. The existence of 6 CESAs within each lobe as commonly modeled has not been 

proven. The cytosolic catalytic portion of the CSC may have been visualized as a 45 – 60 nm 

hexagonal structure, possibly including other proteins in addition to CESA, on the interior of 

the plasma membrane (reviewed in Endler and Persson, 2011). The CESA proteins are a 

main component of the CSC, but it is believed that there are more components yet to be 

identified. 

  In arabidopsis there are ten cellulose synthase genes (CESA), whereas barley and 

maize have at least eight or twelve CESA genes, respectively (Somerville, 2006). Poplar trees 
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have 17 CESA genes (Djerbi et al., 2005). These genes were first proposed to be involved in 

cellulose synthesis because of the homology between bacterial CESA genes and two genes  

expressed in secondary wall stage cotton fiber (Pear et al. 1996). 

 The CESA protein family members are about 985-1088 amino acids in length and 

have eight predicted transmembrane domains; two of the transmembrane domains are near 

the amino terminus and the other six are near the carboxy terminus. A cysteine-rich domain 

that contains four CxxC motifs is located in the amino terminal region; these motifs form a 

RING-type zinc finger that has been shown to be involved in a variety of protein-protein 

interactions in protein complexes (reviewed in Taylor, 2008). In addition, there is a catalytic 

domain located in the central cytosolic region that contains four short widely spaced motifs 

in the primary sequence containing D, D, D, and QXXRW. These motifs are characteristic of 

processive glycosyltransferases, which retain the acceptor polymer during successive 

polymerization steps, and the motifs are predicted to converge near the catalytic site 

(reviewed in Taylor, 2008). 

 The location of the CSC within the cell was determined by freeze fracture 

transmission electron microscopy in 1980. In 1986 Haigler and Brown observed the CSC that 

forms the secondary cell wall within the Golgi cisternae as well as in small vesicles free in 

the cytoplasm, indicating that the CSC is assembled in the endomembrane system (Haigler 

and Brown, 1986). After the CSC is inserted into the plasma membrane by vesicle fusion, the 

CESAs use UDP-glucose as substrate to synthesize cellulose outside the plasma membrane. 

At least in some cases, sucrose synthase located near the internal side of the plasma 

membrane releases UDP-glucose and fructose from sucrose to support cellulose synthesis. 

Multiple glucan chains are synthesized close together that then crystallize to form the 

cellulose microfibril (review in Haigler and Roberts, 2009). 

 Several mutants deficient in primary cell wall have been isolated in arabidopsis. 

Generally, the mutant plants are short, with swollen etiolated hypocotyls and reduced root 

elongation (Endler and Persson, 2011). For instance, the null mutant of CESA1 is embryo 

lethal, suggesting the importance of this protein in cell development (Gillmor et al., 2002). 

The wild type CESA1 gene complements the rsw1 mutant (radial swelling 1). This mutation 
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apparently caused CSCs to disassemble when plants were grown at elevated temperatures 

(31°C) (Arioli et al. 1998). CESA3 mutants also present cellulose abnormalities, the cev1 

mutant showed less cellulose in the roots when compared to wild type (Ellis et al. 2002). Null 

mutations in CESA6 cause a phenotype similar to that of rsw1 although less severe (Fagard 

et al., 2000). In 2007, Persson and others (Persson et al., 2007) showed that the CSC that is 

involved in the primary wall is composed of three proteins, CESA1 and CESA3 (that are 

required) and a third protein component that is either CESA-6 or one its related proteins 

(CESA2, CESA5 and CESA9). The role of CESA10 it is not clear, although it has been 

proposed that it arose through a duplication of CESA1 (Haigler and Roberts, 2009). 

 In the late 1990’s, Turner and Somerville discovered mutations that affected CESAs 

involved in secondary wall synthesis, given the phenotype of a collapsing xylem. These 

mutations were named as irregular xylem (irx) 1 and 3, corresponding to the CESA7 and 

CESA8 genes, respectively (Turner and Somerville, 1997). Later in 2003, Taylor and 

collaborators (Taylor et al. 2003) discovered another mutation that affected xylem just like 

irx1 and irx3, it was named irx5 and corresponds to CESA4. In the same study Taylor and 

coworkers demonstrated that these three CESA genes were co-expressed in the same cells 

and that the three proteins interact with each other, suggesting that all of them are required to 

form the secondary cell wall. In 2009, Timmers and colleagues, through yeast two-hybrid 

assays, showed that in fact CESA4, CESA7 and CESA8 proteins interact with each other and 

that CESA4 is the only one to form homodimers (Timmers et al., 2009). 

 Although the number of CESAs and their stoichiometry in the primary and secondary 

wall CESA complexes are still under investigation (Endler and Persson, 2011), Carroll and 

collaborators (Carroll et al., 2012) described how some primary-wall related CESA can be 

part of the CSC to form the secondary wall and vice versa, redefining the primary and 

secondary wall related CESA term. Using bimolecular fluorescence analysis Carroll and 

collaborators determined that AtCESA7 can be part of the primary cellulose synthase 

complex and can partially rescue the weak mutant je5, an AtCESA3 mutant. Interestingly, 

the other two secondary-wall related CESAs (AtCESA4 and AtCESA8) could not rescue any 

of the primary-wall CESA mutants. In addition, AtCESA1 was able to substitute AtCESA8 
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in secondary-wall CSC and was able to partially rescue the cesa8ko mutant, reversing the 

irregular xylem observed in the stem of these mutants to the normal shape observed in wild 

type (Carroll et al., 2012).   

 In summary, the genetic research in arabidopsis over the last sixteen years has shown 

that three CESAs are required for the synthesis of expanding primary walls (AtCESA1,3,6, 

or AtCESA6-like genes) whereas three other CESAs (AtCESA4,7,8) are required for the 

synthesis of secondary walls in xylem tracheary elements and IFs. This pattern is broadly 

conserved in the seed plants (Guerreiro et al., 2010) with recent indications that certain 

CESAs can be part of either CSC, at least under experimental conditions. More studies are 

needed in order to determine if the preliminary observations made by Carroll and others 

(Carroll et al., 2012) are observed in wild type plants as well. 

 Even though the CESA genes are vital in the synthesis of typical primary and 

secondary walls, there are many other genes present in co-expression networks with one or 

both of the CESA sets that form the CSC. Some of the most relevant genes from the co-

expression networks are korrigan (kor), kobito (kob) and cobra (cob) just to name a few. 

Mutations in the kobito gene result in cellulose-deficient, dwarf mutants (Pagant et al., 2002). 

The cellulose microfibrils present in kob have disordered orientation when compared to the 

ones present in wild type (Pagant et al., 2002). The function of kobito is unknown but studies 

showed that it is localized in the membrane. Another gene, korrigan, encodes a β-1,4-

glucanase, and several mutations in it result in reduced cellulose in both primary and 

secondary walls. COBRA encodes a glycosyl-phosphatidylinositol-anchored protein, and its 

mutants have reduced cellulose and altered orientation of cellulose microfibrils in the cell 

wall. In arabidopsis, there are 12 genes in the cobra family (Cobra and 11 Cobra-like). 

Although Cobra is involved in primary wall deposition, Cob-like4 has been proven to be 

involved in secondary wall deposition. The exact mechanistic role of these three proteins 

KOBITO, KORRIGAN and COBRA, in cell wall deposition remain unclear (Taylor, 2008). 

 Many unanswered questions remain from the cellulose biosynthesis process, for 

instance are all thick cell walls synthesized by the same set of genes? What other genes are 

involved in cellulose synthesis, besides members of the CESA family and other genes 
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described so far that result in cellulose deficiency when mutated? These are some of the 

questions addressed in this dissertation, although many questions still remain unanswered. 

 

Cotton fiber relevance and development 

 

 Cotton fiber is a seed hair and one of the longest cells in the plant kingdom, reaching 

more than 2 cm. This cell is composed of nearly 95% cellulose at maturity, conferring it 

extraordinary strength and making it ideal for cell wall synthesis and cell elongation studies 

(Kim and Triplett, 2001). The genus Gossypium (cotton) branched off from Kokia and 

Gossypioides approximately 12.5 million years ago, and since then cotton has spread around 

the world and acquired its current geographic distribution (Wendell et al., 2009). Cotton has 

a remarkable domestication history: since four species were domesticated separately to 

improve the properties of the fibers that occur on the seed epidermis.Of these, two were 

polyploidy species from the Americas, Gossypium hirsutum and G. barbadense, and two 

were diploid species from Africa- Asia, G. arboreum and G. herbaceum. In each of these 

cases, people discovered several thousand years ago that the cotton fiber was useful for 

textiles and other applications (Wendel and Cronn, 2003).  

 From the domesticated cotton, Gossypium hirsutum and Gossypium barbadense rise 

as the most important species within the genus due to their prominence in commercial 

production. G. hirsutum, also known as upland cotton, is the most cultivated cotton species in 

the world. It makes up for more than 90% of the cotton production followed by G. 

barbadense (pima cotton or Egyptian cotton). The major uses of cotton are as a textile 

(fiber), oil (seed), and as a source of protein meal (Brubaker et al., 1999). The world cotton 

production in 2011 was about 123.9 million bales (with 480 pounds each), making cotton one 

of the most important crops in the world economy and the most important fiber in the textile 

industry (website B). 

 G. hirsutum originated in Mesoamerica (more specifically in Central America) and it 

is widely cultivated in over 50 countries including China, United States, India, Pakistan and 

Brazil. These are the biggest cotton producers, accounting for 77% of world-wide production 
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(website A). Upland cotton is characterized by high yield and a length between 2 and 3cm, 

and it is used in the production of coarse yarns for denim and cotton knits (Al-Ghazi et al. 

2009) as well as other common fabrics. On the other hand, although G. barbadense also 

originated in the New World (South America), it is less adaptable and only cultivated in 

Egypt, Peru, Sudan, limited areas of the United States and some countries of the former 

USSR (Jenkins, 2003). Its fiber is characterized for being the longest (3.5 cm to 5 cm), finest, 

and strongest of the cultivated species, making it suitable for high quality ring-spun yarns for 

high quality fabrics (Al-Ghazi et al. 2009). The cellular processes that may account for the 

difference in fiber quality between the two species are largely unknown, but a focus of great 

interest due to the possibility of transferring premium fiber quality traits selectively from G. 

barbadense into the more adaptable G. hirsutum. 

 Cotton fiber initiates from the epidermis on the ovule surface the day of anthesis. At 

this point about 25% of the epidermal cells (on 25-30 ovules per boll) differentiate into fibers 

(Kim and Triplett, 2001). Initiation is characterized by spherical expansion above the ovule 

surface. Then a phase of rapid cell elongation occurs until ~17 days post anthesis (DPA). 

During this elongation stage the primary cell wall is built and its thickness remain somewhat 

constant at 0.2 – 0.4 µm (Seagull, 1990). While elongation continues, there is a transition to 

cell wall thickening in both G. hirsutum and G. barbadense. In this transition stage, the 

“winding” cell wall layer presents a substantial degree of final fiber strength since the 

cellulose microfibrils are oriented differently than those of the primary wall (reviewed in 

Haigler et al., 2012). The deposition of a secondary cell wall containing nearly pure cellulose 

occurs during ~22-40 days and there is a major fiber wall thickening, resulting in a wall of 

about 8-10 µm thick and a little remaining cell lumen (Seagull, 1990). Since there have been 

several studies on MT orientation during fiber development, this subject is discussed later.  
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Possible models for cotton fiber development 

 

 Cotton fiber is an excellent model for cell elongation given its single-celled nature, 

and for cell wall synthesis and deposition studies, especially of cellulose since it the main 

component of the secondary cell wall. In vitro ovule culture has been established as a reliable 

method to isolate nucleic acids, characterize proteins, study fiber length, and make cellulose 

content measurements (Kim and Triplett, 2001). Some of the advantages of studying fiber 

grown in vitro include the easy addition of inhibitors and radioactive labels. Although fibers 

are not as long as in planta, they reach an average length of 1.7cm and the cell wall contains 

about 70-80% cellulose instead of 95% (Kim and Triplett, 2001; Meinert and Delmer, 1977). 

Even with these advantages, there are still many limitations to the study of cotton fiber. In 

addition, the development of gene knock-outs is hard to accomplish due to large genome size 

(Kim and Triplett, 2001). Recent advances have shown the possibility of silencing genes in 

cotton fiber via VIGS with promising results (Tuttle et al. 2008).  

 To study secondary cell wall thickening, arabidopsis provides an outstanding model 

since there are different cell types present that possess thick walls, a fully sequenced genome, 

and a large variety of available mutants (Ye, 2002). As mentioned earlier, cotton fiber is an 

excellent model to study cell wall synthesis, but its limitations regarding efficient genetic 

manipulation have caused scientists look for other possibilities to test the function of genes 

that may have conserved function across different species. The arabidopsis cells that have 

more potential for this task are trichomes, xylem conducting cells, and IFs. Below I will 

explain why these cells are good candidates to study cell wall synthesis. In my research to be 

described later, I continue to analyze which of these cell types was preferred to make the 

bridge between arabidopsis and cotton fiber in terms of analysis of gene function. 

 Arabidopsis trichomes are single-cells that originate from single epidermal cells. Leaf 

trichomes originate on the surface of the leaf primordium, and they undergo about 32 cycles 

of endoreduplication. The morphology of trichomes varies from unbranched, to having two 

to five branches. Mutations affecting trichome initiation, spacing, density and shape have 

been identified, giving more tools to use trichomes as a model for cell differentiation and 
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expansion (Uhrig and Hülskamp, 2010). The single cell nature of trichomes, as well as their 

dispensability for plant survival under laboratory conditions and their thick cell wall, makes 

them potentially analogous to cotton fibers.  

 Many studies have been performed using trichomes, but still little is known about 

their cell wall composition. Pothika and Delmer (1995) described a mutant, tbr, deficient in 

cell wall birefringence, a property of highly ordered cellulose under polarizing light. The 

apparent cellulose deficiency occurred, but a thick cell wall remained present in the mutants. 

There were no data available on the composition of the trichome cell wall before the research 

to be described here, although the birefringence and the thickness of the cell wall suggested 

the presence of ordered cellulose. 

 Although arabidopsis is a small plant, it possesses thick cell walls in the xylem 

tracheary elements that can be used to study secondary cell wall deposition (Chaffey et al., 

2000). The secondary cell wall of tracheary elements is composed of cellulose, 

hemicelluloses and lignin, and the cell wall thickenings form specific patterns. For instance, 

secondary cell walls of tracheary elements in the protoxylem are organized in a helical or 

annular pattern. The secondary cell walls of tracheary elements in the metaxylem and 

secondary xylem are usually deposited in a scalariform, reticulated or pitted pattern (Zhong 

and Ye, 2009). Since xylem tracheary elements posses these thick walls and the same CESA 

genes and other genes from their co-expression network are expressed during secondary wall 

deposition in cotton fiber, xylem stands as a strong candidate to help understand cellulose 

biogenesis in cotton fiber (Haigler et al., 2009).  

 Interfascicular fibers are of special interest because they are not essential for plant 

survival, allowing mutations affecting fiber cell differentiation to be produced and further 

characterized. These fiber cells in arabidopsis are formed when internodes of the 

inflorescence stem cease elongation (Zhong et al., 2001); they are located near to the 

endodermis and form three to four layers. When IFs stop elongating, the secondary cell wall 

starts being deposited. The secondary cell wall is composed mainly of cellulose microfibrils 

that have different orientation, depending of the wall layer in which they are located (S1, S2 

or S3) (Ye et al., 2002). IF cells may have evolved to utilize mechanisms similar to those of 
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tracheary elements to control the deposition of secondary walls (Mauseth, 1988).  This 

hypothesis is confirmed by Zhong and colleagues (Zhong et al., 2010) since they show the 

existence of transcriptional master switches that regulate secondary wall deposition in IFs 

and xylem elements. Finally, neither IFs nor cotton fibers are essential for plant survival; 

both have thick cell walls and various methods have been developed to use IF to study cell 

wall biosynthesis. Combined, this makes IF another great candidate to study cell walls and 

compare it to cotton fiber. 

 

Role of MTs in cell wall deposition 

 

 MTs are rod-like polymers assembled from α/β tubulin dimers that are found in all 

eukaryotic organisms (Buschmann and Lloyd, 2008). MTs are dynamic structures that are 

usually found in states of either growth or shrinkage with rapid transitions between the two 

phases; this feature is known as dynamic instability. MTs grow and shrink by the addition 

and loss of dimers of α and β tubulin at their plus end. These subunits arranged head to tail 

into thirteen protofilaments that are aligned in the tubule wall. This arrangement ensures that 

one end terminates with α-tubulin and the other with β-tubulin (Young and Bisgrove, 2011).  

 As reviewed previously (Seagull, 1993) the orientation of MTs changes with different 

stages of cotton fiber differentiation. At 1 DPA (Days Post Anthesis) MTs appear to be 

arranged at random with a large degree of variability. Although it would be predicted that 

cellulose fibrils parallel the MTs, the cellulose arrangement has not been described in cotton 

fiber initials. At 2-7 DPA MT orientation changes to a shallow pitch (almost transverse) 

helical pattern which is maintained during fiber elongation (until around 19 DPA), with 

cellulose microfibrils deposited in the same nearly transverse orientation (Seagull, 1986; 

Seagull, 1992). After 19 DPA, when cell elongation is ceasing, MTs have a major shift in 

orientation. This corresponds to the transition from primary to secondary wall deposition, and 

the MTs adopt a shallow angle relative to the long axis of the fiber. Starting about 24 DPA, 

during secondary wall deposition, the MTs shift to steeply pitched helical arrays and the 

cellulose microfibrils adopt the same pattern (Seagull, 1992). 
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 Arabidopsis was transformed with MAP4:GFP to study the MT arrangements in 

trichomes (Mathur and Chua, 2000). At the early stages of trichome development, it was 

difficult to visualize the microtubular arrays because of the transparency of the developing 

cells and their proximity to underlying cells of the leaf. During the tubular growth stage, the 

cortical MTs remained transversely arranged. As trichomes continue to develop, the MTs 

remain transverse in the stalk and extending branches. A clear reorientation occurs at the 

branch junction with MTs crisscrossing each other. When trichomes reach their final stellate 

form, the MTs organize into oblique spirals. These spirals have either clockwise or 

counterclockwise directions in mature trichomes, and they form a cortical meshwork of 

oblique MTs when they crossed each other (Mathur and Chua, 2000). There are similarities 

between MT orientation in mature trichomes and cotton fiber during secondary wall 

deposition. 

 Numerous studies using transmission electron microscopy (TEM) and 

immunofluorescence have documented the close correspondence between MTs and the 

orientation of microfibrils in the secondary wall of tracheary elements (Pesquet and Lloyd, 

2011). Arabidopsis differentiating tracheary elements show parallel MTs beneath the 

secondary wall thickening. In xylem, a similar parallel pattern of MTs was observed 

underneath the secondary cell wall. The use of α-tubulin:GFP shows that before any 

deposition of secondary wall starts the MTs arranged in a transverse orientation, but once 

secondary wall deposition begins the MTs divide into two large bands that flank the sides of 

the secondary deposition (Pesquet and Lloyd, 2011).  

 Burk and colleagues (Burk et al., 2001) described AtKTN1, a mutant that causes 

delays in the establishment of cortical MT arrays in elongating cells, which translates into 

abnormalities in the IFs. The abnormalities in the IFs include thin cell walls and reduced 

fiber length. This mutation in IF is evidence of the correlation between MT dynamics and the 

normal development of IFs in arabidopsis (Burk et al., 2001).  

 MTs do not act by themselves, there are several proteins that have been prove to 

interact with MTs and hence help MTs to accomplish a specific function. These proteins are 

known as MAPs (MT Associated Proteins) and are present in all eukaryotes, but there are 
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some MAPs exclusive to plants. Among these MAPs some of the most well studied proteins 

are the kinesin-related motor proteins; some of them are predicted to contain additional 

functional domains such as armadillo-repeats, actin-binding regions, and calmodulin-binding 

sites (Young and Bisgrove, 2011).  

 Spiral1 (SPR1) is a protein that localizes to the plus- end of MTs. In arabidopsis, 

there are five homologues of SPR1 named SP1L1- to SP1L5. These proteins have conserved 

N-terminal and C-terminal regions and are exclusively present in the plant kingdom 

(Nakajima et al., 2006). Given the relevance of SPR1 protein family in this dissertation, more 

details will be explained later. 

 Forward and reverse genetics in arabidopsis have provided several mutants to study 

the effect of these MAPs in MT dynamics. For instance, spr1 (right-handed helical growth in 

roots) and tor1 (left-handed growth in roots) were discovered to act in MT orientation and 

their function results in right- or left- handed helical arrays of MTs. TOR1 binds directly to 

MTs, whereas no direct interaction was detected between SPR1 and MTs (Furutani et al., 

2000; Bushmann and Lloyd, 2008).  

 As mentioned earlier, MTs have plus and minus ends. There are some MAPs 

associated with one end preferentially. For example, EB1, CLASP and SPR1 are 

associated/localized to plus ends of MTs and are known as MT end-binding proteins (+TIPs) 

(Young and Bisgrove, 2011). EB1 (End-binding 1) is a protein found in mammals, yeast, and 

plants. In arabidopsis there are three members of this family, AtEB1a, AtEB1b and AtEB1c. 

EB1a and EB1b have acidic C-terminal tails that might induce an auto-inhibitory 

conformation, whereas EB1c lacks this tail. EBb1 tail region inhibits MT assembly in vitro. 

This was not observed for EB1c. EB1a and EB1b form heterodimers with each other, but not 

with EB1c. These data suggest that although the EB1 proteins share similarities, EB1c a plant 

specific protein has evolved to have distinct function within MT dynamics (Komaki et al., 

2010). 

 CLASP is a MAP that accumulates at sharp cell edges and helps MTs overcome 

edge-induced depolymerization. Ambrose and colleagues demonstrated this by using 
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PCLASP:GFP:CLASP, which was found to accumulate in the edges of different cell types, 

being most commonly found at the edges intersected by MTs (Ambrose et al., 2011). 

The nature of SPR1 and its MT localization is going to be explained in detail below.  

 

The Spiral family of microtubule binding proteins 

 

 Spiral mutants were isolated based on the root tendency to bend to the right when 

grown on a vertical positioned agar plate. Furutani and colleagues (Furutani et al., 2000) 

identified four alleles of spiral1 (spr1-1 to spr1-4) in the Landsberg erecta (Ler) background. 

Crossing experiments between spr1 and wild type (WT) resulted in 25% of the seedlings 

retaining the mutant phenotype, suggesting that spr1 is a recessive mutation. Since all spr1 

alleles showed similar phenotypes, only spr1-1 was characterized. When grown under white 

light, spr1 and WT plants were undistinguishable, but growth in the dark caused hypocotyls, 

root epidermal cells, and stems of spr1 to show right-handed helical growth. I note, however, 

that it is unclear how the growth of arabidopsis stems could occur on dark-grown plants. 

Also, when grown vertically on hard agar, spr1 roots bend to the right. In order to investigate 

the effect of MT interacting drugs on spr1 mutants, 3 µM propyzamide (a MT 

depolymerizing drug) was applied and shown to reverse the direction from right-skewing 

roots to left-skewing roots. Another MT depolymerizing drug, oryzalin, at concentrations 

higher than 0.1 µM inhibited seedling growth. Etiolated spr1 seedlings also were altered by 

0.3 µM taxol (a MT stabilizing drug), which also suppressed the right-skewing tendency and 

changed the root slanting angle to 60° in contrast, to the WT angle (- 20°). On the other hand, 

cytochalasin D (an actin disruptor) and 2,6-dichlorobenzonitrile (a cellulose biosynthesis 

inhibitor) did not change the skewing phenotype. Furutani and colleagues also studied the 

effect of different temperatures on spr1 mutant plants. Etiolated hypocotyls skewed to the 

right when grown at 22°C, but at 29°C or 15°C the skewness disappeared or was 

exaggerated, respectively. Given the results of the MT interacting drugs, Furutani and 

colleagues studied the cortical MTs in roots of spr1 mutants. Whereas wild type cortex cells 
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had cortical MTs at right angles to the long axis of the cell, the spr1 cortex cells had cortical 

MTs arrays in irregular orientations (Furutani et al., 2000). 

 Later in 2004 Nakajima and colleagues (including Furutani), continued to investigate 

the function of spr1. First they mapped the location of spr1 to At2g03680. They studied all of 

the mutant alleles available for spr1 and determine that spr1-1 has a 632-bp deletion in the 5’ 

UTR, spr1-2 harbored a T-DNA insertion immediately downstream of the putative TATA 

box, spr1-3 had a 10-bp deletion at an intron/exon junction, spr1-4 had a deletion of 642-bp 

in the 5’ UTR and a portion of the first exon, and spr1-5 had a deletion of 622-bp in the 5’ 

UTR. Spr1-1, spr1-2, spr1-4 and spr1-5 did not accumulate any SPR1 transcript, whereas 

spr1-3 had a reduced SPR1 transcript.  

 According to a TBLAST search there are five homologous sequences to spiral1 

(SPR1) in arabidopsis, and these are named spiral1-like1 to spiral1-like5, or (SP1-like 

proteins within the SPR protein family). These genes are: At1g26355 (SP1L1), At1g69230 

(SP1L2), At3g02180 (SP1L3), At5g15600 (SP1L4) and At4g23496 (SP1L5), and they have 

44 to 56% amino acid sequence identity with high variation in the middle. Numerous plant 

species have genes homologous to spiral1, with no homologues found outside of the plant 

kingdom. The SP1L proteins share high sequence identity only in the N- and C- terminal 

regions, and they all have the motif PGGG (in the C-ter region) that exists in mammalian 

MT-binding proteins. Spiral1 and its homologues also share a larger consensus motif 

(GGGSSLG/DYLFG) present in the N-terminal and C-terminal regions. 

 In order to determine SPR1 localization, Nakajima and colleagues (Nakajima et al., 

2004) created a construct using 0.4-kb of the 5’ region and the first intron of SPR1 as the 

promoter in a translational fusion with the SPR1 coding sequence and GFP as tag 

(Pspr1:SPR1:GFP). This construct was over-expressed in spr1-2. Observing the roots of the 

transgenic plants under a confocal microscope showed that SPR1 localized with fibrous 

structures in the epidermal cell cortex. When these plants were treated with oryzalin, the 

fibrous structures disappeared suggesting that these structures were MTs. Since all spiral1 

and spiral1-like proteins share high similarities in the N- and C- terminal regions, different 

constructs were created to determine if both termini were necessary for MT localization. 
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Using the CaMV35S promoter and portions of the SPR1 protein sequence, four constructs 

were developed: 35S:N-ter:GFP; 35S:GFP:C-ter; 35S:N-ter:GFP:C-ter; and 35S:GFP as 

control. These constructs were introduced into spr1-3 mutants, and only the construct that 

had both N-ter and C-ter regions partially rescued the phenotype. Observing the transgenic 

plants in the confocal microscope showed that both N-ter and C-ter regions were required for 

localization to MTs. When the SPR1 promoter was fused to β-glucuronidase (GUS), 

expression was detected in roots, flowers and dark-grown hypocotyls with highest expression 

in expanding tissues. In order to gain more insight into SPR1 function an over-expression 

construct was created using the 35S promoter (35S:SPR1) and wild type (Col and Ler) was 

transformed. Interestingly, these over-expressing plants were slightly more resistant to the 

MT destabilizing drugs such as propyzamide. In addition when compared to wild type, 

35S:SPR1 plants showed higher cell elongation in hypocotyls by about 2mm when compared 

to WT. Finally, RNA blotting showed that SPR1 was expressed in all organs studied 

(seedling, root, rosette leaves, cauline leaves, stem, flower, and silique) (Nakajima et al., 

2004). These observations lead to the concept that SPR1 is a MT-localized protein required 

for the maintenance of straight cell elongation. 

 Also in 2004, Sedbrook and colleagues found another SPR1 allele (through a T-DNA 

activation tagging screen) and named it spr1-6. This recessive mutation results in loss of 

function, and the mutant plants, behaved similarly compared to the other spr1 alleles, 

presenting left-handed root growth in the presence of 3µM propyzamide as well as 0.1µM 

oryzalin. Independently generated SPR1:GFP transgenic plants showed SPR1 localization to 

MTs, and the SPR1 expression pattern was the same as described by Nakajima et al. (2004). 

Also, when the SPR1 protein sequence was compared to sequences with known function, 

they found out that SPR1 shares 28% amino acid identity and 45% similarity with human 

filamin A; a protein involved in reorganizing the actin cytoskeleton by interacting with 

integrins, transmembrane receptor complexes, and second messengers. The similarity 

between SPR1 and the human filamin A is not localized in a specific region, instead is spread 

through the entire protein sequence. In addition to these findings, Sedbrook and colleagues 

studied the role of SPR1 in MT polymerization and catastrophe events. SPR1:GFP was used 
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in time lapse imaging using confocal microscopy, and it was demonstrated that SPR1 

concentrates to the plus ends of the MTs. Finally in a pull-down assay GST:SPR1 did not 

precipitate with polymerized tubulin. This suggested that SPR1 might interact indirectly with 

MTs by binding another protein or a protein complex that binds tubulin (Sedbrook et al., 

2004). 

 Nakajima and colleagues (2006) kept investigating the arabidopsis spiral1 protein 

family. No transcripts were detected for SP1L1 despite several attempts. To test if all SP1L 

proteins had the same biological function, each gene was over-expressed under the 35S 

promoter in the spr1-3 mutant. All five SP1L proteins were able to rescue the root skewing 

phenotype of spr1-3, which indicates that SPR1 and all of the SP1Ls share common 

biochemical functions that are required to maintain straight cell expansion in the root.  

 Next, it was necessary to determine the expression level pattern of the SP1Ls. Semi-

quantitative RT-PCR showed that SP1L2, SP1L3 and SP1L4 have constitutive expression 

like SPR1, but the amplification products of SP1L2 and SP1L4 were detected only after 30 

PCR cycles in contrast to the 20 PCR cycles required to demonstrate SP1L3 expression. 

SP1L5 transcript was exclusively detected in stems and flowers after 20 PCR cycles. To 

obtain evidence about promoter activity, GUS expression was driven by the promoters of 

SPR1 and all of the SP1L genes. The promoters of SPR1 and SP1L3 drove constitutive GUS 

expression, whereas the promoter of SP1L4 supported GUS expression in the stele of 

hypocotyls and roots. GUS activity arising under control of the SP1L2 promoter was detected 

in light-grown hypocotyls and flowers after long exposure, but no root staining was detected. 

GUS expression driven by PSP1L5 was detected in old flowers and in a few mature flowers. 

Although GUS activity arising under control of the PSP1L1 was detected in pollen, no 

endogenous transcript was found. 

 Mutants for SP1L2, SP1L3 and SP1L4 were identified, whereas no mutants were 

found for SP1L1 or SP1L5. Sp1l3 and sp1l4 are null mutants since no mRNA levels were 

detected, whereas spr1l2 had a greatly reduced mRNA level. Plants of sp1l3, sp1l4 and sp1l2 

mutants were indistinguishable to wild type (Wassilewskija ecotype, WS). Each sp1l mutant 

was then crossed to spr1-4 (a null mutant in WS ecotype) to produce double mutants. All of 



 

17 

these double mutants showed increased root skewing to the right, with the strongest 

phenotype observed in the spr1-4/ sp1l3-1 double mutant. Similar to the loss in cell 

anisotropy typical of sp1-4, the sp1-ls double mutants also showed abnormalities in the root 

cell anisotropy, which translated into cell elongation defects. Taken together these findings 

indicate that SPR1, SP1L2, SP1L3 and SP1L4 act to maintain anisotropic cell expansion in 

the root (Nakajima et al., 2006). 

 Although the SPR family proteins can function redundantly relative to control of root 

anisotropic growth, we felt that further investigation of the role of SP1L5 was warranted. In 

arabidopsis this gene was only expressed in flowers and stems and no mutant was available. 

Bioinformatic tools such as GENEINVESTIGATOR show that AtSP1L5 has a homolog in 

poplar that is highly expressed in the xylem. Another bioinformatic tool, ATTED-II, showed 

that the cellulose synthase genes involved in secondary wall deposition are in the AtSP1L5 

co-expression network. Haigler and colleagues (Haigler et al., 2009) performed a microarray 

using cotton fiber and investigated cotton homologs of arabidopsis cell wall associated genes, 

finding that the homolog of AtSP1L5 is up-regulated during the transition from primary to 

secondary wall deposition. Is this limited expression pattern due to a specific function in 

secondary walled cells? Would a sp1l5 mutant, if it could be generated, show a phenotype? 

What is the detailed expression of SP1L5 and related genes in cotton fiber? These are some 

of the questions addressed in this research.  
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Figure 1.1. Representation of cellulose synthesis at the plasma membrane (PM) (modified 

from Endler and Persson, 2011). The rosette-like CSC complex with its large cytoplasmic 

domain (arrow). The CESA proteins within the CSC use UDP-Glucose (UDP-Glc) as the 

sugar donor to synthesize many β-1,4 glucan chains, which then form the cellulose 

microfibril. The UDP-Glc could be provided by sucrose synthase (SuSy) in its 

phosphorylated (P) form near the PM. 

 

 

 

Figure 1.2. Model to represent the putative involvement of CSI1 in the guidance of the CSC 

complexes by microtubules (modified from Endler and Persson, 2011). In addition, other 

MAPs (EB1, SPR1, SP1L5, among others) could be part of a complex that help to establish 

the connection between MTs and CSCs.  
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Chapter II 

 

A New Method for Isolating Large Quantities of Arabidopsis Trichomes for Transcriptome, 

Cell Wall and Other Types of Analyses 
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 My contribution to this paper was the histological staining to further characterize 

trichome cell walls. Here I used attached (to the leaves) and detached trichomes, finding that 

detached trichomes stain much better than the attached ones. I used Sudan B-Black, Tinopal 

LPW, ruthenium red and, Maüle reaction as stains. Sudan B-Black is a lipophilic stain that 

stained attached trichomes lightly, whereas staining was more intense on detached trichomes. 

Tinopal LPW, a fluorescent brightener that has affinity for cellulose, bound to the inner 

surface of the cell wall of detached trichomes but no staining was observed in attached 

trichomes. A stain for pectins, ruthenium red, was null in attached trichomes and strong in 

detached trichomes. The Maüle reaction stained the lignin guaiacyl units brown in detached 
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trichomes, whereas attached trichomes were null. Finally, autofluorescence to show phenolic 

molecules was similar in attached and detached trichomes. The pattern of the 

autofluorescence corresponds to the lignin present in the trichome cell wall.           

 From my contribution to this work important findings arose. A histology assay of the 

arabidopsis trichome cell wall was performed for the first time, demonstrating that these 

walls are rich in pectin. The presence of pectin suggests a primary wall composition despite 

the thickness of the wall. Lignin was also found, with guaiacyl units (stained brown) more 

abundant than the syringyl units (which would have stained red). Finally, the fact that 

staining of detached trichomes was often stronger than for attached trichomes shows the 

dominance of the cuticle that covers the outer surface of the trichome. This cuticle and the 

inner cutin were stained by sudan B black.  

 These results showed major differences between the thick walls of arabidopsis 

trichomes and cotton fibers, but there remained a need for an efficient model to help to test 

the function of genes that might be generally important for fiber differentiation. I continued 

this by analyzing cell-wall-related genes involved in the differentiation of arabidopsis leaf 

trichomes and cotton fiber as described in the next chapter.  
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Chapter III 

 

Phylogenetically Distinct Cellulose Synthase Genes Support Secondary Wall Thickening in 

Arabidopsis Shoot Trichomes and Cotton Fiber 
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 My contribution to this paper was substantial. The ProCESA::GUS lines were 

developed by Delmer and colleagues. When I began the work, the GUS, expression patterns 

in these lines had been summarized (Doblin et al., 2002) and some data had been published 

(Holland et al., 2000; Desprez et al., 2007; Scheible et al., 2001; Persson et al., 2007). I used 

these lines to determine the expression of cellulose synthase genes (CESA) in arabidopsis 

trichomes since it has not been assessed before. Also, I performed qPCR using isolated 

trichomes and processed shoots to validate the GUS assay findings. For the qPCR I designed 

gene-specific primers for all 10 CESA genes described in arabidopsis. In addition, I 

compared the qPCR data with microarray data (contributed by M. David Marks) to 
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corroborate the expression of CESAs in arabidopsis trichomes. From the microarray data I 

obtained two sets of arabidopsis genes that were co-expressed with either with primary or 

secondary wall CESA genes and compared these sets with four other sets of genes that were 

≥ two-fold up-regulated in microarray analysis of: arabidopsis trichomes; elongating cotton 

fiber; thickening cotton fiber; and arabidopsis secondary xylem (The microarray cotton data 

was provided by Ryan A. Rapp and Jonathan F. Wendel). Finally, I checked the trichomes in 

arabidopsis lines with mutations in the secondary wall CESA genes (irx5, irx3 and irx1) and 

compared them to those in wild type to determine if there were any differences in the cell 

wall. In this work we were also able to assay the expression of putative cotton orthologs of 

primary and secondary wall related genes by qPCR (work performed by Bir Singh).  

 The main conclusion from this work is that the thick cell wall from arabidopsis 

trichome is not built by the same CESA gene set involved in cotton fiber and xylem 

secondary wall deposition. This conclusion redefines the classification of CESAs as primary 

wall-related and secondary wall-related since we demonstrated that thick walls can be built 

by the primary wall- related CESAs. This conclusion is supported not only by the GUS 

assay, qPCR, and microarray data, but also by the fact that we did not observe any difference 

between the cell walls in wild type trichomes and those from arabidopsis lines with mutations 

in the CESAs traditionally involved in secondary wall deposition.  

 From Bir Singh’s work we were able to conclude that the primary and secondary wall 

related genes have similar expression patterns in cotton fiber and xylem. After these findings 

we determined that arabidopsis trichomes were not a good model to study cotton fiber 

secondary cell wall deposition and that we needed to perform future research by focusing on 

a cell-type that resemble better the secondary cell wall found in cotton fiber. 
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Chapter IV 

 

Testing the Possible Function of SP1L5 in Secondary Cell Wall Formation 

 

 

Introduction 

 

 We became interested in the microtubule-binding protein Spiral1-like5 (SP1L5) 

because of its potential role in secondary cell wall synthesis. In plants, all cells possess a 

primary wall, and a few specialized cells also possess a secondary wall that provides extra 

strength and support to the cell and often the composite tissue. Primary walls are composed 

of hemicelluloses that are thought to be cellulose-binding polysaccharides, pectins within the 

matrix around cellulose microfibrils, cellulose, and proteins (Cosgrove, 2005). Secondary 

cell walls on the other hand, are composed of a higher percentage of cellulose, hemicellulose 

and lignin, although the proportion of these components varies among cell types and plant 

species (Zhong and Ye, 2009). Cellulose microfibrils in elongating cells typically are 

oriented in the same way as MTs. This alignment has been extensively documented in the 

secondary cell wall in xylem and fibers (Baskin, 2000). In 2003, Gardiner and colleagues 

showed the co-alignment between MTs and the movement of AtCESA7 (a cellulose synthase 

involved in secondary wall deposition in xylem). They studied arabidopsis roots treated with 

10 µM oryzalin (a MT disrupting agent). At 30 min after oryzalin treatment only vestigial 

MTs remained in the developing xylem and AtCESA7 followed the same pattern of MT 

localization, but only a few areas of AtCESA7 banding remained (Gardiner et al., 2003). 

Other work has been published showing the co-localization between MTs and the cellulose 

synthesis complex (Paredez et al., 2006; Crowell et al., 2009).  

 Recently Li and colleagues demonstrated that the alignment between MTs and 

cellulose synthesis complex is mediated in some circumstances by CSI1, Cellulose Synthase 

Interactive protein 1. They showed that the signal of RFP:CSI1 and YFP:TUA5 (an α-

tubulin) overlap in transgenic seedlings, and the fusion protein YFP:TUA5 integrates into 

microtubules. In addition, when CSI1 was absent the dynamics between MTs and cellulose 
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synthase complexes was affected. When observing wild type expressing RFP:TUA5 and 

YFP:CESA6 more than 73 ± 4% of the YFP:CESA6 particles coaligned with MTs. In 

contrast, when these same constructs were expressed in csi1-3 only 47 ± 11% of the 

YFP:CESA6 were coaligned with MTs. These results indicate a direct relation between CSI1, 

MTs and cellulose synthesis complexes (Li et al., 2012). 

 CSI1 was shown to bind microtubules in vitro (Li et al., 2012), and it is therefore one 

example of a MAP (microtubule associated protein). MAPs are proteins that interact with 

microtubules to aid in their organization, localization, and dynamics function. Among the 

MAPs, the plus end-tracking proteins (+TIPS) specialize in localizing at the plus end 

terminal of the microtubules. Some +TIPs such as the End-binding protein (EB) are found in 

mammals, fungi and plants. Studies have shown that EB1 recruits and track other proteins to 

microtubule ends, suggesting that EB1 has a central role in the regulation of +TIP complex 

formation (reviewed in Young and Bisgrove, 2011). 

 Another +TIP that has been identified is spiral (SPR1). Spiral1 was identified because 

of the tendency of its mutants to have roots skewing to the right (Furutani et al., 2000).  Later 

Nakajima and colleagues performed experiments using PSPR1:SPR1:GFP  transgenic lines 

treated with 200 nM oryzalin, showing that microtubules (labeled with anti-tubulin antibody) 

that co-localized with the fusion protein signal disappeared. In addition, transgenic lines 

expressing P35S:N:G:C (N stands for N-terminal, C for C-terminal and G for GFP) showed 

that both N-terminal and C-terminal regions are required for SPR1 to co-localize with 

microtubules (Nakajima et al., 2004). The N-terminal and C-terminal regions are highly 

similar and are spaced by a variable region that appears to act as a linker (Sedbrook et al, 

2004). There are five different proteins identified as spiral homologues (SP1L) in 

arabidopsis, all these proteins have similar N-terminal and C-terminal regions. Interestingly, 

the SPR1 and SPR1L proteins have the motif PGGG in the C-terminal region. This motif has 

been found in MT-binding proteins in mammals (Hyams and Lloyd, 1994). In addition, 

Sedbrook and others (Sedbrook et al., 2004) used SPR1:GFP in time lapse imaging confocal 

microscopy to demonstrate that SPR1 concentrates to the plus ends of the microtubules. 

These observations showed how SPR1:GFP fluorescence moves in comet-like streaks across 
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the cell cortex, with the highest fluorescence at the end leading the microtubule growth and 

diminishing exponentially further back on the microtubule (Sedbrook et al., 2004). Taken 

together, all this data demonstrates that SPR1 is a +TIP MAP.  

 In later studies (Nakajima et al., 2006) the spiral homologues were investigated to 

determine if they had a similar expression pattern and similar function to that of SPR1. First, 

all spiral homologues were over-expressed (using the CaMV35S promoter) to see if they 

could rescue the spr1 root phenotype. All SP1Ls were able to rescue the phenotype, 

suggesting that the spiral family has a redundant function regarding the root phenotype. In 

order to check the expression pattern, PSP(1,Like1,2,3,4,5):GUS:TSP(1,Like1,2,3,4,5) lines were created. 

At the seedling level, all of the spiral gene promoters supported GUS expression. GUS 

activity under control of the SP1L1 promoter was observed only in pollen of mature flowers, 

whereas the SPR1, SP1L3 and SP1L4 promoters drove strong GUS expression in seedlings 

and flowers. Surprisingly, no further papers have been published trying to elucidate the 

actual function of SPR1 or how it interacts with MTs. 

 In a microarray experiment using differentiating cotton fiber, the cotton homolog of 

SP1L5 was up-regulated during the onset of secondary wall deposition (Haigler et al., 2009). 

These data expanded the limited previous finding that the AtSP1L5 could complement the 

root skewing phenotype of the spr1-1 arabidopsis mutant (Nakajima et al., 2006). Given our 

previous discovery that cotton fiber secondary wall deposition occurs similarly to xylem, we 

were also intrigued by data showing that AtSP1L5 was highly expressed in arabidopsis stems 

and roots, with the poplar homolog being highly expressed in the xylem of the tree trunk (e-

FP Browser, website A). I set out to test the hypothesis that SP1L5 genes have a role in 

secondary wall deposition in various cell types and species. 
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Results 

 

RACE-PCR analysis shows that the sequences available for GhSP1L1 and GhSP1L5 

correspond to the complete coding sequence of these genes in cotton. 

 

 At NCBI, two independent cotton ESTs related to SPR1 were found, GhSP1L1 

(EY197646) and GhSP1L5 (DW225500). These sequences were identified in cotton ovule-

fiber at 3-5 DPA, and in stems 3 weeks after planting, respectively. Recent searches at NCBI 

did not show more cotton sequences related to SPR1 or its homologues.  

In order to corroborate that these cotton ESTs were accurate, I performed a Rapid 

Amplification of cDNA Ends (RACE-PCR). After performing the 5’ and the 3’ RACE-PCR 

for each spiral cotton gene, we were able to determine that the already available ESTs were 

largely accurate and contained the complete coding sequence for each gene. 

 The sequences obtained through RACE-PCR were confirmed by sequencing in both 

directions and aligned with the sequences available at NCBI to check for errors. We found 

minor discrepancies between the annotated sequences and the obtained sequences at the 

nucleotide level, but they did not modify the predicted amino acid identity. All arabidopsis 

spiral proteins show high similarity in the N-terminal and C-terminal regions (Figure 4.2A). 

The final translated cotton sequences showed the expected relationship to arabidopsis 

proteins (Figure 4.2B and 4.2C).  

 In order to find more cotton spiral sequences, I performed PCR using RNA extracted 

from cotton fiber (21 DPA) and stem tissue (4 week old). I used two sets of primers designed 

to target different parts of the conserved regions (C-terminal and N-terminal), since they are 

similar among all spiral sequences. No additional sequences were found by this method. The 

PSI-BLAST program was used to identify additional spiral homologues across multiple 

species. I explored making a phylogenetic tree based on these sequences, but the trees based 

on either protein or cDNA sequences were poorly resolved (data not shown). The structure of 

these proteins is not consistent with the basic assumptions underlying phylogenetic trees 
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because the N- and C- terminal regions are highly conserved whereas the middle regions are 

highly variable. 

 While examining the sequences, I noticed that there was a motif in the variable region 

held in common between AtSP1L1, cotton EY197646, and some other sequences from 

multiple dicot species: PAG(LI)(NH)(SK). Similarly there was a motif in the variable region 

held in common between AtSP1L1, cotton DW503449, and some other sequences from 

multiple dicot species: P(PS)YG(IV)D (Figure 4.3). I did not identify any monocot spiral 

family sequences that shared these motifs. 

 

The expression patterns of spiral genes in cotton fiber suggest their function during early 

fiber elongation (SP1L5) and the onset of secondary wall deposition (SP1L1 and SP1L5) 

 

 Since the microarray data showed a cotton homologue of AtSP1L5 to be up-regulated 

at the onset of secondary wall deposition in cotton fiber (Haigler et al., 2009) we decided to 

find the expression pattern of the available spiral cotton genes (GhSP1L1 and GhSP1L5) in 

the cotton fiber development timeline from -2 DPA (Days Post Anthesis) to 30 DPA from 

two cotton species, G. hirsutum and G. barbadense. Data from -2 DPA to 6 DPA was 

obtained from a mixture between ovules and fibers after beating the tissue with 0.1 mm glass 

beads under liquid nitrogen. From 0 DPA (fiber initiation) onwards, the RNA was likely 

biased toward the fiber cells that would be mostly easily ruptured given their protrusion 

above the ovule surface. From 8 DPA onward data were obtained from fiber only. G. 

hirsutum samples from -2 DPA and 0 DPA were kindly provided by B. Singh and M. 

Ossowski. GhSP1L5 shows two peaks of expression, one at the early fiber elongation stage 

(at 2- 6 DPA) and another at the onset of secondary wall deposition (~21 DPA) (Figure 

4.4A). On the other hand GbSP1L1 had a low but more constant expression level until the 

onset of secondary wall deposition (~21 DPA) when an increase is observed (Figure 4.4B). 

GhSP1L5 and GbSP1L5 share the same expression pattern throughout the development 

timeline we assessed; whereas GhSP1L1 expression differs from that of GbSP1L1. After 12 

DPA GhSP1L1 expression was higher than GbSP1L1 expression.  
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Using artificial microRNA (amiRNA) to produce lines with reduced expression of AtSP1L5 

 

 In order to determine if there would be an effect in the appearance of the plants due to 

the absence of AtSP1L5 in arabidopsis, I decided to check the available T-DNA line at TAIR 

(SALK_023360). To test for the presence of a T-DNA insertion three primers are required, 

LP (left primer), RP (right primer) to amplify the gene sequence, and LB (a specific primer to 

the T-DNA insertion) (Table 3). I designed two sets of LP and RP primers in order to 

increase the chances of effective amplification, but could not confirm the annotated T-DNA 

insertion (1176 bp amplicon expected). This finding is consistent with a published comment 

that others “could not detect a T-DNA insertion annotated for AtSP1L5 (SALK_023360) in 

the seeds obtained from the stock center” (Nakajima et al., 2006). Figure 4.5 shows the gel 

electrophoresis of the amplicon (1176 bp) of the native spiral gene obtained with the second 

set of LPv2-RPv2 primers in wild type. No T-DNA amplification was observed using LB and 

RPv2 primers when using SALK_023360 genomic DNA. 

 Due to lack of a T-DNA line for AtSP1L5, we decided to create a reduced expression 

line using the amiRNA technique that has been used in species such as arabidopsis and rice 

to reduce gene expression level more than 70% when compared to wild type (Ossowski et al., 

2008). The cDNA regions were chosen based on the rules suggested by the WMD (Wiegel 

MicroRNA Designer): amiRNA sequences with one or two mismatches at the 3’ end should 

be preferred (positions 18 to 21); the absolute hybridization energy of the binding between 

amiRNA and the target sequence should be less that -30 kcal/ mole and preferably -35 kcal to 

-40 kcal/ mole; the amiRNA sequence fragment should be exclusive for the sequence of 

interest; and the amiRNA binding site should be located within the coding region of the 

target gene (Schwab et al., 2006) (Figure 4.6; Table 2). After choosing the regions in the 

cDNA of AtSP1L5 that were going to be used to create the amiRNAs, primers were obtained  

for three different sequences, two within the coding sequence and one at the 5’ of the cDNA 

(Table 5). I chose one amiRNA sequence out of the coding region because it had all 

requirements to be a good candidate and I wanted to be able to use a region that was 

exclusive to AtSP1L5, even if was not part of the coding sequence. 
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 Once the F1 seedlings of the putative amiRNA lines were obtained, PCR was 

performed to check the insertion of the amiRNA. M.R. Stiff and J.R. Tuttle provided 

guidance for testing the presence of the amiRNA sequences in the transformed lines. Two out 

of the three lines (61 and 221) showed the expected fragment in the genomic DNA, which 

was corroborated by sequencing the fragments (Figure 4.7). No amplification was observed 

for the amiRNA line 140. 

 Quantitative RT-PCR (qPCR) was used to determine the level of reduced gene 

expression in the amiRNA lines when compared to wild type (WT) and the empty vector 

control (pTG35). Ehlting and colleagues (Ehlting et al., 2005) described a gradient of IF 

differentiation in the arabidopsis stem with more mature fibers at the bottom, which we 

confirmed microscopically in 4 week old wild type stems (Figure 4.9). Observations in the 

polarizing microscope showed that the birefringence of cellulose in the ring of IFs was much 

stronger in the bottom two segments. Therefore, the IFs were at earlier stages of 

differentiation (before extensive secondary wall formation) in the more recently elongated 

segments taken at 2 and 4 cm from the top.  Observations were also made in wild type 8 

week old wild type stem, which showed strong birefringence across all stem segments, 

indicating the presence of thick secondary walls in the entire stem (Figure 4.10), which is 

consistent with visible overall plant senescence at that time. 

 To reflect the gradient of IF differentiation, RNA was isolated from different 

segments of 4 and 6 week old stems (2 cm, 4 cm, 6 cm and 8 cm from the top).  

Stem length measurements were taken for 4 and 8 week old stems to demonstrate that stem 

elongation was still active in 4 week old stems. The stem length in all four lines was similar 

at both 4 and 8 weeks, so the values were averaged. The 4 week stems were about 15.7 cm 

long, whereas at 8 weeks the stems averaged 43.8 cm long, indicating that the stems are still 

elongating at 4 weeks (Figure 4.11). The qPCR assay was done essentially as described 

before (Singh et al., 2009). Specific primers were created to amplify each of the arabidopsis 

spiral genes (except AtSP1L1), and the assay on 4 week old stems was repeated three times 

using three different biological samples in each replication. For the 4 week old stems, a 

consistent down-regulation of SP1L5 expression in both amiRNA lines was observed in all 
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stem segments (Figure 4.12). Since WT values were used as normalizers, we performed one-

way ANOVA including the pTG35, amiRNA61, and amiRNA221 lines followed by 

Dunnett’s Multiple Comparison post-hoc test (Table 7). Most of the differences in the 

amiRNA lines were significant at p<0.05, with only two exceptions (p=0.068 or 0.060) as 

shown in the table. Referenced to the values for the 2 cm stem segments, there was 57.6% 

less SP1L5 transcript in the two amiRNA lines compared to the controls.  

 The expression of SP1L2, SP1L3, and SP1L4 was similar in all lines. For SPR1, the 

amiRNA lines often appeared to have lower expression levels than the control lines, but the 

variance in the three replicates was high (Figure 4.12). One-way ANOVA was performed 

including the pTG35, amiRNA61, and amiRNA221 lines to show that there was no 

significant difference except for the 8 cm segment. Dunnett’s Multiple Comparison post-hoc 

test showed that both amiRNA61 and amiRNA221 had significant differences compared to 

the control (p = 0.01 and 0.005, respectively). We checked the possibility that the SP1L5 

amiRNA sequences would cleave the SPR1 through cDNA sequence alignment (Figure 

4.13). The amiRNA61 sequence has a gap of 5 nucleotides in the 3’ end of SPR1, which is 

the place where the amiRNA would link to cleave. The amiRNA221 sequence shows 

mismatches in the 3’ end, whereas according to Schwab and colleagues (Schwab et al., 2008) 

there is a maximum of 1 mismatch in the 3’ end allowed if the amiRNA generates cleavage 

effectively (Figure 4.13). This indicates that the amiRNA sequences would not be expected 

to trigger down-regulation in AtSPR1 according to conventional predictions. The data show 

that IF are highly mature in the 8 cm segment, so the difference in expression levels may not 

have substantial biological impact on that cell type. 

 The qPCR analysis was also performed on 6 week old plants, but no consistent 

differences between the control and amiRNA lines were observed for any spiral gene (Figure 

4.14). I cannot explain this possible difference in SP1L5 silencing compared to 4 week old 

stems. Given that the 6 week stem data are from one biological replication, this assay needs 

to be repeated. If it were to be replicated, I would investigate whether the 35s:CaMV 

promoter might be less effective in more mature stems. 
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Whole plant phenotype  

 

 The overall morphology of 4 week old plants from wild type, pTG35, and the 

amiRNA lines 61 and 221 was similar (Figure 4.15). We also observed 5 to 8 week old plants 

without detecting an overall growth phenotype (data not shown). Although no apparent 

whole-plant phenotype was observed in the amiRNA lines, we analyzed the crystalline 

cellulose content within the stem using the procedure developed by Updegraff (1969) with 

some modifications.  

 

Anthrone cellulose assay 

 

 To assess the cellulose content in the stems we used the anthrone assay. In this assay 

lignin, hemicellulose, and xylosans are removed by acetic acid/ nitric acid reagent. Then 

cellulose is treated with 67% sulfuric acid to release glucose, anthrone is added, and a 

blue/green color develops when the sample is boiled. R.E. Glick performed this assay. For 

this assay we harvested the bottom 12 cm of stems of 6 week and 8 week old plants to 

increase the uniformity of the tissue by excluding the most recently elongated regions. The 

standard curve was produced using glucose. The crystalline cellulose content was higher in 

the 8 week old stems, probably due to continuing maturation of the fiber secondary walls 

between 6-8 weeks. However, no difference was found in the cellulose content between the 

controls and the transformed lines at the two different stem ages analyzed (Figure 16 A and 

B).  
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Discussion 

 

RACE-PCR confirms the sequences of GhSP1L1 and GhSP1L5 

 

 In order to check if the sequences available at NCBI for two SPL genes were 

accurate, I performed RACE-PCR to test for prior sequencing errors and to check that the 

NCBI sequences were indeed for a real gene and not arising from a mis-splicing of ESTs. 

Upon confirming the reality of the cotton sequences, I named them GhSP1L1 and GhSP1L5, 

respectively. GhSP1L1 (formerly EY197646) was most closely related to AtSP1L1 as 

determined from reciprocal BLAST and the PAG(LI)(NH)(SK) motif contained in each. 

GhSP1L5 (formerly DW503449) was most closely related to AtSP1L5 as determined from 

reciprocal BLAST and the P(PS)YG(IV)D motif contained in each. The motifs found in the 

middle regions of SP1L1 and SP1L5 could help to give a specific function to the different 

types of spirals. This possibility can be investigated in further research, which would be 

especially worthwhile because a brief search at the motif domain (website C) does not show 

any motif known with this sequence so far. When comparing the cotton spiral sequences to 

their arabidopsis homologues I found high similarity at the N- and C-terminal regions, which 

is consistent with the high similarity in these regions found within the spiral proteins across 

diverse species. More experiments are needed in order to search for more spiral genes in 

cotton.  

 

The gene expression pattern of GhSP1L1 and GhSP1L5 was analyzed by qRT-PCR  

 

 To study the expression pattern of the spiral genes available in cotton, I performed 

qPCR in fiber samples from two cotton species, G. hirsutum (the most cultivated) and G. 

barbadense (high quality fiber). I decided that it was best to assess the expression over the 

timeline of cotton fiber development. Therefore I used samples from -2 DPA to 30 DPA, 

covering initiation, early elongation, rapid elongation, transition, onset of secondary wall 
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deposition and later stage secondary wall deposition. I was able to determine that GhSP1L5 

has two peaks of expression in both species tested, one at the early fiber elongation stage (at 

2 to 6 DPA) and another at the onset of secondary wall deposition (~21 DPA, with sustained 

high expression thereafter), indicating its high expression during microtubule angle shifting. 

 On the other hand, GhSP1L1 has a low but more constant expression level until the 

onset of secondary wall deposition (~21 DPA) when an increase is observed, being more 

evident in G. hirsutum than in G. barbadense. In the fiber of both species, secondary wall 

deposition begins at about 22 DPA. The difference in GhSP1L1 expression level between G. 

hirsutum and G. barbadense correlates with the continued elongation of G. barbadense fiber 

until about 30 DPA whereas G. hirsutum fiber elongation stops about 20 DPA (Haigler and 

coworkers, submitted for publication). Further research will be required to understand if this 

difference in GbSP1L1 gene expression helps to explain any differences in the development 

of G. barbadense cotton fiber. 

 

The use of artificial microRNA (amiRNA) produced two lines with reduced expression of 

AtSP1L5 

 

 To study gene function, it is imperative to down-regulate or knock-out gene 

expression to assess the effects on cellular/ developmental processes, in our case deficiencies 

in cell wall deposition. There was a potential knock-out line available at TAIR 

(SALK_023360), but despite the efforts to corroborate the presence of a T-DNA insertion, it 

was not possible. In order to obtain a reduced-expression line, I decided to produce amiRNAs 

targeting AtSP1L5. The presence of the amiRNAs was confirmed and the lines’ putative 

reduced-expression was tested by qPCR. I performed three different qPCR experiments using 

4 week old stems and one experiment using 6 week old stems. To look for the AtSP1L5 

expression pattern I took Ehlting and colleagues (Ehlting et al., 2005) finding as a starting 

reference, using their developmental time course for IF differentiation. With 4 week stems 

grown in my own experiments, I used polarization microscopy to show that abundant 

cellulose synthesis within IF secondary walls was apparent only in the 6 and 8 cm stem 
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segments. Therefore, IF formation and elongation would have been occurring further up the 

stem in the 2 and 4 cm segments. For the 4 week old stems, SP1L5 was down-regulated in 

both amiRNA lines compared to the controls in all of the segments, although two 

comparisons to the pTG35 line did not meet the p<0.05 significance test. No down-regulation 

was observed for the other spiral family genes, except SPR1 that showed down-regulation in 

both amiRNA lines compared to the pTG35 line in the 8 cm segment. At this point, we 

cannot explain the reason for this down-regulation; more studies are needed to determine its 

cause, although it may have little biological effect on IF cells. For the 6 week old stems 

assayed in one replication, the expression of all the genes was similar in all genotypes. 

Possibly the 35s:CaMV promoter was less active in older stems. 

 A next step in identifying the AtSP1L5 expression at a cellular level includes the use 

of techniques such as in situ hybridization that can give a more detailed image of the type of 

cells where this spiral is being expressed, compared to the other spiral genes. It would be of 

special interest to determine SP1L5 protein level at different developmental stages of IF 

(arabidopsis) and fiber (cotton), to see if the protein abundance correlates to the cellulose 

synthesis and secondary wall deposition these cell types. These experiments are in progress. 

 

Further characterization of the amiRNA lines 

  

 No phenotype at the whole-plant was observed in the amiRNA lines when 4 to 8 

week old plants were observed. Anthrone cellulose assays were performed using the 12 cm 

bottom of 6 week and 8 week old stems. No differences were found between the controls 

(WT and pTG35), amiRNA61, and amiRNA221 lines in any of the assays. The absence of a 

difference between the amiRNA lines and the controls suggests that AtSP1L5 is not directly 

involved in cellulose synthesis; rather, it might be involved in other steps of cell wall 

deposition such as microtubule angle shift, given its MAP nature.  

 In order to test for putative protein-protein interactions of AtSP1L5 I checked the 

yeast two hybrid databases available online (D) and could not find any hits. This might be 

because AtSP1L5 has not been included in the database so far, but it lefts the possibility of a 
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yeast-two hybrid assay being performed to identify any interactions of AtSP1L5 with other 

proteins that can give more hints on the AtSP1L5 function. 

 Further research in arabidopsis will have to be directed towards the study of the IF 

itself, to determine if when isolated there are differences between the IF from amiRNA lines 

and controls and to see if the angle of cellulose deposition differs as well. In addition, other 

methods to produce reduced expression lines should be explored to see if a stronger 

expression reduction yields a phenotype. 
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Materials and Methods 

 

Plant growth conditions and timing of cotton fiber development 

 

 Arabidopsis plants were grown from sterilized, vernalized seeds. To validate F1 

seeds, they were planted in ½ MS salts medium, 0.5% sucrose, 0.7% agar and, the selective 

agent of choice (gentamycin or basta). After 10 days, seedlings were transferred to soil as 

described below. Validated seeds were planted directly in potting mix (Metro-Mix 360 with 

nutrients and wetting agent, SUNGRO Horticulture, Bellevue, WA), that was additionally 

enriched with 15 g Osmocote Smart Release plant food (Scotts Miracle-Gro Company, 

Marysville, OH). 5 g of Marathon (OHP, Inc., Mainland, PA) was added to the soil to control 

thrips. The growth chamber was set to16 h photoperiod and 22/20ºC day/night temperature. 

Plants were watered 3 times each week with dH2O. Water was applied from the bottom and 

allowed to stand around the pots for 1 hr before draining. The trays containing the pots were 

rotated every day to minimize light differences in the chamber. Overall the growing 

conditions can be described as well-watered with high fertility. Under these conditions, 

bolting was typically first observed at 3 weeks after germination followed by rapid stem 

elongation then visible senescence of some rosette leaves beginning at about 7 weeks. 

 Cotton plants were grown in a greenhouse with tight temperature control as 

previously described (Singh et al. 2009) for harvesting of RNA. The time course of fiber 

development in G. hirsutum under these conditions has been published previously, and the 

transition between primary and secondary wall deposition occurred at 17 – 22 DPA, with 

elongation ending and a high rate of cellulose synthesis beginning at 22 DPA (Singh et al. 

2009). G. barbadense was grown in the same tight conditions as G. hirsutum. The time 

course of fiber development for G. barbadense has been determined as well (Haigler and 

coworkers, unpublished). 
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RACE-PCR for amplifying GhSP1L1 and GhSP1L5 

 

 The Rapid Amplification of cDNA Ends PCR (RACE PCR) is a method used for 

identifying complete gene sequences when only a DNA fragment is known. To identify the 

cotton spiral gene sequences, the First Choice RLM RACE (Ambion, Life Technologies 

Corporation., Carlsbad, CA) was used. In brief, total RNA (10µg) was treated with Calf 

Intestine Alkaline Phosphatase (CIP) to remove free 5'-phosphates from molecules such as 

ribosomal RNA, fragmented mRNA, tRNA, and contaminating genomic DNA. The cap 

structure found on intact 5' ends of mRNA is not affected by CIP. The RNA was then treated 

with Tobacco Acid Pyrophosphatase (TAP) to remove the cap structure from full-length 

mRNA, leaving a 5'-monophosphate. A 45 base RNA Adapter oligonucleotide was ligated to 

the RNA population using T4 RNA ligase. During the ligation reaction, the majority of the 

full length, decapped mRNA acquires the adapter sequence as its 5' end. A random-primed 

reverse transcription reaction and nested PCR then amplifies the 5' end of a specific 

transcript. Ambion provided two nested primers corresponding to the 5' RACE Adapter 

sequence, and then we designed two nested antisense primers specific to the cotton spiral 

sequences. After this procedure was done, electrophoresis (1% agarose gel) was performed to 

analyze the results and assess the quality of the amplified fragment.  

 Cloning was carried out using the QIAGEN PCR Cloning plus Kit (QIAGEN, 

Valencia, CA). To ensure proper insertion of the fragment we created enzyme restriction 

sites at each 5’ or 3’ end. The enzymes used were BamHI (present in 5’ and 3’ inner places) 

and AvrII and NheI in the 5’ and 3’ outer places of GhSP1L1 and GhSP1L5 respectively. 

After cloning, we performed single and double digestion to verify that the fragment inserted 

was the expected size. Finally, sequencing was achieved by sending the clones to Eton 

bioscience (Eton Bioscience, RTP, NC). The sequencing results were checked using BLAST 

to see the identity of the obtained sequences with the annotated ones. The procedure 

described above was followed for the 5’ end of the sequence. To obtain the 3’ end, same 

protocol was used. To create specific primers to amplify the available EST cotton spiral 

sequences (EY197646 and DW225500) the following was taken into account: primers are 
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20-24bp long, 50% G/C content without secondary structure, a G as terminal base in the 3’ 

was avoid as well as avoid sequences with 3' ends that can self-hybridize or hybridize to the 

3' ends of the other primer in the PCR (Table 3). 

 

Sequence alignments and phylogenetic tree 

 

 Spiral gene sequences in arabidopsis were retrieved from www.arabidopsis.org 

(AtSPR1 (At2g03680), AtSP1L1 (At1g26355), AtSP1L2 (At1g69230), AtSP1L3 

(At3g02180), AtSP1L4 (At5g15600) and AtSP1L5 (At4g23496)) and aligned using ClustalW 

(Larkin et al., 2007). The cotton spiral gene sequences that had been obtained and confirmed 

using RACE-PCR, were translated in silico then aligned using ClustalW. 

AtSP1L5 protein sequence was used as query on PSI-BLAST to retrieve other highly similar 

proteins (http://blast.ncbi.nlm.nih.gov) according to the following criteria. All sequences 

were checked to remove redundant sequences. Bioedit was used to remove all redundancies, 

incomplete sequences and sequence gaps (Hall, 1999). Due to the high similarity among 

proteins, we used the coding sequences of the selected proteins instead. The phylogenetic 

tree was constructed from the aligned sequences using the heuristic search method in PAUP* 

(version 4.1b10, Sinauer Associates, Sunderland, MA) with all characters given equal 

weight. The topology was tested with 1000 bootstrap replicates using the parsimomy method. 

 

Quantitative Real Time PCR (qRT-PCR) 

 

 To determine the expression of the cotton spiral genes, RNA was extracted and DNA 

removed as described before with some modifications (Singh et al., 2009). Total RNA was 

isolated (Spectrum Plant Total RNA Kit, Sigma-Aldrich, St. Louis, MO) from <100 mg 

(fresh weight) liquid-nitrogen-pulverized mixture of ovule and fiber at -2, 0, 2, 4 and 6 DPA 

and from <100 mg (fresh weight) liquid-nitrogen-pulverized fiber at 8, 10, 15, 19, 20, 21, 22, 

23, 26, and 30 DPA. RNA was purified from contaminating DNA (On Column DNase 
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Digestion, Sigma-Aldrich). RNA was reverse transcribed by RT-PCR in 20 μL “TaqMan 

Reverse Transcription Reagents” (#N8080234, Applied Biosystems, Foster City, CA). 

Briefly, 1.0 μL oligo (dT) 16 mixture (50 μM) was added to 400 ng of total RNA in 0.2 mL 

PCR strip tubes. The volume was adjusted to 8.7 μL with nuclease free water, and then 

incubated (70ºC, 5 min). PCR reactions were set up on ice by addition of 4.0 μL dNTP, 2 μL 

buffer (10x), 4.4 μL MgCl2 (20 mM), 0.4 μL RNase inhibitor, and 0.50 μL of reverse 

transcriptase, followed by mixing and centrifugation. For RT-PCR, the reaction mixtures 

were incubated (25ºC, 10 min), reverse transcribed (48ºC, 1 h), inactivated (95ºC, 5 min), 

and cDNA was stored at -20ºC.  

 Gh(AtIF5-like) was used as endogenous control, since it is the cotton homolog of 

elongation initiation factor 5 that was validated as a control in fiber qPCR in  previous 

experiments (Haigler et al. 2009). qPCR reaction mixtures [12.5 μL of SYBR green, 150 nM 

forward and reverse primers, 10 ng of cDNA in a total volume of 25 μL adjusted with RNase 

free water] in 96 well optical plates were briefly vortexed, centrifuged, and loaded into a real 

time PCR machine (Model 7300; Applied Biosystems). qPCR conditions were 50ºC, 2 min; 

95ºC, 10 min; followed by 40 cycles of (95ºC, 25 sec and 60ºC, 1 min). Dissociation curves 

were analyzed to verify the absence of nonspecific amplification and primer-dimer 

formation. Generally, the data were analyzed automatically with the SDS software, but, when 

necessary, manual adjustments for the baseline and Threshold Cycle (Ct) were made. The Ct 

values were used to calculate the ΔCt. The qPCR procedure was repeated three times, 

beginning with RNA isolation from independent samples at each DPA. The procedure 

mentioned above was followed to obtain primers for spiral genes in cotton and they were 

checked by BLAST against all cotton sequences at NCBI for amplification of only one spiral 

cotton sequence (Table 2).  

 To assay the expression levels of spiral genes in arabidopsis, RNA was extracted 

from three independent replicates of isolated 1 cm stem fragments centered at 2, 4, 6 and 8 

cm from the top. Stems that were 4 and 6 week old were analyzed. At the start of RNA 

isolation, inflorescence stems fragments were ground in a mortar and pestle under liquid 

nitrogen. Ground tissue was immersed in Buffer RLT (RNeasy Mini Kit, QIAGEN) and the 
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protocol for this kit was followed. DNA was removed (On-Column DNase Digestion, 

SIGMA-ALDRICH, St. Louis, MO) before qPCR. Specific primers for the 5 arabidopsis 

Spiral genes were designed using Primer Express V3 software (Applied Biosystems, Foster 

City, CA) (Table 2). Primers were designed as before (Singh et al., 2009) with parameters 

45-55 GC%, 18-25 nucleotide length, 58-60ºC Tm, and 100-150 bp amplicon length. Primers 

were checked by BLAST against all arabidopsis genes at TAIR to ensure that they targeted 

only one spiral gene. The qPCR assay was performed as described before (Singh et al 2009). 

Amplification of At3g1260, a DNA-binding protein with similar expression along the 

arabidopsis inflorescence stem, was used as an endogenous control as described previously 

(Marks et al. 2008). Data reported as ΔCt or ΔΔCt as noted in the figure legends.  

 

Microscopy 

 

 Four week old stems were used to obtain stem segments (2 cm, 4 cm, 6 cm and 8 cm 

from the top). The stem segments were immersed into a 5% agar solution and allowed to 

solidify to form a block. The block was used to obtain 50 µm cross sections using a 

vibrotome. A BH-2 Olympus microscope (Shinjuku-ku, Tokyo. Japan) and QImaging 

software (Surrey, BC. Canada) were used to acquire the bright field and polarizing images at 

10X. Images were resized and assembled using Photoshop (San Jose, CA) and Adobe 

Illustrator (San Jose, CA).  

 

Artificial micro RNA (amiRNA) to generate knock-down SP1L5 lines in arabidopsis 

 

 This technique takes advantage of micro RNAs designed to specifically target a 

region of the coding sequence of the gene of interest. The amiRNAs are designed by special 

software found in the WMD program (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). 

After using the AtSP1L5 cDNA sequence as template, three amiRNA sequences targeting 

AtSP1L5 were chosen based on the characteristics mentioned earlier. In order for the 
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amiRNAs to be produced a precursor RNA is required. As described before (Ossowski et al., 

2008) the MIR319a (pRS300) is a precursor in arabidopsis that can be used for amiRNA 

experiments. To introduce the targeting amiRNA sequence into the precursor sequence, six 

primers are designed. Four primer sequences are generated by the WMD program; they are 

40 nucleotides long and specific for the intended amiRNA. The 5’ most two and 3’ most 17 

nucleotides match the template AMIRNA precursor, while the 21 nucleotides in between do 

not match and will generate the amiRNA in the amplicon. An additional two general 

oligonucleotides that match the harboring plasmid outside of the AMIRNA precursor are also 

required. Using the six primers (Table 5), the AMIRNA precursor is amplified in three pieces 

(a-c) and are subsequently fused to one amplicon (d) in a single PCR reaction, which is the 

one that would be used to induce gene reduction expression in arabidopsis. PCR reactions 

were performed following the protocol described before (Ossowski et al., 2008). For 

reactions (a), (b) and (c): 2.0 μl 10× PCR buffer, 2.0 μl dNTPs (2 mM), 1.0 μl each 

corresponding oligonucleotide, 1.0 μl template DNA (1:100 dilution of template Plasmid, 

around 100 ng), 0.2 μl Pfu polymerase and 12.8 μl water for a total of 20 μl per reaction. For 

reaction (d): 2.0 μl 10× PCR buffer, 2.0 μl dNTPs (2 mM), 1.0 μl oligonucleotides A and B 

(10 μM), 0.5 μl each purified fragment (a), (b), and (c), 0.2 μl Pfu polymerase and 12.3 μl 

water for a total of 20 μl reaction. The PCR had the following cycle protocol for all reactions: 

1 cycle of 95 °C for 2 min, and 35 cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 40 s and 

72 °C for 7 min, with the exception of (d) where the 72 °C extension went from 40 s to 90 s. 

Sequencing was performed to ensure correct amiRNA insertion into the precursor sequence.  

 Gateway technology was used to introduce the amiRNA sequences into 

Agrobacterium. For this purpose the pENTR/SD/D-TOPO vector was used as entry clone 

and, following manufacturer instructions, we were able to obtain clones containing the three 

amiRNA sequences (named 61, 140 and 221). Their insertion was confirmed by sequencing. 

The binary Gateway plasmid pTG235 (referred in this dissertation as pTG35), created by 

Tuyen Nguyen, was used as delivery vector. To produce the pTG235, the pPZP221 binary 

vector was used as backbone (Hajdukiewicz et al. 1994; GenBank U10491.1) and contained 

two selection cassettes: for gentamycin in plants and streptomycin/ spectinomycin in 
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bacteria. The 874nt CaMV:35S promoter was isolated with HindIII and BamHI from a 

PUC19 plasmid, pLMNC95 (Mankin and Thompson 2001). The NOS terminator was 

isolated from pLMNC95 and inserted into the new vector with SacI and EcoRI. The resulting 

binary vector was converted to a Gateway destination vector using the “Gateway vector 

conversion system with one shot ccdB survival 2T1 competent cells” (#11828-029; 

Invitrogen, Grand Island, NY). The manufacture's protocol, especially for the reading frame 

cassette A, was strictly followed, and the expected insertions were verified experimentally 

(Figure 4.17). Once the binary Gateway vector was obtained, LR clonase II enzyme was used 

to combine pTG235 with the previously transformed Gateway entry vectors containing the 

different amiRNA sequences. The presence of amiRNAs was checked by sequencing. 

 After successful agrobacterium transformation, arabidopsis plants were transformed 

using the floral dip method (Clought and Bent, 1998); basically inflorescences were 

immersed in a solution containing 5% sucrose, 0.05% silwet L-77 and transformed agro cells 

(OD around 0.8) during one minute. After the immersion, pots were placed laying down on 

trays for 24 hours and covered with a plastic dome to avoid evaporation of the solution. After 

24 hours pots were placed in standing position and the watering conditions were restored. 

Three weeks later plants were removed from watering schedule and seeds were harvested.  

 Around 400 seeds per transformant line were plated in petri dishes containing 0.5x 

MS media, 300 mg/ ml timentin (to avoid agrobacterium growth) and 100 mg/ ml 

gentamycin (to select positive transformants), plates were kept in a growth chamber with 

controlled temperature,  22 °C, and a photoperiod of 16 h light and 8 h darkness. After ten 

days, seedlings were transferred to soil in a growth chamber in the Phytotron with the same 

temperature and photoperiod conditions mentioned above. To test for the presence of the 

amiRNA insertions in the transformed lines we developed primers bordering the insertion 

(Table 6). The PCR cycling program was: 1 cycle of 95 °C, 35 cycles of 95 °C for 30 s, 58 

°C for 30 s, and 72 °C for 2 min, and 1 cycle of 72 °C for 7 min. Gel electrophoresis was 

used to analyze the PCR amplicons and DNA was isolated from the gel. We followed the 

QIAquick gel extraction kit protocol. In brief, gel-containing DNA was weighed and 3 

volumes of buffer QG were added to 1 volume of gel. The mix was incubated at 50 °C for 10 
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min. After the gel dissolved completely, 1 volume of isopropanol was added and mixed. The 

DNA sample was added to a QIAquick column and centrifuged for 1 min. Discard flow 

through. Then, 0.5 ml of buffer QG were added to the column and centrifuged again for 1 

min. Discard flow through. The column was washed with 0.75 ml of buffer PE, centrifuged 1 

min and discard flow through. Centrifuge again for an additional min. To elute DNA, column 

was placed in a fresh 1.5 ml tube and 30 µl of buffer EB were added to the column, incubate 

1 min and centrifuge 1 min. DNA concentration was assessed by nanodrop measurement and 

sequencing was performed by Eton biosciences.  

 

Anthrone cellulose assay 

 

 We followed the Updegraff (1969) assay with minor modifications. In brief, we made 

a serial of standards using glucose ranging from 0 µg to 50 µg in increments of 5 µm for a 

total of 6 dilutions. For the experimental samples, we used 12 cm of the bottom of stem and 

ground it to a powder using liquid nitrogen and a mortar and pestle. For the 4-6 week test, we 

used three stems within each of three samples; for the 8 week test we used two stems within 

each of three samples. We transferred the material to a 1.5 ml tube and added 1 ml of 70 % 

Ethanol then the samples were incubated for 1 hour at 70 °C. Later the samples were spun 

briefly to pellet the solids, the ethanol was removed carefully and the 70 % ethanol was 

repeated during 45 min at 70 °C. Once the ethanol was removed, 1 ml of acetone was added 

and incubated during 2 min at room temperature. Samples were spun briefly again. Most of 

the acetone was removed without disturbing the pellet and the samples were allowed to dry 

for approximately 15 min. After this, the tops of the tubes were covered with parafilm, two 

holes were punched in the film and the samples were placed in a desiccator (25 in. of Hg). 

Samples were left in the desiccator overnight.  

 Once the samples were completely dried 10 mg of each sample were placed in a 

Reactivial (Thermo Scientific) and the Updegraff method (1969) was followed. Cell wall 

components such as lignin, hemicelluloses and xylosans are removed, and cellulose remains. 

In brief, 3 ml of acetic-nitric reagent (150 ml of 80% acetic acid and 15 ml of concentrated 
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nitric acid) was added to each sample and incubated for 30 min at 100 °C. Then we 

centrifuge the samples during 5 min at 2000 g, the supernatant was carefully removed and 3 

ml of ultrapure water was added to the samples, mixing, vortexing and centrifugation was 

performed again, and after this we removed the ultrapure water and washed the samples with 

3 ml of acetone, centrifuged as before and removed the acetone. We then allowed the 

samples dry in the desiccator for 30 min or until no acetone remained in the reactivial. After 

this we added 1 ml of sulfuric acid (67 %) and incubated the samples at room temperature for 

1 hour with agitation. Finally, we mixed 490 µl of ultrapure water with 10 µl of the sulfuric 

acid-dissolved samples and added 1 ml of 0.3 % anthrone reagent (100 ml concentrated 

sulfuric acid and 200 mg anthrone). The samples were handled with care since the tubes 

became very hot. After mixing, the samples were incubated in boiling water for 5 min. We 

used 500 µl from the boiled sample to determine the λ at 635mn using a spectrophotometer.  
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Table 1. RACE-PCR primers used to amplify the cDNA sequences of GhSP1L1 and 

GhSP1L5. 

 
Accession 

number Primer name Primer sequences 

RACE 5' RACEInner AGCTGCCGGTACAACAATATCTCCTTAAGCGC 

Specific 5' RACEOuter CCGCGAGAGCAAGTAGCAAT 

 3' RACEInner CGCGAATTCGGCGCCGGTAAATGTAGCTA 

 3' RACEOuter CAAACTCCCACCAAACAAAGC 

DW503449 5’SpecificSP1L5 GGCGCCGGTAAATGTAGCTA 

 5' InnerSP1L5 CGCGGTCGACCGAAGCACTGCAAGTTCAACAC 

 5' OuterSP1L5 CTGAAATCCACTTCTCTGGCAGAT 

 3' InnerSP11L5 CGCGGTCGACTGATCGCCCATCAACAAAAG 

 3' OuterSP1L5 CCTGATTGCCTGCAGTTCTCA 

EY197646 5' SpecificSP1L1 TAACTCCGCGACCCATCTTT 

 5' InnerSP1L1 CGCGGAATTCTCGGCACGAGTAACTCTCCAA 

 5' OuterSP1L1 CAACGCTCTTTGTTGGTACAACTC 

 3' InnerSP1L1 CGCGGAATTCGTTTGGAGACAGCTGGTGCTT 

 3' OuterSP1L1 CTCCAGGTCCACCAAATAGGTAGT 
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Table 2. List of primers used to amplify the arabidopsis and cotton spiral genes. The primers 

were designed according to Singh et al., 2009. 

 
Gene name Locus ID / Accession number Primers (F) Forward and (R) Reverse 

AtSPR1 AT2G03680 (F)TCCCGCTCCTACTGAGTCTAACA 

(R) CTCTGCAGGCTCAACAGAAGTAGT 

AtSP1L2 AT1G26355 (F) CTGCTGCAAACGCTGTTGAT 

(R) TTGCCTGTGTTTTGTCCTTCTG 

AtSP1L3 AT1G69230 (F)GACGACCACAGTCACTGATAACAAG 

(R) GATGGCCGTGAGAAAGTTTCC 

AtSP1L4 AT5G15600 (F) CCACAACTACAACAACCGGAGATA 

(R)CCACAGTTTTGTCCATCTGATCTG 

AtSP1L5 AT4G23496 (F) GCTGACCAAAAACCCAAGATCT 

(R) GATTTCACCTTCGTCGTTGGA 

GhSP1L1 EY197646 (F) GGATTCAGTTCCCCTATCAGTGTT  

(R) CTGAAATCCACTTCTCTGGCAGAT 

GhSP1L5 DW225500 (F) CTGCAGAGCTGGGTTAAAAAGAAC 

(R) TCGGCACGAGGAGAGAACTAGT 

 

Table 3. Primers designed to amplify the T-DNA insertion annotated in AtSP1L5. Two sets 

of LP and RP primers were designed in order increase the chances to amplify effective 

amplification. 

 
Primer name Primer location Primer sequence 

LP 5’ end of gene sequence TGAAGGTCCTAATAAGAAATGATGG 

LPv2 5’ end of gene sequence TGAACAATAAACCCAAACACAATC 

RP 3’ end of gene sequence TTCGGAAAAAGAAAGAAAGTGG 

RPv2 3’ end of gene sequence TCCTAGAGATGAGCCTCCACC 

LB T-DNA insertion TCAAACAGGATTTTCGCCTGCT 
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Table 4. amiRNAs targeting AtSP1L5. Target location is specified, as well as their sequence 

and hybridization energy.  

 
Target 

name 

Target location within 

AtSP1L5 coding 

sequence 

amiRNAs alignment with target 

gene 

Hybridization 

energy 

61 5’ region of cDNA GGGTTTGGTCGGCAATTAAAT 

GGGTTTGTTCGGCAATTAAAA 

******* ************ 

-33.76kcal/mol 

140 Coding sequence, N-

terminal region 

GCGGACAAAGCTCGTTAGGTT 

GCGCACAAAGCTCGTTAGGTA 

*** **************** 

-39.51kcal/mol 

221 Coding sequence, 

Variable region 

CTGCACCACCGTACGGTGTAG 

CTGCCCCACCGTACGGTGTAA 

**** *************** 

-43.22kcal/mol 

  

Table 5. Primers used to create the amiRNA sequences. Primers to modify vector pRS300 

were designed in the Weigel website (b). The upper case letters are part of the original 

AtSP1L5 sequence, the lower case letters are from vector pRS300. Primers to amplify the 

modified fragment of pRS300 vector (pRS300-A and pRS300-B) were in Schwab et al., 

2006.  

 

 Locus ID / 

Vector name Primer name Primer sequence 

 At4g23496 I-miR-s-221 gaTTACACCGTACGGTGGGGCAGtctctcttttgtattcc 

  II-miR-a-221 gaCTGCCCCACCGTACGGTGTAAtcaaagagaatcaatga 

  III-miR*s-221 gaCTACCCCACCGTAGGGTGTATtcacaggtcgtgatatg 

  IV-miR*a-221 gaATACACCCTACGGTGGGGTAGtctacatatatattcct 

  I-miR-s-140 gaTACCTAACGAGCTTTGTGCGCtctctcttttgtattcc 

  II-miR-a-140 gaGCGCACAAAGCTCGTTAGGTAtcaaagagaatcaatga 

  III-miR*s-140 gaGCACACAAAGCTCCTTAGGTTtcacaggtcgtgatatg 

  IV-miR*a-140 gaAACCTAAGGAGCTTTGTGTGCtctacatatatattcct 

  I-miR-s-61 gaTTTTAATTGCCGAACAAACCCtctctcttttgtattcc 

  II-miR-a-61 gaGGGTTTGTTCGGCAATTAAAAtcaaagagaatcaatga 

  III-miR*s-61 gaGGATTTGTTCGGCTATTAAATtcacaggtcgtgatatg 

  IVmiR*a-61 gaATTTAATAGCCGAACAAATCCtctacatatatattcct 

 pRS300 

vector pRS300-A CTGCAAGGCGATTAAGTTGGGTAAC 

  pRS300-B GCGGATAACAATTTCACACAGGAAACAG 

 

 



 

83 

Table 6. Primers used to amplify amiRNA inserts in transgenic lines (amiRNA61, 

amiRNA140, amiRNA221, pTG35). 

 
Primer name Primer purpose Primer sequence 

>F_amiRNA To amplify the 

amiRNA insertion 

TTTCAATTTCAGAAAGAATGCT

AAC 

>R_amiRNA TGATGGGCTGCCTGTATCGAGT 

 

Table 7. Dunnett’s Post-hoc test to determine if there are significant differences in SP1L5 

expression in amiRNA61 and amiRNA221 compared to pTG35 in all stem segments in 4 

week old stems (P ≤ 0.05). 

 
Comparison 2 cm 4 cm 6 cm 8 cm 

pTG35 vs. amiRNA61 0.02 0.002 0.068 0.002 

pTG35 vs. amiRNA221 0.03 0.0008 0.035 0.06 

 

 
 

Figure 4.1. Nucleotide sequences of A) GhSP1L5 and B) GhSP1L1 obtained by RACE-PCR. 

Highlighted in yellow are the start (ATG) and stop codons (TAA and TGA, respectively) for 

each gene. 
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Figure 4.2. Protein alignments between arabidopsis and cotton spiral homologs. A) 

Alignment of six arabidopsis and two cotton spiral proteins. Here the N- and C-terminal 

regions are boxed to show the high similarity among all spiral proteins. B) An alignment 

between AtSP1L1 homologues shows the high similarity between the N- and C-terminal 

regions and a similar motif within the variable region (PAGIN(S/K)) that might help to 

confer a specific function for SP1L1 homologs. C) The alignment between GhSP1L5 and 

AtSP1L5 also shows high similarity in the N- and C-terminal regions. These proteins show a 

motif in the variable region (P(P/S)YG(I/V)D), which might help to confer a specific 

function to the SP1L5 homologs. 
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Figure 4.3. Protein alignment between the available cotton spiral protein sequences and their 

closest homologues across species.  A) The SP1L1 homologues have high similarity between 

the N- and C-terminal regions, and the motif identified in the variable region is 

(PAG(L/I)(N/H)(S/K)) B) The SP1L5 homologs have high similarity in the N- and C-

terminal regions and the motif in the variable region (P(P/S)YG(I/V)D) also appears. 
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Figure 4.4. qPCR analysis of the expression of GhSP1L5 and GhSP1L1 across the 

developmental time course in cotton fiber of two species, G. hirsutum (Gh) and G. 

barbadense (Gb). A) Gene expression pattern of GhSP1L5 and GbSP1L5 through cotton 

fiber development. The gene presents very similar expression pattern in both species. B) The 

gene expression pattern for GhSP1L1 and GbSP1L1 presents high similarity at the initiation 

stage but at the onset of secondary wall deposition their expression level varies, being higher 

for GhSP1L1. For both sets, data were obtained from selected time points between -2 DPA to 

30 DPA. For -2 DPA to 6 DPA data was obtained from a mixture between ovules and fiber, 

from 8 DPA onward data was obtained from fiber only. Data points selection was based on 

having representative data of fiber initiation stage (0 DPA), early elongation (2 to 6 DPA), 

rapid elongation (~8 to 20 DPA), transition (~ 17-21 DPA), onset of secondary wall 

deposition (~22 DPA), and later stage secondary wall deposition (~30 DPA). 
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Figure 4.5. Gel electrophoresis of amplicon obtained using LP-RP primers in wild type 

genomic DNA. When using SALK_023360, no T-DNA amplification was observed. 

 

 

 

 
 

Figure 4.6. Diagram showing the location of the amiRNA fragments within the AtSP1L5 

cDNA sequence. The protein sequence was also included in the diagram. The red (M) marks 

the start and the (-) marks the stop of the protein. The amiRNA fragments were named after 

the first nucleotide where the fragment begins. The amiRNA61 (green) is located at the 5’ 

region, amiRNA140 (blue) is part of the N-terminal region, and amiRNA211 (yellow) is 

located in the variable region of the protein. 
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Figure 4.7. Gel electrophoresis of the amplicons obtained from amiRNA lines and the control 

(pTG35, empty vector). The expected amplicon size was around 1400 bp and for the empty 

vector control around 1150 bp. No amplification was observed for amiRNA140. 

 

 

 

 
 

Figure 4.8. amiRNA 61 and 221 sequences amplified through PCR. Due to the sequence 

length, A) amiRNA61 and B) amiRNA221 only show in yellow the forward inserts that 

correspond to the I and III primers show in Table 5. These 40 nucleotide long primers 

contain a portion of the AtSP1L5 coding sequence plus a portion of the pRS300 precursor. 
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Figure 4.9. Bright field (BF) and Polarizing (Pol) images of four week old wild type stem 

segments. (A) Bright field and (B) Polarizing images of 2 cm from the top stem segment. (C) 

BF and (D) Pol images of 4 cm from the top stem segment. (E) BF and (F) Pol images of 6 

cm from the top stem segment. (G) BF and (H) Pol images of 8 cm from the top stem 

segment. The birefringence in IF at 2 and 4 cm from the top is scarce, suggesting little 

cellulose presence. At 6 cm from the top the birefringence starts being strong which suggest 

the presence of highly ordered cellulose, typically present in secondary walls. 
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Figure 4.10. Bright field (BF) and Polarizing (Pol) images of eight week old wild type stem 

segments. (A) Bright field and (B) Polarizing images of 2 cm from the top stem segment. (C) 

BF and (D) Pol images of 4 cm from the top stem segment. (E) BF and (F) Pol images of 6 

cm from the top stem segment. (G) BF and (H) Pol images of 8 cm from the top stem 

segment. The birefringence is strong across all stem segments, suggesting the presence of 

highly ordered cellulose, typically present in secondary walls. 
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Figure 4.11. Stem length of wild type, pTG35, amiRNA61 and amiRNA221 at 4 and 8 

weeks. n = 7 for each line at each developmental stage. Error bars represent standard 

deviation. 
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Figure 4.12. qPCR assay showing the expression pattern of all spiral genes in wild type, 

amiRNA61, amiRNA221 and pTG35 (transformed control) in arabidopsis stem segments of 

4 week old plants. The data show the average of three replicates plotted relative to the wild 

type level of gene expression in each segment on a logarithmic scale (ΔΔCt). A-D) For 

SP1L2, SP1L3 and SP1L4, the expression levels are similar in all lines. E) For SP1L5, both 

amiRNA lines showed down-regulated expression in all stem segments compared to wild 

type and the pTG35 control. Error bars represent standard deviation. 
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Figure 4.13. cDNA sequence alignment of AtSPR1 and AtSP1L5. The amiRNA sequences 

are underlined within a box. The gap in the amiRNA61 3’ and the mismatches in 

amiRNA221 make the cleavage of AtSPR1 by these amiRNA sequences unfeasible. 
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Figure 4.14. qPCR assay showing the expression pattern of all spiral genes in wild type, 

amiRNA 61, amiRNA 221 and pTG35 (transformed control) in arabidopsis stem segments of 

6 week old plants. The data are plotted relative to the level of the endogenous control gene 

(ΔCt) on a logarithmic scale. A-E) The expression of all genes assayed was similar between 

both amiRNA lines and the wild type control, with expression sometimes being lower in the 

pTG35 control. Error bars represent standard deviation. 
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Figure 4.15. Arabidopsis four week old plants at lower (left) and higher (right) 

magnifications. Wild type, pTG35, amiRNA61, and the amiRNA221 lines showed the same 

overall morphology. 

 

 
 

Figure 4.16. Cellulose assay content in the stems of arabidopsis wild type (WT), amiRNA61, 

amiRNA221, and control pTG35 expressed in mg. A) 6 week old stems of all genotypes had 

similar cellulose content. B) 8 week old stems of all genotypes had similar cellulose content. 

For the 6 week stems, n=3 with each sample containing 3 stems. For the 8 week stems, n=3 

with each sample containing 2 stems. Error bars represent standard deviation. 
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Figure 4.17. Representation of pTG235 binary gateway vector. Burgundy arrows correspond 

to the promoter [Cauliflower Mosaic Virus 35S (CaMV:35P)] and the terminator [Nopaline 

synthase terminator (NosP)]. Orange arrows correspond to gene sequences. CmR encodes the 

Chloramphenicol resistance gene, ccdB encodes a lethal gene that targets DNA gyrase (used 

to ensure the propagation of only DNA-transformed E.coli), aadA encodes the 

Spectinomycin/Streptomycin resistance gene, and the aacC1 encodes the Gentamicin 

resistance gene. Light blue arrows correspond to RB (right border) and LB (left border), 

which are the T-DNA (Transfer-DNA) recognition sites, and attR1 and attR2 are the 

recognition sites for Gateway recombination. The amiRNA sequences were inserted between 

the attR Gateway sites. 

  



 

97 

APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

98 

 I was able to create other sets of transformed lines to continue testing the function of 

SP1L5, due to time limitation I was unable to use them but they are available for the next 

researcher. Here is the list of the transformed seeds, their status and the available vectors. 

 

UBQ10:At5:RFP 

 

 Arabidopsis AtSP1L5 was fused with RFP (in the C-terminal region) under the UBQ-

10 promoter (Grefen, et al. 2010). A translational fusion between AtSPR1 and GFP was 

previously shown to complement the spr1 mutant in arabidopsis (Nakajima et al., 2004). 

Arabidopsis (var Col.) was used as background. Seeds available for future analysis are at the 

T3 generation. The homozygocity of the lines was assessed by growing pools of seeds in agar 

containing the selective antibiotic (Basta). After two rounds of growing seeds in this media, I 

observed ~97% or more of germination. Genotyping was performed using primers that 

amplify a 100bp region between the fusion of AtSP1L5 and RFP (F_At5-RFPv2 and R_At5-

RFPv2).  

 

UBQ10:Gh5:RFP 

  

 Cotton GhSP1L5 has been fused with RFP (in the C-terminal region) under the 

expression of the UBQ-10 promoter (Grefen, et al 2010). Seeds available for future analysis 

are at the T3 generation. The homozygocity of the lines was assessed by growing pools of 

seeds in agar containing the selective antibiotic (Basta). After two rounds of growing seeds in 

this media, I observed ~97% or more of germination. Genotyping was performed using 

primers that amplify a 100bp region between the fusion of GhSP1L5 and RFP (F_Gh5-

RFPv2 and R_Gh5-RFPv2). 
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CaMV35S:AtSP1L5 and CaMV35S:GhSP1L5 

 

 Both cotton and arabidopsis SP1L5 were cloned in the pTG235 vector, under the 

CMV35s promoter. Agrobacterium was transformed using these plasmids but no 

transformants were obtained. E.coli-containing each of these vectors is available for further 

plant transformation trials. 

 

pAgrikola for AtSP1L5 

 

 pAgrikola containing a knock-down sequence to reduce the expression of AtSP1L5 

was obtained from NASC. I performed a PCR to test for the insertion of the knock down 

sequence. The vector is currently in E.coli and needs to be transformed into agrobacterium. 

 

Antibodies 

 

 In addition to the seeds and vectors described above, we were able to obtain three 

specific antibodies targeting AtSP1L5, GhSP1L5 and GhSP1L1. The target sequences were 

determined by Genscript as the best possible locations in the proteins to develop specific 

antibodies against these three proteins. We obtained the serum, and after testing it at different 

concentrations using western blot (Primary antibody dilution variable; Secondary antibody 

dilution 1:20000), we determined the optimal conditions for visualizing a single band for 

GhSP1L5 and we are currently working in optimizing the protocol for AtSP1L5 and 

GhSP1L1. As secondary antibody we are using HRP against rabbit (For GhSP1L5) or mouse 

(for AtSP1L5 and GhSP1L1). 

 To isolate the microsomal protein fraction, we followed the protocol described in 

Nakajima et al., 2004 with some modifications. The samples (5 week old arabidopsis stems 

and 21 DPA cotton fiber) were ground as mentioned before using liquid nitrogen and a 

mortar and pestle. After this, 2 g of the ground sample (fiber or stem) was mixed with ice-
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cold extraction buffer (50 mM Hepes-KOH pH 7.5, 5  mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 1 mM DTT, 0.25 M sucrose, 20 mg/ ml of pepstatin A, and 

20 µg/ mL of leupeptin) containing 0.1 µg/ mL of butylated hydroxytoluene and 10 % (v/v) 

polyclar AT. After filtration through two layers of Miracloth (Calbiochem, San Diego, CA), 

the insoluble debris was removed by centrifugation at 7000 g for 15 min at 4 °C. Microsomal 

proteins then were separated from the supernatant by centrifuging the protein extracts twice 

at 50000 g for 30 min at 4 °C. Protein solubilization in SDS sample buffer proceeded 

immediately. 

  Once the protein fraction was ready, we performed SDS-PAGE as follows: 100 µl of 

2X SDS-PAGE sample buffer (1.5 g tris base, 4 g SDS, 20 ml glycerol, 2 ml β-

Mercaptoethanol, 0.02 g bromophenol blue, in 100 ml dd H2O, pH 6.8) was added to protein 

samples and boiled at 100 ºC for 5 min. We used a 4-20% mini protean TGX gel (Bio-rad), 

SDS-PAGE running buffer (3.03 g Tris base, 24 g glycine, 1 g SDS, in 1000 ml ddH2O) and 

loaded 20 µl of protein sample and 10 µl of protein ladder (Benchmark protein ladder, 

Invitrogen Cat. No. 10748-010). The gel ran at 100 V until the blue dye front was at the 

bottom of the gel (approximately 45 min). Once the gel ran to completion, we started the 

transfer to a PVDF membrane. The membrane was soaked in methanol for 1 minute; the fiber 

pads, Whatman papers and gel were soaked in transfer buffer (3.03 g tris base, 14.4 g 

glycine, 200 ml methanol, in 800 ml ddH2O) for a few minutes. The transfer sandwich was 

prepared by laying the black panel of the transfer cassette at the bottom and adding the 

following: one fiber pad, one Whatman paper, gel, PVDF membrane, one Whatman paper, 

one fiber pad. Any bubbles that formed between the gel and the PVDF membrane were 

removed by rolling a glass tube on the membrane. The sandwich was covered with the clear 

panel, secured and placed in the electrode module. The transfer was run for 3 h at 4 °C and 

250 mA. 

 When the transfer was complete, we blocked the membrane using blocking buffer (5 

% powdered milk in TBST, Similac) for 1 h with agitation. Then the membrane was washed 

three times with TBST (20 mM Tris HCl, 150 mM NaCl, 0.1 % Tween-20 (v/v), pH7.5) for 5 

min each. After the washes, the membrane was incubated with primary antibody (1:500) in 
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TBST for 1 h with agitation. After the primary antibody incubation, the membrane was 

washed with TBST as described above. Then the membrane was incubated with secondary 

antibody (HRP anti-rabbit) diluted 1:20000 in TBST for 1 h with agitation. The membrane 

was washed as before. For detection, we used 0.5 ml of each of the two substrates of 

SuperSignal West Pico Chemiluminiscent substrate (Thermo scientific, Cat. No. 34080). The 

substrates were mixed and placed on top of a piece of plastic wrap. The membrane was 

placed on top of the puddle for 1 min. Whatman paper was used to remove the excess of 

solution without drying completely the membrane. Then the membrane was placed on a 

plastic sheet that was inserted into a developing cassette. Once in the dark room, a sheet of 

undeveloped film was placed in contact with the membrane and the developing cassette was 

closed tightly during 10 minutes. After this, the film was developed using a film developer. 

 

Table 1 appendix. Primers used to amplify the AtSP1L5:RFP fusion. 

 
Primer name Primer purpose Primer sequence 

>F_At5-RFPv2 To amplify the 

AtSP1L5:RFP 

insertion 

TCGGTTCCTGGTGGAGGCTC 

>R_At5-RFPv2 ATGCGCACCTTGAAGCGCAT 

 

Table 2 appendix. Primers used to amplify the GhSP1L5:RFP fusion. 

 
Primer name Primer purpose Primer sequence 

>F-Gh5-

RFPv2 

To amplify the 

GhSP1L5:RFP 

insertion 

AAGTTAAGTCGGTTCCTGGTG 

>R-Gh5-

RFPv2 

ACTCCTTGATGACGTCCTCG 
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Table 3 appendix. Primers used to amplify the AtSP1L5 knock-down sequence from 

CATMA. 

 
Primer name Primer purpose Primer sequence 

>F-Agri51 To amplify the 

AtSP1L5 in the 

CATMA vector 

CAACCACGTCTTCAAAGCAA 

>R-Agri56 CTGGGGTACCGAATTCTTC 

>F-Agri64  CTTGCGCTGCAGTTATCATC 

>R-Agri59  AGGCGTCTCGCATATCTCAT 

 

 

 

Table 4 appendix. Summary of available seeds (AtSP1L5:RFP and GhSP1L5:RFP) and 

vectors ready for transformation (CaMV35S:AtSP1L5, CaMV35S:GhSP1L5 and pAgrikola 

for AtSP1L5). 

 
Transformant / Vector 

name 

Purpose of creating the 

transformant / vector 

Research 

development status 

Storage 

location 

pUBQ10:AtSP1L5:RFP Created to test the location 

of AtSP1L5 in vivo 

Plants transformed 

and seeds available. 

Needs to be 

verified 

L. Betancur 

seed stock 

(4 C) 

pUBQ10:GhSP1L5:RFP Created to test the location 

of GhSP1L5 in vivo 

Plants transformed 

and seeds available. 

Needs to be 

verified 

L. Betancur 

seed stock 

(4 C) 

CaMV35S:AtSP1L5 Created to test the effect of 

overexpressing AtSP1L5 

in arabidopsis 

Vector in E.coli, 

needs to be 

transformed into 

Agro 

L. Betancur 

transformed 

E. coli (-80 

C) 

CaMV35S:GhSP1L5 Created to test the effect of 

overexpressing GhSP1L5 

in arabidopsis 

Vector in E.coli, 

needs to be 

transformed into 

Agro 

L. Betancur 

transformed 

E. coli (-80 

C) 

pAgrikola for AtSP1L5 Another amiRNA 

possibility to reduced the 

expression of AtSP1L5 

Vector posses the 

correct amiRNA 

insert to modify 

At4g23496, 

currently in E. coli 

L. Betancur 

transformed 

E. coli (-80 

C) 
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Table 5 appendix. Target sequences of the spiral proteins antibodies developed, and the 

animals on which they were raised. The optimal dilution for the western blot was determined 

empirically as well as the size band. 

 
Protein Target sequence Animal 

antibody was 

raised 

Primary AB 

Optimal 

dilution 

Size band 

(approx) 

AtSP1L5 NEIPKTPAPPVAPKC Mouse - - 

GhSP1L1 CAVSKPAPAPEPVDI Mouse - - 

GhSP1L5 GDDEQQSAPTVAPPC Rabbit 1:500 15KDa 

 

 

 

 

 

 
 

Figure 1 appendix. Representation of the UBC10:AtSP1L5:RFP vector, showing the location 

of the promoter, AtSP1l5, RFP and terminator. 
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Figure 2 appendix. Representation of the UBC10:GhSP1L5:RFP vector, showing the 

location of the promoter, GhSP1l5, RFP and terminator. 

 

  

 

 
 

Figure 3 appendix. Representation of the CaMV35S:AtSP1L5 (A) and CaMV35S:GhSP1L5 

(B). 
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Figure 4 appendix. Diagram representing the sequence used by NASC to reduce the 

expression of AtSP1L5 and the location of the primers to test for the proper insertion of the 

AtSP1L5 sequence. 

 

 

 

 
 

Figure 5 appendix. Gel electrophoresis of PCR amplicons indicating the expected size for the 

insertion of AtSP1L5 knock-down sequence. 1) 50 bp molecular weight marker. 2) PCR mix 

1 (agri51 / agri56) 245 bp + 217 bp = 462 bp. 3) PCR mix 2 (agri51 / agri64) 442 bp + 217 

bp = 659 bp. 4) PCR mix 3 (agri56 / agri69) 145 bp + 217 bp = 362 bp. 5) PCR mix 4 (agri64 

/ agri69) 342 bp + 217 bp = 559 bp 

 

500 

250 
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Figure 6 appendix. Protein sequences of spiral proteins used to develop antibodies. 

Highlighted are the regions used to develop each antibody (Selected by GenScript). 

 

 

 

 
 

Figure 7 appendix. Visualization of cotton spirals recognized by specific antibodies. A) 

GhSP1L1 presents several faint bands, with the most recognizable a band at 50 KDa. B) 

GhSP1L5 presents a single band at 15 KDa. Proteins were identified from 21 DPA cotton 

fiber extract. Two different protein markers were used in these trials. 
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Chapter V 

 

Major Conclusions and Next Steps in Research 

 

A New Method for Isolating Large Quantities of Arabidopsis Trichomes for Transcriptome, 

Cell Wall and Other Types of Analyses 

 

Marks MD, Betancur L, Gilding E, Chen F, Bauer S, Wenger J, Dixon RA, Haigler CH 

(2008) Plant Journal 56: 483-492, doi: 10.111/j/1365-313X.2008/03611.x 

 

 My contribution to this work was to perform thorough histological study of 

arabidopsis trichomes. The main conclusion of this analysis, when combined with cell wall 

chemical analysis of others, was that trichome cell walls are composed of polysaccharides 

mainly found in primary walls. A next step in this research would be to determine the type of 

polysaccharides present in the cell wall by immunolocalization using antibodies that are 

specific to particular chemical epitopes.  

 

Phylogenetically Distinct Cellulose Synthase Genes Support Secondary Wall Thickening in 

Arabidopsis Shoot Trichomes and Cotton Fiber 

 

Betancur L, Singh B, Rapp RA, Wendel JF, Marks MD, Roberts AR, Haigler CH (2010) 

Journal of Integrative Plant Biology 52: 205-220. Doi: 10.1111/j.1744-7909.2010.00934x 

 

 This work redefines the traditional classification of primary wall-related and 

secondary wall-related CESAs. In this work we showed that the thick wall of arabidopsis 

trichomes (considered to be a secondary wall) is built by primary wall-related genes, as 

traditional considered. We were able to prove the expression of CESA, genes by analysis of 

promoterCESA::GUS lines and by qPCR. 

 In this work we also used bioinformatics approaches to show that the genes involved 

in cotton fiber secondary wall deposition are more similar to genes expressed in arabidopsis 

xylem secondary wall deposition than to genes expressed in arabidopsis leaf trichomes.  
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Next steps in this research will be to use the arabidopsis xylem (or other sclerenchyma cells 

such as IFs) preferred models for cotton fiber cell wall thickening. 

 

Testing the Possible Function of SP1L5 in Secondary Cell Wall Formation 

 

 The members of the Spiral1 gene family have a redundant function in arabidopsis 

roots. The hypothesis we had with this research was that one of the spiral genes, SP1L5, has 

a specific function in secondary wall deposition. The stem cellulose content in the mature 

stem of arabidopsis amiRNA lines was equivalent to controls, making imperative that the 

research for phenotypes continues. We plan to isolate IFs and see if the cellulose deposition 

angle is different between the amiRNA lines and the controls. 

 I was able to develop AtSP1L5:RFP and GhSP1L5:RFP lines. The study of these 

lines will tell us if the localization of AtSP1L5 and GhSP1L5 is identical. We could observe 

this in the roots or fixed cross sections of the stem. Also, by studying these lines we could 

determine if there is a specific timing for the SP1L5s to co-localize with microtubules during 

cell wall deposition (i.e. during MT angle shifting at the onset of secondary wall deposition). 

 I developed vectors to transform arabidopsis and produce lines over-expressing 

AtSP15 and GhSP1L5 using 35CaMV as promoter. When studying these lines we would be 

able to determine if the over expression of SP1L5s causes a phenotype and if it affects the 

cell wall deposition in the cells studied (IFs). 

 A yeast two-hybrid assay will give us information on whether or not SP1L5 interacts 

with other proteins that are involved in MTs dynamics. Having this information in hand we 

would be able to hypothesize that SP1L5 is part of a protein complex involved in MTs 

dynamics.  

 For this work, we were able to obtain antibodies against AtSP1L5, GhSP1L1, and 

GhSP1L5. We could take advantage of having these antibodies and perform TEM to 

determine the exact localization of these proteins at different stages of cell wall deposition in 

IF and cotton fiber. In addition, we could use these antibodies to determine the localization of 

these proteins in cotton fiber at different developmental stages. 


