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ABSTRACT 

The widely cultivated cotton species, Gossypium hirsutum (AD)1 is a major fiber 

producing crop, accounting for 90-95% of the world’s cotton. G. hirsutum is an 

allotetraploid species that originated from a polyploidy event 1-2 million years ago 

when the genomes of two diploid species [G. arboreum (A2), and G. raimondii (D5)] 

merged together. The parental A-genome cotton produces spinnable fiber, with lower 

quality and abundance than tetraploid cotton, while D-genome does not produce 

spinnable fiber. Of the 45 diploid species only A-diploid species produce spinnable 

fibers. It is uncertain, in the evolution of cotton species, when and how this spinnable 

fiber trait emerged in A-diploid species. Here, we employed the Arabidopsis 

(Arabidopsis thaliana) trichome model system to study the evolution of the spinnable 

cotton fiber production trait. The core trichome initiation complex genes (bHLH, 

WD40, and R2R3) were tested for the functional differences between A- and D-

genomes, the parental species of the cultivated tetraploid species. The A- and D-species 

showed functional differences in two basic helix-loop-helix (bHLH) transcription 

factors (TFs), namely DEL65 and DEL61.  

The functional evolution of these factors was studied using the Arabidopsis 

model system. The study was extended further to understand the functional evolution 

of the bHLH transcription factor and to determine whether the bHLH transcription 

factor genes were evolved to be functional in A-genomes or lost the function in D-

genomes. To achieve this, the bHLH transcription factors were amplified from different 

genome groups of the different clades of the cotton evolutionary tree (A, D, F, B, E, C, 

G, K, and Gossypoides kirkii, an out group). These were complemented in a trichome 

initiation defective Arabidopsis double mutant (gl3/egl3). The results from this study 

showed that the bHLH transcription factors were evolved to be functional in A-diploid. 

The G and K genomes also showed gain of function of the bHLH factor(s).  This study 

will lead to a greater understanding of the gain of function of the bHLH transcription 

factor during the evolution of the cotton initiation trait of A-diploid genomes.  
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CHAPTER I 

INTRODUCTION 
Cotton is a major commercial crop grown for its textile fiber. Though not only an 

important source of textile fiber, the cotton crop is also a major source of cotton seed 

oil and protein meal (Grover et al. 2015). G. hirsutum (AD)1, also known as upland 

cotton, is the major fiber producing crop grown, producing 90-95% of the world’s cotton 

(Guan et al. 2011; Lee et al. 2007; Qin and Zhu 2011). This species of cotton is 

allotetraploid, having four sets of chromosomes, and has been bred to produce high 

yields (Jiang et al. 1998). G. hirsutum also is adaptable to a wide range of environments 

and reaches maturity earlier than other cultivars (Abdalla et al. 2001). Three other 

cultivated species besides G. hirsutum include two diploid species, G. arboreum (A2) 

and G. herbaceum (A1), and one other allotetraploid species G. barbadense (AD)2. G. 

barbadense makes up 5-8% of the world’s fiber production (Qin and Zhu 2011), and it 

is valued for its fiber length, strength, and fineness (Jiang et al. 1998). 

The cotton phylogenetic tree contains over 50 different species of cotton (6 

tetraploids and ~45 diploid species) resulting from 60 million years of evolution (Figure 

1) (Grover et al. 2015; Renny-Byfield et al. 2015). Tetraploid cotton originated from 

two diploid ancestors [G. arboreum (A2), and G. raimondii (D5)] that merged together 

around 1-2 million years ago in a hybridization event forming an allopolyploidy species 

(Figure 1) (Guan et al. 2007). Allopolyploidy occurs as a result of a hybridization event 

in which two genomes, usually from different species, merge together into one nucleus 

(Grover et al. 2015). The cotton polyploidization occurred between D-genome species 

that produces only “fuzz” fiber (short non-spinnable fiber), and A-genome species that 

produces spinnable lint fiber (Haigler et al. 2012; Lee et al. 2007). Of all the cotton 

species, none of the other species of cotton beside A- and tetraploid species produce 

spinnable fiber (Emani 2011). The tetraploid cotton we use today has enhanced fiber 

quality and abundance in comparison to the A-diploid species (Lee et al. 2007; Grover 

et al. 2015). Although we see the production of spinnable fiber in A-diploids, it has been 
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reported that the D-genome contributed more to fiber quality and yeild in tetraploid in 

comparison to A-genome. This could explain the enhanced fiber properties of the 

tetraploid species (Grover et al. 2015; Xu et al. 2015). It was also found that Dt-

subgenome in tetraploid cotton contributes more to fiber regulation via transcription 

factors despite D-genome’s inability to produce spinnable fiber (Xu et al. 2015). 

 

Looking back further on the evolutionary timeline of cotton (Figure 1), there was a 

divergence event 5-10 million years ago in which D-genome separated from the rest of 

the A-genome lineage genomes (Hanson et al. 1996). When comparing the genome size 

 
Figure 1 Phylogenetic tree of cotton species 
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of all the species, there is a significant difference in the size of D-genome compared to 

others. This size difference could be due to duplication in the genomes of other species 

or even transposon insertions. A transposon is a DNA sequence that can randomly insert 

itself into a genome (Glick et al. 2010). Could the separation of D-genome be the 

beginning of two different evolutionary paths with one leading to spinnable fiber 

production? What genes are responsible for fiber initiation and how did they 

functionally evolve? These are important questions to answer in order to understand the 

molecular evolution and to improve the yeild of cotton fiber. The more we learn about 

the contribution of A and D gene expression in the tetraploid genome, the more easily 

increased fiber production can become a reality (Emani 2011). As vital as cotton is to 

daily life, there is a need for advancement in this area of research.  
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CHAPTER II 

LITERATURE REVEIW 

Model Species for Cotton Fiber Development 
Cotton research has had a slow success rate in comparison to other crops due to its 

large genome size, gene duplication, and polyploidy, making gene 

knockdown/knockout studies and molecular mechanistic studies difficult to accomplish 

(Pang et al. 2013; Kim and Triplett 2001). Not only is cotton resistant to genetic 

transformation, but successful transgenic plants can take 6-18 months for complete 

studies to be performed (Kim and Triplett 2001). These limitations of studying cotton 

directly in the lab can be overcome by implementing a model species. Having a model 

species to learn more about cotton is very important. Research can be performed more 

efficiently, and preliminary data can be taken before performing an experiment on 

cotton. In this way, successful experiments in the model species can further be translated 

in cotton with more confidence. 

 Arabidopsis is a small flowering plant that has been used as a model species for 

functional/translational studies of several different species including cotton. This model 

species is useful to plant research due to its short lifecycle of only four weeks (Pruitt 

and Meyerowitz 1986), its small genome size, availability of complete genome 

sequence and genetic mutants, the small size of its vegetative matter, and the large 

amount of seed produced (Initiative 2000). Of specific importance to cotton fiber 

research, Arabidopsis has been a model for studying trichome initiation and epidermal 

cell differentiation, both important molecular mechanisms in cotton fiber initiation 

(Guan et al. 2007; Wang et al. 2004).  

Cotton fibers, also called seed trichomes, are similar to Arabidopsis trichomes 

as both are single-celled protrusions from differentiated epidermal cells (Wang et al. 

2004). Though cotton fiber and Arabidopsis trichomes are single-celled, multicellular 

trichomes do exist in certain species such as tomato and tobacco (Yang and Ye 2013). 

Normal plant trichomes can be found on stems, leaves, petioles and other plants 

structures, though they are not found on the hypocotyl or the cotyledons. Cotton fibers 
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emerge from a specific organ, the epidermal surface of cotton ovules (Guan et al. 2007; 

Rerie et al. 1994; Wang et al. 2004; Balkunde et al. 2010). Cotton seed trichomes are 

some of the longest single cells produced by plants, and this length is vital for spinning 

fiber for textile production (Wang et al. 2004; Haigler et al. 2012).  

Arabidopsis trichomes typically have three branches, while cotton fibers are 

unbranched single cell extensions of seed coat epidermal cells (Kim and Triplett 2001; 

Tominaga-Wada et al. 2011). Though there are significant differences in the mature 

form of trichomes versus cotton fiber, the initiation mechanism and the genes involved 

in the initiation processes have several similarities (Table 2) (Guan et al. 2007). Both 

trichome and fibers cells, once differentiated, expand outward from the epidermal 

surface, followed by the movement of the nucleus into the fiber or trichome stalk 

(Humphries et al. 2005).   

The knowledge gained using the Arabidopsis trichome model system is 

translatable to cotton fiber initiation. For example, cotton HOX family genes have been 

characterized using the Arabidopsis trichome model system (Wan et al. 2014), which 

were proved to be involved in cotton fiber initiation (Shan et al. 2014). Knockdown of 

HOX3 gene in cotton using RNA interference technology showed lack of fiber initiation 

in transgenic lines (Shan et al. 2014). These results are in accordance to a similar study 

performed on the Arabidopsis homolog of HOX, GL2 (Rerie et al. 1994). This shows 

the translatability of cotton gene studies in Arabidopsis. Due to the similarities between 

trichomes and cotton fiber initiation mechanisms, Arabidopsis can be successfully used 

as a model species for fiber initiation studies (Lee et al. 2007).  

Trichome Development 
As mentioned previously, trichomes are present on stems and leaves of most 

terrestrial plants.  Though the function of trichomes is not fully known, many proposed 

functions are highly considered. In some cases dense trichomes on dessert plants can 

increase the reflectance of light, reducing loss from transpiration and moderating 

photosynthesis (Rerie et al. 1994). This lessens the impact of temperature changes on 

the plant, reducing heat and water loss in warm environments. Trichomes also reduce 
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the rate of air exchange across the leaf surface, contributing to tolerance of adverse 

environmental conditions such as frost (Balkunde et al. 2010; Zhao et al. 2012). 

Trichomes can act as a barrier against predators such as insects or pathogens. This can 

be a physical barrier, but some trichomes also secrete chemicals as a defense mechanism 

(Szymanski et al. 2000; Wagner 1991). Trichomes can also protect the plant from UV 

irradiation (Tominaga-Wada et al. 2011), and they can contribute to the freeze tolerance 

of plants (Guan et al. 2007). 

Trichome development in Arabidopsis goes through three stages before a mature 

trichome is produced: cell fate determination, cellular specification, and morphogenesis 

(Yang and Ye 2013). This highly regulated process begins concurrently with leaf 

development. In Arabidopsis, the first trichome is formed before the leaf is more than 

100µm in size. Subsequent trichomes are then formed basipetally, from the leaf tip to 

the base of the leaf (Szymanski et al. 2000). Already formed trichomes are further 

separated by cell division occurring in the non-trichome fated cells between them. At 

maturity, this separation between trichomes is from 0.5-1.0 mm wide (Balkunde et al. 

2010). It has been found that trichome patterning is a very specific and non-random 

process. One study showed statistically that in order for cells to randomly become 

trichomes, there would have to be more trichomes found next to each other than were 

present in the collected data (Churchman et al. 2006). This study, along with one done 

by Lee et al. that mapped trichomes present on leaves, showed that trichomes have a 

regular patterning across the leaf surface with a higher concentration of trichomes 

present on the leaf margins (Balkunde et al. 2010; Lee et al. 2006b). Such a patterning 

mechanism for trichome initiation involves several transcription factors contributing to 

the spatial distribution of trichomes and root hairs in Arabidopsis and other species. 

Trichome branching goes through several phases before a completed mature trichome 

is formed. Trichome branches have also been found to align in a distinct way to the leaf 

orientation (Schwab et al. 2000). The primary branching point aligns with the proximal 

distal leaf axis, while the secondary branch point points towards the leaf tip at a right 

angle to the first branching point (Schwab et al. 2000).  
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Trichome Initiation 
Trichome initiation begins with the transition of a precursor protodermal cell 

from mitotic division to endoreduplication before any signs of guard cells or stomata 

are present (Tominaga-Wada et al. 2011; Rerie et al. 1994). A protodermal cell is the 

outer most layer of the apical meristem that gives rise to the epidermis. Once one 

protodermal cell is committed to the trichome fate, all the cells around it continue 

dividing normally as the protodermal cell undergoes an average of four 

endoreduplication cycles (Tominaga-Wada et al. 2011). Endoreduplication is a process 

that increases the DNA content of a cell by transitioning between the gap phases and S 

phases in the cell cycle without cell division. In this way the cell becomes polyploidy, 

containing extra copies of DNA (Edgar and Orr-Weaver 2001). The first 

endoreduplication cycle is completed before the cell is fully grown. The first trichome 

branch results from the second endoreduplication cycle, while the second trichome 

branch results from the third endoreduplication cycle. The final endoreduplication cycle 

brings about a mature three branched trichome with a nuclear DNA content of 32 C. C 

refers to the haploid DNA content  per nucleus (Tominaga-Wada et al. 2011). The 

amount of DNA content of a cell has been found to correlate with the number of 

trichome branches formed (Yang and Ye 2013). Cells beyond a certain age stop 

responding to trichome differentiation signaling, therefore trichome initiation is limited 

to a certain time period (Rerie et al. 1994). 

There can be many explanations as to why polyploidy cells resulting from 

endoreduplication are necessary. For one, plants with a small genome size like 

Arabidopsis tend to have more endoreduplication events. According to a review by 

Bruce A. Edgar et al., polyploidy cells may be needed for parts of plant growth such as 

trichome development. Perhaps an increase in cell size is needed to achieve a particular 

morphology, to overcome environmental damage, or to change the nuclear to organelle 

ratio (Edgar and Orr-Weaver 2001). Endoreduplication cycles have also been found to 

occur in important crop tissues such as maize endosperm and cotton fiber (Churchman 

et al. 2006). DNA content measurements in cotton fiber initials, showed increased DNA 
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content from 2C to between 2.8 and 5.2C (Wu et al. 2006). This suggests that cotton 

fiber initials go through at least one round of endoreduplication. 

Endoreduplication is controlled by the SIAMESE (SIM) gene (Walker et al. 

2000; Churchman et al. 2006). This gene suppresses mitotic cycling so that 

endoreduplication can take place. Mutations in the SIM gene were found to result in 

multicellular trichomes with reduced DNA content compared to wild type trichomes 

(Walker et al. 2000; Churchman et al. 2006).  

Trichome Development Genes 
There are over 40 genes involved in Arabidopsis trichome development 

(Tominaga-Wada et al. 2011). Genes involved specifically in trichome initiation have 

been identified by analysis of the phenotypic expression of mutant plants. There are two 

main groups of genes that have been discovered by this method, positive regulators of 

trichome initiation and negative regulators of trichome initiation. Positive regulators 

include TRANSPARENT TESTA GLABRA (TTG), GLABRA1 (GL1), GLABRA3 

(GL3) and ENHANCER OF GLABRA3 (EGL3). The negative regulators include 

TRIPTYCHON (TRY), CAPRICE (CPC), ENHANCER OF TRIPTYCHON AND 

CAPRICE1 (ETC1), ETC2, ETC3/CAPRICE-LIKE MYB3 (CPL3), 

TRICHOMELESS1 (TCL1) and TCL2/CPL4 (Balkunde et al. 2010; Wang and Chen 

2014). Trichome development genes can further be grouped into four different classes 

based on the phenotypic results of mutations in these genes. These four classes include: 

trichome differentiation mutants resulting in fewer trichomes or not as developed 

trichomes, endoreduplication mutants resulting in trichomes with differing DNA 

content that correlates with the size of the trichome as well as branching number, 

branching mutants that affect branching number, and trichome branch distortion 

mutants which have defects in the directionality of branch extension (Schwab et al. 

2000). 
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The core trichome initiation complex is composed of three proteins, GL1, TTG1, 

and GL3/EGL3 (trimeric initiation complex). These are key initiation genes for 

trichome development (Szymanski et al. 2000). Once these three proteins interact, they 

induce downstream genes such as GL2 to initiate trichome cell differentiation. This 

complex is also responsible for activating the negative regulators of trichome formation 

such as TRY. Once TRY is activated, it is transported to a neighboring epidermal cell 

where it competes for binding to the MYB interacting region of GL3/EGL3. This 

prevents GL1 from binding and further inhibits cell differentiation by downstream genes 

that remain inactivated (Figure 2) (Tominaga-Wada et al. 2011). The following is a 

description of the various proteins involved in trichome initiation including additional 

proteins not included in Figure 2, and the protein families that they originate from. 

 

Figure 2 Trimeric trichome initiation complex. EGL3 or GL3 form a complex with 
TTG1 and GL1 which then activates downstream genes such as GL2 and TRY. GL2 
activates cell differentiation to form a trichome while TRY moves to a neighboring 
cell and competes with GL1 for binding to EGL3/GL3. This prevents GL2 from being 
activated and a trichome is not formed. 
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MYB transcription factors: 

As mentioned early there are numerous genes coding for transcription factors 

involved in trichome initiation and development. In fact, more than 5% of Arabidopsis 

genes code for transcription factors (Zimmermann et al. 2004). A large gene family 

responsible for a number of these transcription factors is the MYB family, consisting 

126 members. These members are divided into 25 different sub-groups based upon a 

conserved region of amino acid motifs in the C-terminal portion of the domain and the 

DNA binding MYB domain (Pattanaik et al. 2014). In general, MYB proteins consist 

of three imperfect repeats: R1, R2, and R3. Each of these repeats has a helix-turn-helix 

structure consisting of approximately 53 amino acids each. However, there are certain 

sub-families of MYB transcription factors that contain a range of 1-4 MYB repeats. 

MYB proteins are highly expressed in plants, though they are found in all eukaryotes, 

and they serve several important purposes such as regulation of the cell cycle, cell fate 

determination, and many biosynthetic pathways (Zimmermann et al. 2004). 

MYB0/GLABRA1 (GL1) is a sub-group 15 R2R3 MYB-type transcription 

factors along with its root hair regulating equivalent WEREWOLF (WER) (Zhao et al. 

2008; Pattanaik et al. 2014). A mutation in gl1 mutants results in leaves that are almost 

completely lacking in trichomes due to the loss of leaf trichome initiation (Balkunde et 

al. 2010). It has been found that GL1 has a redundant function with another R2R3 MYB 

gene AtMYB23 (Machado et al. 2009). When overexpressed in the gl1 mutant 

background, AtMYB23 produced trichomes in the leaf margins, showing that 

AtMYB23 is necessary for leaf margin trichome production (Balkunde et al. 2010). 

  

WD40 repeat transcription factors 

TTG1 is a WD40 repeat (WDR) protein whose function is most likely to recruit 

and/or assemble additional regulatory factors involved in trichome initiation 

(Szymanski et al. 2000). WDR proteins have a highly conserved region of 40-43 amino 

acid tandem repeats which typically end with the two amino acids, tryptophan and 

aspartate (WD) (Pattanaik et al. 2014). WDR proteins are known to be involved in 
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protein-protein interactions (Balkunde et al. 2010). Besides acting as a positive regulator 

of trichome initiation, TTG is also involved in negatively regulating trichome initiation 

as revealed by the phenotypic expression of a weak ttg1 mutant in Arabidopsis. 

Phenotypes expressed by this weak mutant included, clustered trichomes, lack of seed 

coat mucilage, presence of irregular roots hairs, and reduced production of anthocyanin. 

A strong mutation in the TTG1 gene however, gives a trichomeless phenotype 

(Balkunde et al. 2010). As described above TTG1 is involved in several different 

pathways besides trichome initiation including seed coat mucilage production, 

anthocyanin pigment synthesis, and root hair development (Humphries et al. 2005). 

 

bHLH (basic Helix-Loop-Helix) transcription factors 

One of the largest known transcription factor families in Arabidopsis is the basic 

helix-loop-helix-related transcription factor (bHLH TF) family with over 160 members. 

This family is divided into 12 different sub-groups of which sub-group IIIF is of interest 

in this study (Pattanaik et al. 2014). GL3 and EGL3 are bHLH TFs that act as positive 

regulators of trichome development along with TTG and GL1. EGL3/GL3 contain three 

different protein-protein interaction domains that help EGL3/GL3 act as a docking site 

for many different protein regulators. These domains include a MYB-interacting region 

(amino acid 1-97), which is located on the N-terminal portion of this protein and 

interacts with GL1 and CPC/TRY to positively and negatively regulate the expression 

of downstream genes respectively. The middle portion of the EGL3/GL3 protein 

contains a transactivation domain (amino acid 212-401) that interacts with the positive 

trichome regulator TTG1. The C-terminal bHLH region of EGL3/GL3 has an ACT-like 

domain (amino acid 400-637) that homo/heterodimerizes (Pattanaik et al. 2014). This 

is also known as the ‘basic’ region where a 13 amino acid stretch of the transcription 

factor binds to DNA facilitating this homo/heterodimerization (Mandaokar et al. 2003). 

Overexpression of GL3 causes an increase in trichome density (Kirik et al. 

2004), while the mutant expression of gl3 shows a slight reduction of trichomes 

(Balkunde et al. 2010) with reduced or eliminated branching  (Szymanski et al. 2000). 
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This could be the result of fewer endoreduplication cycles (Tominaga-Wada et al. 2011).  

GL3 has a redundant function with EGL3. This was seen in the double mutant egl3/gl3 

where trichomes were absent. The single mutant phenotypic expression for egl3 showed 

little reduction in the presence of trichomes like the gl3 mutant (Balkunde et al. 2010). 

Though GL3 and EGL3 have redundant functions, they work independently (Morohashi 

et al. 2007). 

 

Homeodomain (HD) transcription factors 

 GLABRA2 (GL2) is a homeodomain protein. This motif is similar to 

transcription factors involved in the development of animals and plants. GL2 functions 

in normal morphological development and maturation of trichomes (Balkunde et al. 

2010). Normal trichome development includes proper cell expansion, branching and 

maturation (Lee et al. 2006a). Mutations in GL2 produce abnormal trichome expansion, 

such as little or reduced branching (Rerie et al. 1994). While it has been found that GL2 

transcripts are only present in developing trichomes, GL2 also plays a role in the 

production of seed coat mucilage (Rerie et al. 1994).  

Trichome Protein Interactions 
Positive Regulators  

As mentioned earlier GL1, GL3/EGL3, and TTG1 are the core initiation genes 

for trichomes (Szymanski et al. 2000). These three genes interact in specific ways to 

induce trichome initiation. Their functions and interactions with one another have been 

analyzed using mutant and transgenic studies. Through these experiments a model has 

been put together for the trichome initiation process in Arabidopsis. Studies contributing 

to the creation of this model will now be discussed. 

In one study, it was found that overexpression of GL1 could not recover the 

trichome initiation in gl3 mutant and overexpression of GL3 could not recover the 

trichome initiation in gl1 mutant. This suggests that GL1 and GL3 cannot substitute for 

each other but rather work at the same level in the trichome initiation pathway (Yang 

and Ye 2013). It has also been found that TTG1 works upstream of GL1 and Gl3 as 
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overexpression of both of these can somewhat recover the trichome initiation in ttg1 

mutant (Balkunde et al. 2010). Both TTG1 and GL1 have been shown to interact with 

EGL3 and GL3 by yeast two-hybrid analysis, however they do not interact with each 

other (Zhao et al. 2008). GL1 has also been to found to regulate TTG2 while GL3/EGL3 

activate GL2, CPC and ETC1 in a GL1 dependent manner (Zhao et al. 2008). GL1 binds 

directly to the promoters of GL2, TTG2, CPC, ETC1 and ETC3, while GL3 must bind 

to CPL3 and TRY promoters to activate them (Yang and Ye 2013). It has been shown 

through mutation studies that GL2 acts downstream of TTG and GL1. gl2/gl1 and 

gl2/ttg double mutants lack trichomes while gl2 single mutant plants initiate trichome 

production normally (Lee et al. 2006a). 

Not only do TTG, GL1 and GL2 influence trichome specification in the shoot 

epidermis, the same genes TTG and GL2 and one homolog of GL1, WER, promote non-

hair cell specification in the root epidermis (Table 1) (Kirik et al. 2004). As described 

here the trichome initiation complex is also applicable to other external structures like 

root hair.  

 

Negative Regulators of trichome initiation 

Besides the several positive regulators of trichomes and root hairs, there are 

several negative regulators that contribute to the patterning of root hairs and trichomes 

(Machado et al. 2009; Wang and Chen 2014). These negative regulators are comprised 

of small single R3 MYB repeat domain proteins lacking a transactivation domain (Guan 

et al. 2008), and they include these R3 MYB genes: TRY, CPC, TCL1, TCL2, ETC1, 

ETC2 and ETC3. These have been found to repress the cell fate of non-hair cells in root 

epidermis and the cell fate of trichome cells in shoot epidermis
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Table 1 Trichome proteins and their function 

 
Gene Full Name Single Mutation 

Phenotype 
Overexpression 
Phenotype 

Reference 

TRY TRIPTYCHON Clustered leaf 
trichomes with 
increased branching  

Reduction in 
trichomes 

(Wang and Chen 2014; 
Balkunde et al. 2010; 
Szymanski et al. 2000; 
Kirik et al. 2004) 

CPC CAPRICE Increased leaf 
trichome density 

Reduction in 
trichomes 

(Wang and Chen 2014; 
Kirik et al. 2004; 
Szymanski et al. 2000) 

ETC1 ENHANCER OF TRY AND CPC1 Wild type  (Wang and Chen 2014) 

ETC2 ENHANCER OF TRY AND 
CPC2/3/CAPRICE-LIKE MYB3 

Slightly increased  
leaf trichome density 

 (Wang and Chen 2014) 

TCL1 TRICHOMELESS1 Increased trichomes 
on upper inflorescence 
stem and pedicel 

 (Wang and Chen 2014) 

TCL2/CPL4 TRICHOMELESS2 

GL3 GLABRA3 Slight reduction in 
trichomes with 
reduced/eliminated 
branching 

Increase in 
trichome density 

(Kirik et al. 2004; 
Balkunde et al. 2010; 
Szymanski et al. 2000) 

EGL3 ENHANCER OF GLRABRA3 Slight reduction in 
trichomes 

 (Balkunde et al. 2010) 

TTG1 TRANSPARENT TESTA 
GLABRA 1 

Glabrous  (Balkunde et al. 2010) 

GL1 GLABRA 1 Glabrous  (Shangguan et al., 2008) 

GL2 GLABRA 2 Abnormal trichome 
expansion 

 (Rerie, et al. 1994) 
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(Guan et al. 2007). Though many redundant functions exist between these 7 proteins, 

some have specific effects on trichome development. 

 

Mutant studies of negative regulators 

CPC and TRY have very similar functions, and it was found that an 

overexpression of these genes caused a reduction in the number of trichomes and an 

increase in root hair production confirming their negatively regulating function 

(Szymanski et al. 2000; Kirik et al. 2004). Looking just at the TRY gene, single try 

mutants have a higher density of trichomes adjacent to one another forming clusters of 

three or four trichomes (Balkunde et al. 2010; Wang and Chen 2014). There is also an 

increase in branching in try (Szymanski et al. 2000). This increased branching 

phenotype is believed to be the result of an additional endoreduplication cycle leading 

to a 65C haploid cell (Tominaga-Wada et al. 2011).  Single try mutants have no apparent 

influence on root hair distribution or morphology.  Single cpc mutants however, show 

a slightly higher density of trichomes with a decrease in root hair formation (Kirik et al. 

2004; Wang and Chen 2014). Likewise single mutant plants of etc2 and etc3 show 

increased trichome density on the leaf surface, though this is a weak phenomenon. Some 

researchers have claimed to have observed this phenotype while others have not. As a 

single mutant, etc1 does not show any differing phenotype from wild type (Wang and 

Chen 2014). Single tcl1 and tcl2 mutant plants show normal density of trichomes but 

there is an increase in trichomes on pedicels and inflorescence stems (Szymanski et al. 

2000; Kirik et al. 2004). 

As mentioned previously, many of the R3 MYBs have redundant functions, 

which are apparent in double, triple and quadruple mutation studies. The double mutant 

cpc tcl1 exhibited an increase in the number of inflorescence stem and pedicels 

trichomes (Pattanaik et al. 2014). In the cpc etc1 ect3 tcl1 quadruple mutant, numerous 

trichomes were seen on the pedicels and internodes which suggests that they play a role 

in trichome inhibition on these plant organs (Pattanaik et al. 2014).  
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Negative regulation mechanism 

CPC, TRY, and ETC1 control the spatial distribution of root hairs and trichomes 

through a lateral inhibition mechanism. They are preferentially expressed in trichome 

forming cells and non-root-hair forming cells. CPC and TRY transcription is thought to 

be promoted by TTG and GL1 in trichomes and TTG and WER in non-hair cells. The 

redundant functions of CPC and TRY inhibit neighboring cells from becoming 

trichomes in the shoot epidermis and inhibit cells from becoming non-root-hair cells in 

the root epidermis. It is thought that CPC and TRY accomplish this by moving from 

cell-to-cell and interfering with GL1 and WER function (Balkunde et al. 2010). Studies 

showed that TRY is responsible for more short range inhibition while CPC and ETC1 

are involved in long range inhibition (Zhao et al. 2008). It is believed that TRY is able 

to inhibit GL1 by competing for DNA binding of the bHLH protein (EGL3/GL3) (Zhao 

et al. 2008). This is accomplished by TRY encoding a R3 single-repeat MYB protein 

that lacks a transcriptionally active domain. Interactions have also been seen between 

GL1 and TRY, showing that TRY can bind to either GL1 or EGL3/GL3 to inhibit the 

initiation complex formation. The other four negative regulators, CPC, ETC1, 2 and 3,  

are also able to inhibit the formation of the initiation complex in the same manner at 

TRY (Balkunde et al. 2010).   

This small group of R3 MYBs has unique structures that are conserved in all 

seven proteins. The inhibiting affects and interactions of these seven proteins with other 

transcription factors can be explained by the conserved R3 MBY structure present in all 

7 members of this group. All R3 MYBs contain a certain sequence for their interaction 

with bHLH transcription factors (EGL3/GL3). This binding sequence is found in other 

MYB proteins as well. R3 MYBs are able to laterally control trichome and root hair 

development by a unique WxM sequence motif only present in this group of MYBs. 

This motif is responsible for these R3 MYB proteins movement from cell-to-cell so 

interaction with GL1 and EGL3/GL3 can occur. The structure of R3 MYB proteins also 

explains how these factors are regulated. As mentioned earlier R3 MYBs lack an 

activation domain which most transcription factors usually possess. Therefore, it can be 
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said that R3 MYBs must depend on other transcription factors for their activity to occur 

(Wang and Chen 2014).  

Although trichome initiation in Arabidopsis is complex, much knowledge has 

been obtained about the initiation mechanism through study of this model species. 

This insight can be applied to other species as a foundation on which to build species 

specific models for vital crops such as cotton. 

Cotton Fiber Initiation and Development  
Cotton fiber, similar to trichome and root hair, is a seed trichome that differentiates 

from the outer integument cells of the ovule (Li et al. 2002). These epidermal cells of 

the ovule can differentiate into fiber cells as soon as 3 days before anthesis to 3 DPA 

(days post anthesis) (Qin and Zhu 2011; Haigler et al. 2012). The process of cotton fiber 

initiation and development is defined by four overlapping stages: fiber initiation, 

elongation, secondary cell wall biosynthesis and maturation (Qin and Zhu 2011; Kim 

and Triplett 2001). The number of fiber initials is determined during the fiber initiation 

process from -3 DPA to 3 DPA. Fiber length is determined during the elongation stage 

from 5 to 20 DPA. Secondary cell wall synthesis then occurs followed by the production 

of mature fiber around 50 DPA (Wen et al. 2012).  

Cotton lint, the mature fibers used commercially, is the result of 25-30% of 

epidermal cells differentiating into lint fiber cells (Kim and Triplett 2001). 

Approximately 25,000 cellulosic fibers can be initiated from an individual cotton seed 

(Emani 2011). Cotton lint can reach to lengths of 2.2 to 3 cm (G. hirsutum) or even over 

6 cm long (G. barbadense) (Kim and Triplett 2001). Some of the other cells form fuzz 

or linters, short fibers 5-6 mm long, several days after the lint has initiated (Qin and Zhu 

2011; Kim and Triplett 2001). These remain on the seed after the lint is ginned off and 

can be used in synthetic fiber, cellulose plastics, paper industries, and cosmetics to name 

a few (Emani 2011). 

Cotton Fiber Initiation Genes 
Genes involved in cotton fiber elongation and later stages of development can be 

studied by isolating the fibers at different stages. However, the genes involved in fiber 
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initiation mechanism are difficult to study due to the complexity involved in isolation 

of fiber initial cells. The fiber cells are differentiated from the seed coat epidermal cells. 

The initiation process is initiated between -3 to +1 DPA. Since only 30% of the cells 

differentiated into fiber cells, isolation of total epidermal cells confounds the analysis. 

Arabidopsis trichome model offers an excellent model system to identify the 

homologous genes from cotton to study the fiber initiation mechanism. Many 

transcription factors involved in trichome initiation in Arabidopsis are homologs to the 

fiber initiating genes in cotton (Table 2) (Guan et al. 2011). Like Arabidopsis, cotton 

has a large percentage of its genome involved in the fiber transcriptome, 35-40%. Of 

this percentage of genes, 2/3 were categorized as cytoskeleton-related, involved in 

energy/carbohydrate metabolism, or involved in cell wall biogenesis and structure 

(Shangguan et al. 2010). The following is a review of the fiber initiation genes studied 

so far in the scientific community (Table 2). 

Several cotton fiber initiation genes were characterized using the Arabidopsis model 

system. A promoter of a cotton fiber gene, RD22-like1 (RDL1), was found to promote 

trichome initiation events in Arabidopsis (Wang et al. 2004). This RDL1 promoter is 

activated by two transcription factors that are homologous to GL1 and GL2 in 

Arabidopsis trichome initiation. The MYB protein GaMYB2 acts in a similar manner 

to GL1 in that it binds to the MYB motif of the promoter. GaMYB2 has a 44% similarity 

to GL1 and is expressed earlier in fiber developing cells than other factors (Shangguan 

et al. 2008; Wang et al. 2004). The HOX gene GhHOX3, a homeodomain-leucine zipper 

(HD-ZIP), binds to the L1box of the MYB promoter and has a 37% similarity to the 

Arabidopsis gene GL2 (Table 2) (Wang et al. 2004).   

By overexpressing GL2 or GhHOX3 under the CaMV35S promoter in wild type 

Arabidopsis, GUS activity from the reporter gene RDL1-P3::GUS was clearly seen in 

trichomes, with weak expression also seen in non-trichome cells. When 

35S::GaMYB2/HOX3 was co-expressed in wild type Arabidopsis, strong GUS 

expression was seen from the reporter RDL1-P3::GUS in trichome and non-trichome 

cells. This indicates that MYB2 and HOX3 work together to promote the expression of 

RDL1, which in turn promotes fiber initiation (Wang et al. 2004). Another HOX gene, 
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GaHOX1 was shown to be a functional homologue of GL2. When GaHOX1 was 

expressed in mutant gl2 Arabidopsis plants, trichome recovery occurred suggesting the 

role of GaHOX1 in trichome development. Through RT-PCR and in situ hybridization, 

GaHOX1 was found to be expressed mostly in the early developmental stages of cotton 

fiber cells (Guan et al. 2008).  

Wang et al also found that GaMYB2, the homolog of GL1 in Arabidopsis, 

complemented trichome development in gl1 mutant Arabidopsis plants when GaMYB2 

was expressed between the coding regions of GL1. Overexpression of GaMYB2 in gl1 

plants showed a seed trichome phenotype on 20% of Arabidopsis wild type plants that 

were transformed (11/54). Among the 20% of plants that showed the seed hair 

phenotype, 20% of the seeds (82/416) had 1-4 seed hairs. When GL1 and WER were 

overexpressed with the 35S promoter in the same manner as MYB2, seed hair 

production did not occur (Wang et al. 2004). A similar result was also seen in a different 

experiment, where GhMYB2 was overexpressed in Arabidopsis wild type (Col-0) and 

fiber like hair production was found on 4-6% of seeds. When GhRDL1 and GhMYB2 

were co-overexpressed in wild type as well as try mutants, seed hair production was 

found in 8% and 10% of seeds respectively (Guan et al. 2011) Although the production 

of a few seed hairs on a small number of transformed plants is not a strong evidence, it 

does suggest at the specific role of MYB2 in fiber production.   

Another MYB protein studied by Wang et al, GhMYB109, showed a 46% similarity 

to GL1, however, when introduced into gl1 mutant plants between the coding regions 

of GL1, only partial complementation occurred. Furthermore overexpression of 

GhMYB109 under the 35S promoter did not produce seed trichomes as seen with 

overexpression of MYB2. Though GhMYB109 is a fiber related protein expressed in 

fiber initials and highly expressed in elongating fibers (Wu et al. 2006), it is not as major 

of a factor in trichome initiation as MYB2 (Wang et al. 2004; Lee et al. 2006a). 

GhMYB25 was discovered through differential expression studies between fiberless 

mutants and normal cotton plants. Expression of this gene is higher in fiber initials then 

surrounding non-differentiated epidermal cells at the time of fiber initiation and is only 

found in ovules (Wu et al. 2006; Lee et al. 2006a). Machado et al. conducted studies on 
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MYB25 taking transcripts from the allotetraploid G. hirsutum and transcripts from its 

two diploid ancestors G. arboreum (A2) and G. raimondii (D5). As expected, it was 

found through southern blot analysis that both diploid species had one copy of the gene, 

while the allotetraploid had two copies, one from the A subgenome (At) and one from 

the D subgenome (Dt). When the transcripts were compared through sequencing, the A-

genome homologue was identical to the allotetraploid cDNA while the D-genome had 

two silent substitutions compared to its allotetraploid homologue Dt (Machado et al. 

2009). Although further studies comparing the functionality of the A2 and D5 genome 

transcripts for the MYB25 gene was not completed, it shows that differences in 

transcripts of both genomes do exist and pose an interesting avenue for further research 

into functional gene inheritance of the allotetraploid species G. hirsutum.  

Table 2 Cotton seed trichome genes homologous to Arabidopsis Genes 

Cotton Gene A.thaliana 
Gene 

% 
similarity 

Function Reference 

GaMYB2 GL1 44% Expressed early in 
developing fiber cells, 
control fiber formation 

(Wang et al. 
2004) 

GhMYB109 GL1, 
WER 

46% Fiber specific gene (Wang et al. 
2004) 

GaHOX1 GL2 66% aa 
sequence 

Functional Homologue (Guan et al. 
2008) 

GaHOX3 GL2 37% Overexpression 
activates fiber specific 
promoter 

(Zhang et al. 
2010) 

GhTTG1 (D 
sub-genome) 

AtTTG1 89% Trichome formation (Humphries 
et al. 2005) 

GhTTG3 (D 
sub-genome) 

AtTTG1 89% Trichome formation (Humphries 
et al. 2005) 

GhDEL65 AtGL3 50% Trichome initiation (Shangguan 
et al. 2008) 

GhDEL61 AtGL3 50% Trichome initiation (Wang et al. 
2013) 

 

Homologues to AtTTG1 also exist in cotton species. Humphries et al. isolated four 

TTG genes in G. hirsutum cotton from the D5 genome, GhTTG1-4. Though GhTTG2 

and GhTTG4 did not prove to be functional homologous to the AtTTG1 gene, GhTTG1 
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and GhTTG3 did prove functional through complementation studies in ttg1 Arabidopsis 

mutants. The trichomeless ttg1 mutant plants fully recovered trichome formation once 

complemented with TTG1 and TTG3. The TTG1 and TTG3 genes from the A1 genome 

could not be amplified from G. hirsutum and therefore were not included in the 

complementation study. However, it was proven through Southern hybridization studies 

that similar sequences exist in the A1 genome for TTG1 and TTG3. It was assumed that 

all amplified products were from the D5 genome (Humphries et al. 2005).  

While searching for homologues of the bHLH TF GL3 in Arabidopsis, it was found 

that DEL65 has a 50% sequence similarity. Further studies revealed DEL65’s 

recognition of the GaMYB2 promoter and its involvement in fiber initiation (Shangguan 

et al. 2008). Another important factor in the cotton fiber initiation complex is DEL61 

found to have ~50% homology to GL3/EGL3 (Wang et al. 2013). DEL65 and DEL61 

are homologues of each other, but work independently to bind to important fiber 

initiation factors such as MYB2 and TTG (Wang et al. 2013).  

Through homology studies of cotton fiber initiation genes with the Arabidopsis 

trimeric initiation complex, a cotton fiber initiation model has been proposed involving 

MYB2, DEL65/DEL61 and TTG1 as the core complex. Downstream genes that are 

promoted by this complex include but are not limited to TRY, CPC and GL2 (Wang et 

al. 2013). Though some study has been done comparing G. hirsutum genes to G. 

arboreum, no direct comparison has been made between G. arboreum and G. raimondii 

until recently. Several genomic studies have been performed distinguishing gene 

expression patterns of the At- and Dt-subgenomes in tetraploid cotton (Xu et al. 2015). 

These studies covered overall expression patterns of the At and Dt and have revealed 

beneficial results that can be utilized by breeders. However, an in-depth comparison of 

specific genes involved in fiber initiation between A- and D-diploid species has not been 

made to the best of our knowledge. 

 Seeing as G. arboreum and G. raimondii are the ancestors of the tetraploid cotton 

grown today, it is important to study the differences between these two diploids to 

determine why A-genome cotton produces spinnable fiber and D-genome does not. 

Through complementation studies of genes amplified from both A- and D-genome 
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species using Arabidopsis as a model system, the functionality of the A- and D-genome 

fiber initiation genes can be determined. If a specific initiation gene or genes is/are 

found to be functional in only one of these two diploid genomes, that gene/genes could 

be the key factor in the production of spinnable fiber. With this knowledge, further study 

of this key factor could bring about an increase in fiber production and even fiber 

quality.  
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CHAPTER III 

METHODS 

Cloning Genes of Interest 
Genes of interest (Table 3) were amplified with NEBNext High Fidelity 2x PCR 

Master Mix (NEB #M0541L) with the respective primers listed in Table 4. Once 

amplified with specific annealing temperatures and extension times, the PCR 

(polymerase chain reaction) products were loaded onto a 1% agarose gel containing 

ethidium bromide. The gel was run using a VWR mini gel electrophoresis system (# 

89032-290) for 1 hour at 100V. Once the gel run was completed, the correct band for 

each PCR reaction was cut out and gel extracted using a gel extraction kit (Life 

Technologies #K0692).  Gel extracted products and cloning vectors pMDC43 and 

pMDC32 (Figure 25 and Figure 26) were digested with AscI and PacI restriction 

enzymes (NEB # R0558S and #R0547S) then ligated using T4 DNA ligase and T4 DNA 

ligase buffer (NEB # M0202S and # B0202S).  

Ligated products were then transformed into Dh5α chemical competent 

Escherichia coli cells via heat shock. One µl of ligation was incubated with 20µl of 

Dh5α chemical competent cells on ice for 30 minutes than placed in a 42°C water bath 

for 30 seconds. Cells were recovered on ice for 3 minutes before 250 µl of LB broth 

(Lysogeny broth) was added. Cells were grown at 37°C for 1.5 hours with shaking then 

plated on LB agar plates with kanamycin (50mg/ml). Cultures were grown overnight at 

37°C. Colonies were tested for correct constructs by colony PCR with primers listed in 

Table 4 using One Taq DNA polymerase (NEB # M0480S). Positive colonies were 

further confirmed with inoculation in LB broth, plasmid extraction using a plasmid 

miniprep kit (Life Technologies # K0503) then a 1 hour digestion with the restriction 

enzymes AscI and PacI. 
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Table 3 List of cloned genes from different cotton species 

My lab ID for 
Plasmid Glycerol Stock # Species Gene ID  Primers 

used  plasmid  GV3101 

VM289 GS79 A1-30 DEL65 387+388 pMCD32 GV3101 
VM304 GS84 A1-66 DEL65 387+388 pMCD32 GV3101 
VM326 GS94 A2-256 DEL65 387+388 pMCD32 GV3101 
VM305 GS85 A2-8 DEL65 387+388 pMCD32 GV3101 
VM306 GS86 B1-3 DEL65 387+388 pMCD32 GV3101 
VM290 GS80 C1-1 DEL65 387+388 pMCD32 GV3101 
VM307 GS87 C1-4 DEL65 387+388 pMCD32 GV3101 
VM291 GS81 D1-21 DEL65 387+388 pMCD32 GV3101 
VM285 GS76 A2 DEL65 387+388 pMCD32 GV3101 
VM286 GS75 D5 DEL65 387+409 pMCD32 GV3101 
VM292 GS63 D2-2 DEL65 387+409 pMCD32 GV3101 
VM342 GS95 D6-3 DEL65 387+388 pMCD32 GV3101 
VM343 GS96 D6-8 DEL65 387+388 pMCD32 GV3101 
VM292 GS68 D9 DEL65 387+409 pMCD32 GV3101 
VM303 GS82 E1-1 DEL65 387+388 pMCD32 GV3101 
VM308 GS88 E1-3 DEL65 387+388 pMCD32 GV3101 
VM309 GS89 F1-2 DEL65 387+388 pMCD32 GV3101 
VM283 GS77 G1-6 DEL65 387+388 pMCD32 GV3101 
VM310 GS90 K2-7 DEL65 387+388 pMCD32 GV3101 
VM284 GS78 K8-1 DEL65 387+388 pMCD32 GV3101 
VM294 GS64 Kirkii DEL65 387+388 pMCD32 GV3101 
VM277 GS91 A2 DEL61 456+457 pMCD32 GV3101 
VM274 GS74 D5 DEL61 458+459 pMCD32 GV3101 
VM344 GS97 A1-30 DEL61 458+459 pMCD32 GV3101 
VM345 GS98 A2-8 DEL61 458+459 pMCD32 GV3101 
VM346 GS99 B1-3 DEL61 458+459 pMCD32 GV3101 
VM347 GS100 C1-1 DEL61 458+459 pMCD32 GV3101 
VM348 GS101 C1-4 DEL61 458+459 pMCD32 GV3101 
VM349 GS102 D1-21 DEL61 458+459 pMCD32 GV3101 
VM350 GS103 D6-3 DEL61 458+459 pMCD32 GV3101 
VM351 GS104 D6-8 DEL61 458+459 pMCD32 GV3101 
VM352 GS105 E1-1 DEL61 458+459 pMCD32 GV3101 
VM353 GS106 E1-3 DEL61 458+459 pMCD32 GV3101 
VM354 GS107 F1-2 DEL61 458+459 pMCD32 GV3101 
VM355 GS108 G1-6 DEL61 458+459 pMCD32 GV3101 
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Table 3 Continued 

Agrobacterium tumefaciens Transformation 
Positive colonies from Escherichia coli transformations were inoculated in 4 ml 

of LB broth and cultured overnight at 37°C. Plasmid extraction using a plasmid 

extraction kit (Life Technologies # K0503) was performed. The resulting plasmid was 

transformed into Agrobacterium tumefaciens (Agrobacterium) strain GV3101 

electrocompetent cells via electroporation at 1800V (Eppendorf eporator). Transformed 

colonies were plated on LB agar plates containing rifampicin (25mg/ml), kanamycin 

(50mg/ml) and gentamycin (50mg/ml) antibiotics and kept for 48 hours at 30°C. 

Colonies were screened using colony PCR with primers listed in Table 4 then inoculated 

into LB broth with rifampicin (25mg/ml), kanamycin (50mg/ml) and gentamycin 

(50mg/ml) antibiotics overnight at 30°C and plasmid extracted using a plasmid miniprep 

kit (Life Technologies # K0503). Plasmids were sent for sequencing for further 

confirmation. Part of the inoculated culture was used to make glycerol stocks for future 

use.  

 

Plant Material and Growth Conditions 
Arabidopsis thaliana mutant seeds obtained from the Arabidopsis Biological 

Resource center try (CS6518), cpc, gl3/egl3 in the Columbia-0 background and ttg 

(CS89) in the Landsberg erecta-0 background were sterilized using a dry seed 

sterilization method. Dry seeds were placed in open Eppendorf tubes in a desiccator 

located in a chemical hood. A beaker container 100ml of bleach with 3 ml of added 

hydrochloric acid was placed in the desiccator. The desiccator was closed and left 

MV lab ID 
for Plasmid 

Glycerol 
Stock # Species Gene ID  Primers used  plasmid  GV3101 

VM356 GS109 K1-3 DEL61 458+459 pMCD32 GV3101 
VM357 GS110 K2-7 DEL61 458+459 pMCD32 GV3101 
VM358 GS111 K8-1 DEL61 458+459 pMCD32 GV3101 
VM359 GS112 Kirkii DEL61 458+459 pMCD32 GV3101 
VM299 GS49 D5 TTG1 416+417 pMDC43 GV3101 
VM300 GS57 A2 TTG1 416+417 pMDC43 GV3101 
VM301 GS50 D5 TTG3 418+419 pMDC43 GV3101 
VM302 GS58 A2 TTG3 418+419 pMDC43 GV3101 
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overnight. The desiccator was moved to a sterile hood before opening and the seed tubes 

were then removed. Seeds were then plated on Modified MS (Murashige and Skoog) 

media from plant food with phytogel and germinated in a 22°C growth chamber with 

long day conditions (16 hours of light and 8 hours of dark) and a light intensity of 130-

150 Em-2s-1. Once seeds were germinated and about the size of a dime, they were 

transplanted into soil for further growth in the growth chamber. cpc seedlings were 

grown for five days on MS media in a vertical position, then root hairs were analyzed 

to confirm that the seedlings were mutated (no root hairs present). Confirmed mutated 

seedlings were then transferred to soil. 

Floral Dip Transformation 
This floral dip procedure was adapted from Clough and Bent, 1998. Once the plants 

reached an appropriate flowering stage (30-40 days after germination) they were ready 

for transformation with respective Agrobacterium cultures. Glycerol stock cultures of 

the respective constructs were grown on LB agar plates containing rifampicin 

(25mg/ml), kanamycin (50mg/ml) and gentamycin (50mg/ml) antibiotics overnight at 

30°C. Primary cultures were inoculated into 2 ml of LB broth containing all three 

antibiotics and grown overnight with shaking at 30°C. Secondary cultures (50ml) were 

inoculated with 1 ml of the primary culture and grown overnight with shaking at 30°C. 

The 50 ml cultures were harvested at 5000 rpm and 4°C for 16 minutes. Bacterial pellets 

were then resuspended in 50 ml of 5% sucrose solution and kept at room temperature 

for 2 hours. Optical density (OD) of cultures was made to 0.8 OD and 20µl of Silwet 

77, a surfactant, was added. Cultures were kept at room temperature for another 2 hours 

before floral dip transformation occurred.  

Transformed plants were kept in a dark box overnight then moved to the growth 

chamber room at 25°C under long-day conditions until seed siliques dried and seeds 

could be harvested.  
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Seed Screening 
Once seeds were collected they were sterilized using the dry seed sterilization 

method and plated on modified MS media from plant food with phytogel (Appendix D 

Standard Lab Solutions and Media Protocols) with the addition of hygromycin 

(25mg/ml) and cefotaxime (25mg/ml) for selection. Plated seeds were kept in the 

growth chamber at 22°C under long day conditions. Plants that grew bigger and faster 

than the rest of the seeds with roots trailing into the media were transplanted onto soil 

for further observation.  

Transgenic Plant confirmation 
 Once the transgenic plants were grown on soil, genomic DNA was extracted via 

the Arabidopsis gDNA isolation protocol from OpenWetWare.  A small part of a leaf 

was taken from each transgenic plant and put into an Eppendorf tube. 400µl of 

extraction buffer (Appendix D Standard Lab Solutions and Media Protocols) was added 

to the tube and the leaf was ground with a micropestle.  The sample was centrifuged at 

14,000 rpm for 5 minutes, then 300µl of isopropanol was added to the sample and 

mixed. The sample was incubated at room temperature for 10 minutes than centrifuged 

again at 14,000 rpm for 5 minutes. The supernatant was discarded and the pellet was 

washed with 1ml of 70% ethanol. The sample was centrifuged once again at 14,000 rpm 

for 5 minutes after which the ethanol was discarded and the pellet was dried in a speed 

vac for 30 minutes. After drying, the pellet was resuspended in 100µl of sterile water 

and a 1µl sample was used as a template in a PCR reaction using One Taq DNA 

polymerase (NEB # M0480S).   
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CHAPTER IV 

RESULTS 

Making Constructs 

TTG1, TTG3 
 

PCR amplification of TTG1 and TTG3 genes from genomic DNA using primers 

listed in Table 4. An annealing temperature of 55°C was used with a 1 minute 

extension time for 26 cycles (Figure 3).  

 

 

Figure 3 A2 and D5 TTG1, TTG3 PCR amplification on a 1 % agarose gel containing 
ethidium bromide with a 100 base pair (bp) ladder at 100V for 1 hour. Correct band 
sizes were seen for all genes: TTG1 and TTG3 ~1000bp. 
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The correctly sized bands were extracted from the gel and purified then digested 

with AscI and PacI overnight at 37°C. Afterwhich, all digested products were run 

on a gel to confirm the correctly digested band size (Figure 4). 

 

 

Figure 4 Gel images of AscI and PacI A2 and D5 TTG1 and TTG3 digested products. 
Products were run on a 1% agarose gel containing ethidium bromide with a 1 kilobase 
pair (kb) ladder at 100V for 1 hour. Correct band sizes were seen for all genes: TTG1 
and TTG3 ~1000bp 
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The vector pMDC43 was also digested with AscI and PacI for eventual ligation with 

the digested products (Figure 5).  

 

 

 

 

 

 

 

Figure 5 AscI and PacI digestion of the binary vector pMDC43. The correct band sizes 
were seen, the insert was ~ and the vector to be ligated was ~9kb. 
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The confirmed digested products were then ligated with the binary vector pMDC43 

and transformed into Dh5α chemical competent cells. Colonies from each 

transformation were screened via a confirmation digestion with AscI and PacI. Correct 

band sizes were seen for D5-TTG1 and D5-TTG3(Figure 6).  

 

 

 

 

 

 

 

 

Figure 6 Gel images of confirmation digestion with AscI and PacI of D5 TTG1 and 
TTG3 digested products. Products were run on a 1% agarose gel containing ethidium 
bromide with a 100 bp ladder at 100V for 1 hour. Correct band sizes were seen for 
D5-TTG1~1000bp, D5-TTG3~1000bp. 
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Colony PCR was performed on more Dh5α transformed colonies A2-TTG1 and A2-

TTG3. The respective primers for each amplified gene were used as listed in Table 4. 

An annealing temperature of 55°C and an extension time of 3 minutes was used 

(Figure 7).  

 

 

 

 

 

Figure 7 Colony PCR for A2-TTG1 and TTG3 was run on a 1 % agarose gel 
containing ethidium bromide with a 100 bp ladder at 100V for 1 hour. Correct band 
sizes were seen for A2-TTG1~1000bp and A2-TTG3~1000bp. 
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Once confirmed by digestion or colony PCR, the correctly sized bands were 

transformed into Agrobacterium electrocompetent cells. Once colonies were 

grown, a  colony PCR using the each genes respective primers listed in Table 4 

was performed. The annealing temperature was 55°C with an extension time of 3 

minutes. Correct band sizes were confirmed and glycerol stocks were made of the 

positive colonies for later transformation via floral dip into Arabidopsis (Figure 8). 

 

 

  

Figure 8 Colony PCR for A2 and D5 TTG1 and TTG3 was run on a 1 % agarose gel 
containing ethidium bromide with a 1 kb ladder at 100V for 1 hour. Correct band sizes 
were seen for D5 and A2 TTG1~1000bp and TTG3~1000bp  
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DEL65 constructs from different cotton diploid genomes 
PCR amplification of diploid DEL65 genes from cotton genomes listed in Table 3 

was perfomed from genomic DNA using primers listed in Table 4. An annealing 

temperature of 55°C was used with a 1 minute extension time for 26 cycles 

(Figure 9).  

 
 

Figure 9 DEL65 PCR amplification of DEL65 genes from genomic DNA on a 1 % 
agarose gel containing ethidium bromide with a 1 kb ladder at 100V for 1 hour. The 
correct band size was seen for all genes at ~2.5kb except for C1-n-5. C1-n-5, G3-2, 
and K1-3. These were not continued on for E. coli transformation. 
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The correctly sized bands were extracted from the gel and purified then digested 

with AscI and PacI (Figure 10).  

Figure 10 Gel images of AscI and PacI of different cotton species of DEL65 digested 
products. The digested products were run on a 1% agarose gel containing ethidium 
bromide with a 1 kb ladder at 100V for 1 hour. Correct band sizes were seen for all 
products at ~2. 5kb except for G21-15 due to an internal restriction site. G21-15 was 
not continued on in the cloning process. 
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The pMDC32 vector was also digested with AscI and PacI for ligation with the 

digested products (Figure 11). 

 

 

The confirmed digested products were then ligated with the binary vecotor pMDC32 

and transformed into Dh5α chemical competent cells. Colonies from each 

transformation were screened via colony PCR with the primers that are listed in Table 

4 or AscI/PacI double digestion (Figure 12 and Figure 13).  

Figure 11 AscI and PacI digestion of the binary vector pMDC32. The correct band 
sizes were seen, the insert was ~2kb and the vector to be ligated was ~10kb. 
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Figure 12 Colony PCR DEL65 genes from different cotton species transformed into E. 
coli. PCR products were run on a 1 % agarose gel containing ethidium bromide with a 
1 kb at 100V for 1 hour. The correct band size was seen for all colonies ~2.5kb except 
for one C1-1 colony. 
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Once confirmed by digestion or colony PCR, the correctly sized bands were 

transformed into Agrobacterium electrocompetent cells. Once colonies were grown, a  

colony PCR using the each gene’s respective primers listed in Table 4 was performed. 

The annealing temperature was 55°C with an extension time of 3 minutes. Correct 

band sizes were confirmed and glycerol stocks were made of the positive colonies for 

later transformation via floral dip into Arabidopsis (Figure 14). 

 

 

 

 

 

Figure 13 AscI and PacI digestion confirmation of A2-256 E. coli colonies. Digested 
products were run on a 1 % agarose gel containing ethidium bromide with a 1 KB at 
100V for 1 hour. The correct band size was seen for one of the 4 colonies digested at a 
size of ~2.5kb. 
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Figure 14 Colony PCR for DEL65 genes from different species of cotton in 
agrobacterium was run on a 1 % agarose gel containing ethidium bromide with a 1 kb 
at 100V for 1 hour. The correct band size was seen for all products at ~2.5kb except 
for A1-32 which was not included in the rest of the experiment. 
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DEL61 constructs from different cotton diploid genomes 
The gene DEL61 was also amplified from genomic DNA A2 and D5 cotton to 

compare the effects of a different gene on double mutant Arabidopsis plants (egl3/gl3) 

(Figure 15). 

 
 
 
 

Figure 15 PCR amplification of DEL61 genes run on a 1 % agarose gel containing 
ethidium bromide with a 1 kb ladder at 100V for 1 hour. The correct band size was 
seen for all species at ~2.5kb. 
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The correctly sized bands were extracted from the gel and purified then digested with 
AscI and PacI (Figure 16). 

Figure 16 AscI and PacI digestion of amplified DEL61 products from different cotton 
species. The digested products were run on a 1% agarose gel containing ethidium 
bromide with a 1 kb ladder at 100V for 1 hour. Correct band sizes were seen for all 
products at ~2. 5kb. 
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The confirmed digested products were then ligated with the binary vecotor 

pMDC32 and transformed into Dh5α chemical competent cells. Colonies from each 

transformation were screened via colony PCR with the primers that are listed in Table 

4 (Figure 17). 

  

 

 

 

 

 

 

Figure 17 Colony PCR for DEL61 genes from different species of cotton in E. coli 
were run on a 1 % agarose gel containing ethidium bromide with a 1 kb ladder at 
100V for 1 hour. The correct band size was seen for all products at ~2.5kb. 
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Once confirmed by digestion or colony PCR, the correctly sized bands were transformed 

into Agrobacterium electrocompetent cells. Once colonies were grown,  colony PCR 

using the each genes respective primers listed in Table 4 was performed (Figure 18). 

The annealing temperature was 58°C with an extension time of 3 minutes. Correct band 

sizes were confirmed and glycerol stocks were made of the positive colonies for later 

transformation via floral dip into Arabidopsis. 

  

Figure 18 Colony PCR for DEL61 genes from different species of cotton in 
Agrobacterium were run on a 1 % agarose gel containing ethidium bromide with a 1 
kb ladder at 100V for 1 hour. The correct band size was seen for all products at 
~2.5kb. 
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Complementation Results 

 

The results for the trimeric initiation complex genes showed that both A- and D-

diploid TTG3 genes complemented the mutant Arabidopsis plant ttg as trichome 

initiation was restored. Similar results were seen for MYB2 in both A- and D-diploids 

as trichomes were present on the transgenic MYB2 plants. A different result was seen 

for complementation of DEL65 from the two different diploids. DEL65 from A2 

initiated trichomes in the double mutant gl3/egl3 Arabidopsis plants while DEL65 from 

D5 did not complement and no trichomes were formed (Figure 19).  

 

DEL65 was amplified from different genomes of cotton. Complementation 

results for the non-functional DEL65 genes are present in Figure 20. Four different D 

genome species, D1-21, D2-2, D9, were tested including D5 (results already seen in 

Figure 19) and all did not complement the trichome initiation in the gl3/egl3 

Arabidopsis plants. Besides the D-genome species, Kirkii, B1-3, E1-1, and F1-2 all did 

not complement trichome initaiton in gl3/egl3.  

  
 

Figure 19 Complementation results for trimeric complex proteins (A) A-TTG3 
(B) D-TTG3 (C) A-MYB2 (D) D-MYB2 (E) A-DEL65 (F) D-DEL65 
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Figure 20 Complementation results for a non-functional DEL65 gene (A) D1-21 (B) D2-2 (C) D9 (D) Kirkii (E) B1-3 (F) E1-1 
(G) F1-2 
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DEL65 was found to be functional from genomes other than A (Figure 21). 

Besides A2 already seen in Figure 19, A1-30, G1-6 and K8-1 all complement the 

gl3/egl3 mutant plants as trichome initiation was seen.   

 
 DEL61 was found to be non-functional in D genome species D5 and D6-3.

Figure 21 Complementation results for functional DEL65 species (A) A1-30 (B) G1-6 (C) 
K8-1 

Figure 22 Complementation results for non-functional DEL61 species (A) D5 (B) 
D6-3 
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CHAPTER V 

DISCUSSION 

The study was initiated to discover the molecular basis for the lint fiber initiation 

in A-diploids and lack of lint fiber initiation in D-diploid species (Figure 23). Of all the 

diploid species only A-diploids produce spinnable lint fiber. Through the initial study 

of the trichome initiation complex genes from cotton, it was found that two genes 

involved in the complex, MYB2 and TTG, were functional in both A- and D-genomes 

(Figure 19). MYB2 and TTG did not show any functional difference when amplified 

and complemented from A- or D-diploid species. This means that before divergence of 

the D-genome from the rest of the cotton species, both of these initiation complex genes 

Figure 23 Trimeric trichome initiation complex for cotton. DEL65 or DEL61 form a 
complex with TTG and MYB which then activates downstream genes such as HOX 
and inhibitors. HOX activates cell differentiation to form a trichome while inhibitors 
moves to a neighboring cell and compete with MYB for binding to DEL65/DEL61. 
This prevents HOX from being activated and a trichome is not formed. 
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were already functional. Previous studies have shown that MYB2 from G. hirsutum and 

G. arboreum fully recovered the trichome phenotype in gl1 mutants, however, the D-

genome was never studied specifically (Wang et al. 2004; Guan et al. 2011). Another 

study confirms these results for D-TTG1 and D-TTG3 as a similar complementation 

study was performed in mutant ttg1 Arabidopsis plants. The Dt-TTG1 and Dt-TTG3 

were amplified from G. hirsutum and fully recovered trichome initiation in the mutant 

plants. The At-subgenome was not tested in this particular study (Humphries et al. 

2005). Due to these results, further studies on MYB2 and TTG were not conducted in 

different species of cotton because these genes are functionally not different between 

A- and D-genomes or At- and Dt-genomes.   

However, the other key protein in the trimeric protein complex, DEL65 (bHLH) 

from A-genome, complemented trichome initiation while the DEL65 from D-genome 

did not. This gene could be one of the important factors in determining why A-diploid 

species produce spinnable fiber and D-diploid species do not. Additional studies 

confirmed that DEL65 is not functional in the D-genome as the D-species D1-21, D2-

2, D5, and D9 all did not complement trichome initiation in the gl3/egl3 mutant 

Arabidopsis plants (Figure 20). Since A- and D-genomes diverged and the DEL65-D is 

non-functional while DEL65-A is functional, this led to two questions. 1. Was DEL65 

originally functional and lost the function in D-genomes? 2. Was DEL65 originally non-

functional and gained function in the A-genomes? To address these questions DEL65 

was amplified and studied for functional complementation from different genomes of 

A-lineage cotton diploid species (A, D, F, B, E, C, G, and K) and Gossypoides kirkii, 

an out group. G. kirkii was utilized in this study because it is a phylogenetic outgroup 

of the Gossypium genus, and therefore can be used to compare genome and gene 

evolution of the present day cotton (Grover et al. 2015). 

Complementation results of outgroup, G. kirkii were similar to the D-genome 

species as no trichome initiation occurred. This gives evidence that the functional 

DEL65 gene for the spinnable fiber trait found in the A-genome must have evolved 

overtime after the divergence of the A- and D-genome 5 to 10 million years ago (Figure 
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24). Although species typically do not retain non-functional proteins, DEL65 may have 

alternative roles besides fiber initiation such as anthocyanin production as reported for 

another bHLH transcription factor DEL61 (Mandaokar et al. 2003). Alternatively, it is 

possible that this gene might be involved in the trichome (leaf/stem) or root hair 

initiation. It has also been seen that EGL3 and GL3, the Arabidopsis homologs of 

DEL65/DEL61 participate in seed coat development and anthocyanin production along 

with TTG1 (Bernhardt et al. 2003). Alternate functions could contribute to the reason 

why this gene has been kept in the cotton genome despite its lack of functionality for 

the spinnable fiber trait.  

Figure 24 DEL65 Complementation results summary 

 

Functional complementation results from the A-genome lineages showed that 

the F, B, and E genomes did not have functional DEL65 genes as trichomes were not 

present on the transgenic plants expressing the DEL65 from these species (Figure 20). 
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However, G1-6 and K8-1 species from the G and K genomes produced trichomes on 

transgenic plants, meaning that the amplified DEL65 gene from these species is 

functional. It is interesting that the species with a functional DEL65 gene, G and K, are 

farther away on the evolutionary tree from A-genome than the species containing a non-

functional DEL65 gene. Perhaps these evolutionary events were not sequential but 

occurred simultaneously. This could explain the placement of the G- and K-genomes 

further from A-genome. It is also noted that G- and K-genomes originated from 

Australia while the F-, B-, and E-genomes originated from Africa. A-genome has an 

African possibly Asiatic descent (Grover et al. 2015). This gives more strength to the 

independent evolutionary events theory that made G and K DEL65 genes functional 

while F, B, and E DEL65 genes remained nonfunctional (Grover et al. 2015). The cotton 

phylogenetic tree is also arranged based on cytological information including 

chromosomal pairing (Beasley 1941). In terms of cotton fiber molecular and functional 

genomic studies there may need to revise this model for cotton genome evolution. 

We further attempted to study the function of DEL65 from At- and Dt- 

subgenome of the tetraploid species. When attempting to amplify DEL65 from the 

different subgenomes (At and Dt) of tetraploid cotton only the Dt-DEL65 could be 

amplified (lab data). Once the cotton reference genome sequence was released for 

tetraploid, sequencing studies were performed and a transposon was found in the At-

DEL65 gene, causing it to lose function in tetraploid (results not shown). This raised 

the question of which gene is involved in fiber initiation in tetraploid cotton if both the 

At- and Dt-DEL65 genes are not functional? To address this question, we looked at 

another bHLH transcription factor, DEL61 that has high homology to DEL65. 

 Further comparing DEL61, a homolog to EGL3, it was found to recover the 

trichome phenotype (Wang et al. 2013). The same complementation studies were 

performed with DEL61-A however the function of DEL61-D was not tested. The 

DEL61-A and DEL61-D were independently cloned and complemented in the double 

mutant gl3/egl3 plants. Through our experiments it was found that D5 DEL61 did not 
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recover trichome initiation in double mutant gl3/egl3 plants (Figure 22). This is a 

similar pattern to the DEL65 gene (Figure 24). This indicates that both the bHLH 

transcription factors (DEL65 & DEL61) involved in cotton fiber initiation are non-

functional in D-diploid species. This raised a similar question regarding the functional 

evolution of DEL61. To address the functional evolution, we have amplified from 

different diploid species and complemented the gl3/egl3 double mutant. The results, 

though not included in this thesis, will show how the two important transcription factors 

evolved in the A-diploid species to produce spinnable lint fibers. 

  

Figure 25 DEL61 Complementation results summary 



Texas Tech University, Cassie Franke, December 2015 
 

52 
 

CHAPTER VI 

CONCLUSION 

Complementation studies were performed using Arabidopsis as a model system 

to compare the core trimeric complex genes from A- and D-diploid species involved in 

cotton fiber initiation.  It was hypothesized that if a difference in functionality was found 

among these initiation genes when comparing the A- and D-genome, than those 

particular genes could be key factors contributing to the spinnable fiber trait in the A-

diploid species. It was found that two of the three core initiation complex genes, MYB2 

and TTG1, were functional from both A- and D-genomes. The other factor DEL65, 

however, was not functional in the D-genome. Due to the fact that other cotton genomes 

besides tetraploid and A-diploid do not produce spinnable fiber, it is theorized that 

DEL65 was not functional for the spinnable fiber trait before divergence of the D-

genome from the rest of the cotton genomes. An evolutionary study was then conducted 

using the different diploid genome species of cotton to understand the evolution of 

spinnable fiber production. It was found that some genomes of cotton, such as G, K and 

A, contained a functional DEL65 gene, however genomes like F, B and E, which are 

closer to A genome on the evolutionary timeline, did not have a functional DEL65 gene. 

With these findings it was theorized that the DEL65 may have evolved independently 

from each other rather than sequentially. 

Further findings of the non-functional At-subgenome DEL65 gene in tetraploid 

cotton raised more questions of how tetraploid produces fiber while lacking this key 

fiber initiation gene. A second homolog of the bHLH TFs, DEL61 was found to perform 

a similar function. This gene was tested in the different diploid genomes of cotton to 

understand the functional evolution of the DEL61. The genes were amplified and 

transformed into gl3/egl3 double mutant plants. These results, though not all are 
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included in this thesis, will give more information about the tetraploid fiber initiation 

gene mystery.  

Cotton fiber evolution is a long and complex puzzle that is only beginning to be 

unraveled. The recent sequencing of the cotton genome has greatly enhanced our 

abilities to study cotton gene inheritance, particular in tetraploid species containing both 

At- and Dt-subgenomes. As more information is collected about gene expression of At 

and Dt in tetraploid, a more comprehensive approach can be taken in breeding selection 

and molecular studies to improve cotton fiber yield and production. This comes at a 

crucial time in the cotton fiber industry where the need to cloth and feed the world’s 

rising populations is escalating while new improvements to cotton fiber production are 

decreasing.    
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APPENDICES 

Appendix A pMDC43 Vector Map 

 
 
 

Figure 26 pMDC43 Vector Map 
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Appendix B pMDC32 Vector Map 
 

 
  

Figure 27 pMDC32 Vector Map 
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Appendix C Primer Sequences for Cloned Genes 
Table 4 Primer Sequences for Cloned Genes 

Primer Name Sequence 

321GarDEL65_F ATCGgcggccgcATGTCTACTGGAGTTCA
ACATCAAG 

322GarDEL65_R ATCGctcgagTCAACACTTGCCAGCAATT
CTTTGC 

416GaTTG1_AscI_F gcttGGCGCGCCcATGGAGAATTCAACT
CAGGAATCCC 

417GaTTG1_PacI_R ggccTTAATTAATCA AAC TTT GAG AAG 
CTG CAT TTT GTT GG 

418GaTTG3_AscI_F gcttGGCGCGCCcATGGAGAATTCAACT
CAAGAATCCCACCTG 

419GaTTG3_PacI_R ggccTTAATTAATCA AAC TTT GAG AAG 
CTG CAA TTT GTT GG 

387GarDEL65_AscI_F gcttGGCGCGCC 
ATGTCTACTGGAGTTCAACATCAAG 

388GarDEL65_PacI_R ggccTTAATTAATCAACACTTGCCAGCA
ATTCTTTGC 

456OXGaDEL61_Asc_F gcttGGCGCGCCATGGCTACTACCGGGG
TTCAAAATCAAG 

457OXGaDEL61_PacI_R ggccTTAATTAACTAAAAAGATTGTTTT
ACCCTTGATTTTATAGTCACAG 

458OXGrDEL61_Asc_F gcttGGCGCGCCATGGCTACTACTGGGGT
TCAAAATCAAGAG 

459OXGrDEL61_PacI_R ggccTTAATTAATTACACAAAGGTTAAA
GATTGAACCTTTTGTAATAATGCTTG 
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Appendix D Standard Lab Solutions and Media Protocols 
LB Broth 
  20 grams per 1 liter of water 

1. Take ~700 ml of water in a beaker and mix with 20 grams of LB broth media 
using a magnet and stirrer plate 

2. When thoroughly mixed fill up to 1000 ml and place into a media bottle 
3. Label bottle using autoclave tape with type of media and date 
4. Place foil on the cap along with another piece of autoclave tape 
5. Loosen the cap and Autoclave  
6. Leave at room temperature to cool, then place in 4 degree refrigerator 

LB Agar 
 40 grams per 1 liter of water 

1. Take ~700 ml of water in a beaker and mix with 40 grams of LB agar media 
using a magnet and stirrer plate 

2. When thoroughly mixed fill up to 1000 ml and place into a media bottle 
3. Label bottle using autoclave tape with type of media and date 
4. Place foil on the cap along with another piece of autoclave tape 
5. Autoclave  
6. Let agar cool to about 50°C, so it is still hot/warm but touchable 
7. Add appropriate antibiotics in the hood ( for 1ml add 1µl)of antibiotics) 
8. Label the bottom of each petri dish with the date and type of antibiotics added 
9. In the hood Pour ~ 20-30ml of agar into each petri dish (until plate is about ½ 

full) 
10. Let plates cool in the hood with lid partially covering the plate 
11. Once cool place upside down in the bag the petri dishes came in and label, 

place in 4 degree refrigerator 

1x TAE Buffer 
 For 1000ml from 50x TAE buffer stock 
 (1x TAE)(1000ml) = (50x TAE)(Xml ) X = 20 ml of 50x TAE  

1. Add 20 ml of 50x TAE buffer to a one liter media bottle 
2. Fill bottle to 1000ml 
3. Label bottle appropriately with name and date 

1% Agarose 
10 grams agarose for 1 liter 

1. Take a 1 liter media bottle and add ~ 700 ml of 1x TAE buffer 
2. Add 10 grams of agarose and stir (it will not dissolve) 
3. Fill bottle to 1000ml with 1x TAE buffer 
4. Label bottle appropriately with name and date 
5. Microwave till bubbles come up from bottom of bottle (1 minute intervals then 

30 second intervals ) 
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6. When solution is completely clear and it has boiled a little bit it is done 
7. Place in the 60 degree incubator 

10mg/ml EtBr for 1% Agarose Gel Electrophoresis 
1. Weigh 0.01 grams of ethidium bromide 
2. Mix with 1 ml of sterile water 
3. Keep covered as it is light sensitive 

Antibiotic Stocks 
 50 mg/ml Rifampicin  

1. Weigh 0.5 g of rifampicin and dissolve completely in 10 ml of 100% methanol. 
2. Aliquot in 1000ml amounts into Eppendorf tubes covered in foil and freeze at -

20°C. 

50 mg/ml Kanamycin 
1. Weigh 1 g of kanamycin and dissolve completely in 20 ml of sterile water. 
2. Filter through a 0.22µm syringe filter to sterilize. 
3. Aliquot in 1000ml amounts into Eppendorf tubes and freeze at -20°C. 

 

50 mg/ml Gentamycin 
1. Weigh 1 g of gentamycin and dissolve completely in 20 ml of sterile water. 
2. Filter through a 0.22µm syringe filter to sterilize. 
3. Aliquot in 1000ml amounts into Eppendorf tubes and freeze at -20°C. 

100 mg/ml Cefotaxime 
1. Weigh 1 g of cefotaxime and dissolve completely in 10 ml of sterile water. 
2. Filter through a 0.22µm syringe filter to sterilize. 
3. Aliquot in 1000ml amounts into Eppendorf tubes and freeze at -20°C. 

 
50 mg/ml Hygromycin 

1. Weigh 0.5 g of hygromycin and dissolve completely in 10 ml of sterile water. 
2. Filter through a 0.22µm syringe filter to sterilize. 
3. Aliquot in 1000ml amounts into Eppendorf tubes freeze at -20°C. 

Glycerol Stock Preparation 
1. Make 50% glycerol from a 100% glycerol by diluting with sterile water. 
2. Aliquot 700ml in screwcap tubes and store at room temperature for future use 
3. To make a glycerol stock take 700ml of bacteria that has been cultured with 

appropriate antibiotics and LB broth overnight.  
4. Mix thoroughly then promptly place in -80°C storage. 

Modified MS Media from Plant Food 
For 500ml 

1. 15 g of Modified MS media 
2. 4 grams phytogel 
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3. After autoclave and cooling add hygromycin (50mg/ml) and cefotaxime 
(50mg/ml) 

Arabidopsis gDNA isolation Extraction Buffer 
10ml Tris-HCL (1 M, pH 7.5) 
2.5ml NaCL (5M) 
2.5 ml EDTA (0.5M) 
Add water up to 50ml and store at room temperature  
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Appendix E Transgenic plant confirmation via PCR 

 
Figure 28 Transgenic plant confirmation via PCR (A) D1-21 (B) D2-2 (C) D9 (D) Kirkii (E) K8-1 (F) G1-6 
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Appendix F Abbreviations 
 

bHLH Basic helix-loop-helif 
CPC Caprice 
CPL3 Caprice-like Myb3 
CPL4 Caprice-like Myb4 
DNA Deoxyribonucleic acid 
DPA Days post anthesis 
EDTA Ethylenediaminetetraacetic acid 
EGL3 Enhancer of glabra 3 
EtBr Ethidium Bromide 
ETC1 Enhance of triptychon and caprice 1 
ETC2 Enhance of triptychon and caprice 2 
ETC3 Enhance of triptychon and caprice 3 
GL1 Glabra 1 
GL3 Glabra 3 
LB Lysogeny broth 
MS Murashige and Skoog 
OD optical density 
PCR Polymerase chain reaction 
TAE Tris base, acetic acid and EDTA 
TCL1 Trichomeless 1 
TCL2 Trichomeless 2 
TF Transcription factor 
TRY Triptychon 
TTG Transparent Testa Glabra 
WD tryptophan and aspartate 
WDR WD40 repeat 
WER Werewolf 
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Appendix G Nucleotide Sequences of Cloned Genes 
 

TTG1 
ATGGAGAATTCAACTCAGGAATCCCACCTCCGATCCGATAACGCCGTAACCTACGAATCACCCTACCCAC 
TCTACGCCATGGCCTTATCTTCCACGCCCGCCGTCACCCATCTCAACCACCAACGCATCGCTCTCGGCAG 
TTTCATCGAAGATTACGCTAACAGAGTCCACATAATCTCTTTCGACCCTGAATCACTTACCCTCACAACC 
CACCCATCTTTGTCGTTCGACCACCCTTACCCACCCACCAAACTTATGTTCCAACCCCACCGGAAATCCC 
CTTTCTCTTCCTCCTCCGACCTCCTCGCTTCATCCGGTGACTACCTCCGTCTCTGGGAAGTTGGGCACTC 
TTCTATCGAACTTATCTCCATTCTCGACAATAGCAAAACCAGCGAGTTTTCTGCTCCCTTAACTTCCTTC 
GATTGGAACGACGTTGAACCCAATAGAATCGGAACATCCAGCATCGACACCACCTGCACCATTTGGGACA 
TCGAAAAAGGCGTTGTGGAAACCCAATTGATTGCTCACGACAAAGAGGTTTATGACATCGCTTGGGGTGA 
AGCTAGAGTTTTCGGTTCCGTTTCCGCTGATGGGTCCCTAAGGATTTTCGATTTAAGGGACAAAGAACAC 
TCAACCATCATCTACGAAAGCCCTCAACCGGACACCCCTTTGTTAAGATTAGCTTGGAACAAACAAGATT 
TGAGGTATATGGCTACGACACTAATGGATAGCAATAAAGTTGTGATTTTGGACATAAGGTCGCCTACTAT 
GCCGGTGGCTGAGTTGGATAGACATGGAGCCAGTGTCAATGCGATTGCTTGGGCTCCCCAGAGCTGTAAG 
CACATTTGCTCTGCAGGGGATGATACGCATGCCCTTATTTGGGAGTTGCCAACTGTAGCTGGGCCTAACG 
GAATCGGTCCTTTGTCTATGTACTCGGCTAGTTCCGAAATTAATCAGTTGCAGTGGTCTGCTGCTCAGCC 
AGATTGGATTGCCATTGCCTTCTCCAACAAAATGCAGCTTCTCAAAGTTTGA 
 
TTG3 
ATGGAGAATTCAACTCAAGAATCCCACCTGAGATCCGATAATTCGGTAACCTACGAATCAGCTTACACAG 
TTTATGCCATGGCCTTATCTTCCACGCCTTCCTCCACCAATATCAACCATCAACGCATCGCTCTCGGCAG 
CTTCCTCGAAGATTACACTAACAGAGTCGACATAATCTCATTTGATCCAGAAACCCTCTCCTTCAAGACC 
CACCCAAAGCTTGCCTTCGACCACCCTTATCCACCCACCAAGCTCATGTTCCAACCCAATCGAAAATCCG 
CTTCATCCTCTTCTTCTTGTTCCGATCTTCTCGCTTCAACCGGCGATTTCCTGCGTCTCTGGGAAGTTCG 
AGAATCTTCCATTGAACCTGTCACTGTTCTAAACAATAGCAAAACCAGCGAGTTTTGTGCCCCGTTAACT 
TCCTTCGATTGGAACGATGTTGAACCCAAGAGAATTGGGACTTCCAGCATCGACACAACTTGCACCATTT 
GGGACATCGAGAAATGCGTCGTTGAAACCCAATTGATCGCTCATGATAAAGAGGTTTACGACATTGCTTG 
GGGTGAAGCTAGAGTTTTTGCTTCCGTTTCCGCTGATGGGTCCGTTAGGATTTTCGATTTGAGAGACAAA 
GAACATTCCACCATCATTTATGAAAGTCCCCAACCCGACACCCCTTTATTAAGATTGGCTTGGAACAAGC 
AAGATTTGAAGTATATGGCTACCATTCAAATGGATAGCAATAAAGTTGTGATTTTGGATATAAGGTCACC 
CACAACCCCCGTTGCTGAGTTGGAGCGGCATCACGCTAGTGTCAATGCCATTGCCTGGGCTCCTCAGAGT 
TGTAAGCATATTTGTTCCGCTGGGGATGATACCCAGGCTCTTATTTGGGAGTTGCCTACGGTGGCGGGAC 
CTAATGGTATCGATCCTCTGTGTGTTTACTCTGCTGGCTACGAAATTAATCAATTACAGTGGTCTGCTGC 
GCAACCTGATTGGATTGCCATTGCCTTTTCCAACAAATTGCAGCTTCTCAAAGTTTGA 
 
GrDEL65 
ATGTCTACTGGAGTTCAACATCAAGAGAGAGTACCAATGAACCTGAAGAAACAACTTGCTCTTGCTGTGAGGAACA
TTCAATGGAGTTATGCAATTTTCTGGTCCATATCAACTAGACAACCAGGGTACAAGATTCTCCATTTTTGTTTGTCTT
TTTTCTGGCTATTATTGTTTGTTAACTTAAAACACTTTTCAGGGTGTTAGAATGGGGAGAAGGTTATTACAATGGAG
ATATAAAGACAAGGAAAACAGTTCAAGCTGTAGAACTCAACACTGACCAATTGAGTTTACAGAGAAGTGAGCAAC
TGAGACAGCTTTATGAGTCTCTTTCAGCTGGTGAAAGCAGTCCTCAAGCTAAAAGACCTTCAGCAGCATTATCTCCT
GAAGATCTTACTGATACTGAATGGTATTACTTGGTTTGTATGTCATTTGTATTCAACATTGGCCAAGGGTAATCTTT
CTTACATGTTCTTTGTTCTTAAAAGAAAAAAAAACAAAAATCAATGTTTCTGTTTGTTAATTATTCATCTAATTTGTT
GTTAGATTACCTGGAAGAACATTGTCTAGTGGTCAACCTGTTTGGCTTTGTAATGCTCATTGTGCTGACAGTAAAGT
GTTTGGTCGTTCACTACTAGCTAAGGTATGTCCTTATATGCTTTTGGCTAAAGTTCAAGCTAAGTTCATATGGTCTC
AGAAATGACAATTTGGTTTTTGTTTTCATGGCTCAAAATTCCGGCAACCGACTCTCGCAGAGTGCATCGATTCAGGT
AAACCTTGGAAGGGCTTTAGTATTATTACATATATGTCGATGTTTCTTACTGAAATCCTTGTACTTGTTTCAATTTCA
GACTGTAGTATGCTTTCCGTTTTCAGGAGGTGTGGTTGAGCTCGGTGTGACTGATTTGGTAACTTTTTGGTTTTTGCT
GTTGTTTTTGGTTTGAGGAAATTTGCTTTCCGTTTACTTAATGCTGTTATATTGATTGCTTTTTGTGTAGGTATTTGAA
GATTTGAGCCTCATTCAGCGCGTTAAAACTTTGCTCTTGGATGATCCACAGCCGATTGTTTCTAAGAGATCGATTCA
AGTCGATGGGATGAACAACGATCTTGCTTGTCCAGCTCTTGATCCTTTGATCCTTGCCACCAAATTGAGTCCAATAT
TAGGCTGTGAACAACTAGAAACGGTTTCTCCCGATGATAGTCCGGACGGCTTGGAGCCTAAGCAATCAAGAGAAG
ATTCATTATTGATTGAAGGGATAAATGGTGGAGCTTCTCAAGTACAAAGTTGGCAATTCATGGATGAAGAGTTCAG
CAATTGTGTTCACCATTCCTTGAATTCAAGTGACTGCATATCTCAAACCATTGCGGATCATCGAAAGGTCGTTCCTC
TTTGCCGGGGAGAAAATGATAATGGTTTGCAAGATGTTGAAGAGTGCAATCAGACTAAACTAACATCTTTTGATTG
TCAAAACGATGATCGGCACTTCCATGAAGTTCTCTCGGCCTTATTCAAGAGCTCACACCCGTTGATTTTAGGACCAC
AGTTTCGAAACTCTAACAAGGAATCGAGCTTTATCAGATGGCAGAAAAATGGCTTGGTGAAGCCTCAAAAAGAAA
GAGATGAAACCCCTCAAAAGTTACTGAAGAAGATATTGTTCTTGGTTCCTCATATGCATGATAGAGGATTGATTGA
ATCTCCTGAAACTAATGCTGTTCGAGATGCAGCTTGGAGACCCGAAGCTGATGAAATTTGCGGAAACCATGTGTTA
TCGGAGAGGAAGCGGAGGGAAAAAATAAACGAACGACTTATGATGTTGAAATCACTTGTCCCTGCAAATAACAAG
GTAGCTTAAATTAACACTCCCCTTAAGTTATTCATAATTTGAACTTTAATTAGTAACTAGCTTTCTTCAATCCTTTAC
GCAGGCTGACAAGGTTTCTATACTAGATGTCACGATAGAATACTTACAAGCCCTCGAAAGAAGGGTTGCGGAATTG
GAATCTTGCAGAAAGTCAGAAGCAAGAACGAAAATCGAGCGAACATCAGATAACTACGGCAATAACAAAACCAA
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CAACGGAAAGAAATCGTCCCTAAGTAAAAGGAAAGCCTTTTATGTTGTTGATGAAGCTGATCAAGAGATCGGCTAT
GTTGCATCTAAAGACGGTTCAACAGATAAAGTTACTCTCAGTATGAACAACAAGGAGCTTCTAATCGAGTTCAAGT
GTCCATGGCGAGAAGGAATTTTGCTTGAGGTAATGGATGCATTAAGCATTCTCAATTTGGATTGCCACTCAGTTCA
GTCATCTACCACTGAGGGGATTCTCTCCCTGACCATAAAATCCAAGGTAAATAAAACCGAATCTGCTACCGATTCA
GAACGTTCGCAAACTTTCTTATGTTGAAACAAACAAACTCTAAACAAAAGTATCTGTGGTTATTGCAGTACAAAGG
ATCAAGTGTTGCAAAAGCAGGACCAATCGAGCAAGCATTGCAAAGAATTGCTAGCAAGTGTTGA 

 

GaDEL65 
ATGTCTACTGGAGTTCAACATCAAGAGAGAGTACCAATGAACCTAAAGAAACAACTTGCTCTTGCTGTGAGGAACA
TTCAATGGAGTTATGCAATTTTCTGGTCCATTTCAACTAGACAACCAGGGGTGTTGGAATGGGGAGATGGTTATTA
CAATGGAGATATAAAGACAAGGAAAACAGTTCAAGCTGTAGAACTCAACACTGACCAATTGAGTTTACAGAGAAG
TGAGCAACTGAGACAGCTTTATGAGTCTCTTTCAGCTGGTGAAAGCAGTCCTCAAGCTAAAAGACCTTCAGCAGCA
TTATCTCCTGAAGATCTTACTGATACTGAATGGTATTACTTGGTTTGTATGTCATTTGTATTCAACATTGGCCAAGG
ATTACCTGGAAGAACATTGTCTAGTGGTCAACCTGTTTGGCTTTGTAATGCTCATTGTGCTGACAGTAAAGTGTTTG
GTCGTTCACTACTAGCTAAGAGTGCATCGATTCAGACTGTAGTATGCTTTCCGTTTTCAGGAGGTGTGGTTGAGCTC
GGTGTGACTGATTTGGTATTGGAAGATTTAAGCCTCATTCAGCGCGTTAAAACTTTGTTCTTGGATGATCCACAGCC
GATTGTTTCTAACAGATCGATTCAAATCGATGGGATGAACAACGATCTTACTTGTCCTGCTCTTGATCCTTTGATCC
TTGCCACCAAATTGAGTCCAATATTAGGCTGTGAACAACTAGAAACAGTTTCTCCCGATGATAGTCCGGACGGCTT
GGAGCCTAAGCAATCAAGAGAAGATTCATTATTGATTGAAGGGATAAATGGTGGAGCTTCTCAAGTACAAAGTTG
GCAATTCATGGATGAAGAGTTCAGCAATTGTGTTCACCATTCCTTGAATTCAAGTGACTGCATATCTCAAACCATTG
CGGATCACCGAAAGGCCGTTCCTCTTTGCCAGGGAAAAAATGATAATGGTTTGCAAGATGTTGAAGAGTGCAATCA
GACTAAACTAACATCTTTTGATCGTCAAAACGATGATCGACACTTCCATGAAGTTCTCTCGGCCTTATTCAAGAGCT
CACACCCGTTGATTTTAGGACCACAGTTTCGAAACTCTAACAAGGAATCGAGCTTTATCAGATGGCAGAAAAATGG
CTTGAAGCCTCAAAAAGAAAGAGATGAAACCCCTCAAAAGTTACTGAAGAAGATATTGTTCTCGGTTCCTCATATG
CATGATAGAGGATTGATTGAATCTCCTGAAACTAATGCTGTTAGAGATGCAGCTTGGAGACCCGAAGCTGATGAAA
TTTGCGGAAACCATGTGTTATCGGAGAGGAAGCGGAGGGAAAAAATAAACGAACGACTTATGATATTGAAATCAC
TTGTCCCTGCAAATAACAAGGCTGACAAGGTTTCTATACTAGATGTCACGATAGAATACTTACAAGCCCTCGAAAG
AAGGGTTGCGGAATTGGAATCTTGCAGAAAGTTAGAAGCAAGAACGAAAATCGAGCGAACATCAGATAACAACG
GAAAGAAACCTTCCCTAAGTAAAAGGAAAGCCTATGATCTTGTTGATGAAGCTGATCAAGAGATTGGCTATGTTGC
ATCTAAAGACGGTTCAACAGATAATGTTACTATCAGTATGAACAACAAGGAGCTTCTAATCGAGTTCAAGTGTCCA
TGGCGAGAAGGAATATTGCTTGAGATAATGGATGCATTAAGCATTCTCAATTTGGATTGCCACTCAGTTCAGTCAT
CTACCACTGAGGGGATTCTCTCCCTGACCATAAAATCCAAGTACCAAGGATCAAGTGTTGCAAAAGCAGGACCAAT
CGAGCAAGCATTGCAAAGAATTGCTGGCAAGTGTTGA 
 
 
GaDEL61 
ATGGCTACTACCGGGGTTCAAAATCAAGGGAAGGTCCCAATGAACTTGAAGAAACAACTTGCTCTTGCTGTTAGAA
ACATTCAATGGAGCTATGGGATTTTTTGGTCCATTTCAGCTAAACAACCAGGGGTCTTGGAATGGGGTGATGGTTA
TTACAATGGAGATATAAAGACAAGGAAAACAGTTCAATCTTTTGAACCTAAAGCTGATGACCAACTAGGTTTACAA
AGAAGTGAGCAGTTAAGAGAACTATTTGAATCACTTTCAGCTGGTGAAACTAGTCCTCATACTAAAAGACCTTCAG
TTGCATTATCCCCTGAAGATCTCACTGCTACTGAATGGTATTATTTGGTCTGTATGTCATTTGTATTCAACATTGACC
AAGGATTGCCTGGAAGAACATTATCAATTGGTCAACCTATTTGGCTATGTAATGCTCAATATGCAGATAGTAAAGT
GTTTAGTCGTTCACTGGTTGCTAAGAGCGCATCTATTCAGACAGTAGTATGCTTTCCATATGCAGGAGGTGTGATTG
AGCTTGGTGTGACTGATTTGGTATCGAAAGACCTCGGTCTTGTTCGTCGTGTTAAAAGTTTGTTGTTGGATGCTCCT
AAGACGATAACAGGGAACATCAATGATGTTGCTTGTCCAGGTCTTGGTCCGAACGAAATTGAGTCCGAATTGAGTC
CCTTTTTAGGCTGTGAACAACTAGAAAGATGTTCTCTAAACGAGATTTCGGATGGTTTTGAGCCTAACCAACTAGC
GGAAGATCCGTTCGTGAATGGTGGGGCTTCTCAGGTGCAAAGTTGGCAATTCATGGATGACCACCATTCCTTGAAT
ACAAGTGACTGCATATCTCAAACCTTTGCTGATCATGAAGATGTTGTTCCTCTGTGCCAGGGTGAAAATGATAATG
ACAATGATTTCCGAGATGTCGAAGAGTGTGATCGTATAAACCGGGCTGCTTTTGATCCTATAAGCAATGATATGCA
CTACCGAACTGTCGTGTCAGTCCTATTAAAGAGCTCGCCCCAGTTTATTCTGGGACCGCATTTAGGAAACTCGAAC
AAGGAATCCGGGTTCATTAGCTGGAAGATGAATAGCTTGGTGAAATATCGGAAAGCAAAGGTTGAAACCCCTCAA
AAGTTATTGAAGAAGATGTTGTTTGAAGTCCCTCGGATGCATGATAAAGGATTGCTTCAACCTCCACAAGTCGGTG
GTGGTGTTGGAGATGCGGTTTGGAGACCAGAAGCGGATGAACTTTGTAAAAGCCACGTCTTAACAGAGAGGAGGC
GTCGGGAAAAAATAAACGAACGACTTACAATCCTCAAATCATTGGTCCCTACGAATAGCAAGGCTGATAAAGTTTC
TATATTAGATGATACAATAGAGTACCTACAAGACCTCGAAAGAAGAGTTGAAGAATTGGAATGTTGCAGAGAATT
AACCGAGTCCGAGACTAAAACGAAACGGAAATATCATCGGTATCGTGCTGAGCGAACATCCAGTAACAAAGTCAC
CAACGGAAACAAATCGGCTTCCTCAAATAAAAGGAAAGCGTACGATATCGAGGAAACAAAACACGATATTGACCA
TGTTGCATCTAAAGACGGCTCGACCGATAATCTAACCGTTAATACGAACAACAAGGATTTAACAATCGAGTTTAAG
TGTCGATGGCGGGATGGAATTCTGTTCGAGATAATGGATGCACTAAGCGTACTTGATTTGGATTGCCACTCTGTTCA
ATCGTCTACCGTCGAAGGGATTCTTTCTGTGACTATAAAATCAAGGGTAAAACAATCTTTTTAG 
 
GrDEL61 
ATGGCTACTACTGGGGTTCAAAATCAAGAGAAGGTCCCAATGAACTTGAAGCAACAACTTGCTCTTGCTGTTAGAA
ACATTCAATGGAGCTATGGGATTTTCTGGTCCATTTCAGCTAAACAACCAGGGGTCTTGGAATGGGGTGATGGTTA
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TTACAATGGAGATATAAAGACAAGGAAAACAGTTCAATCTTTTGAACCTAAAGCTGATGACCAACTAGGTTTACAA
AGAAGTGAGCAATTAAGAGAACTATTTGAATCACTTTCAGCTGGTGAAACTAGTCCTCATACTAAAAGACCTTCAG
TTGCATTATCCCCTGAAGATCTCACTGCTACTGAATGGTATTATTTGGTCTGTATGTCATTTGTATTCAACATTGACC
AAGGATTGCCTGGAAGAACATTATCAATTGGTCAACCTATTTGGCTATGTAATGCTCAATATGCAGATAGTAAAGT
GTTTAGTCGTTCACTGGTTGCTAAGAGCGCGTCTATTCAGACAGTAGTATGCTTTCCATATGCAGGAGGTGTGATTG
AGCTTGGTGTGACTGATTTGGTATCGAAAGACCCCGGTCTTATTCATCGTGTTAAAAGTTTGTTGTTGGATGCTCCG
GAGACGATAACAGGGAACATCAATGATGTTGCTTGTCCAGGTCTTGGTCCGAACGAAATTGAGTCCGAATTGAGTC
CGTTTTTAGGCTGTGAACAACTAGAAAGAGGTTCTCCAAACGAGATTTCGGATGGTTTTGAGCCTAACCAACCAGC
AGAAGATCCGTTCGTGAATGGTGGGGCTTCTCAGGTGCAAAGTTGGCAATTCATGGATGACCACCATTCTTTGAAT
ACAAGTGACTGCATATCTCAAACCTTTTCTGATCATGAAGATGTTGTTCCTCTGTGCCAGGGTGAAAATGATAATGA
CAATGATTTCCGAGATGTCGAAGAGTGTGATCGTATAAACCGGGCTGCTTTTGATCCTATAAGCGATGATATGCAC
TACCGAACCGTCGTGTCGGTCCTATTAAAGAGCTCGCACCAGTTTATTCTGGGACCGCATTTTGGAAACTCGAACA
AGGAATCCGGGTTCATTAGCTGGAAGATGAATAGCTCAGTGAAATATCGGAAAGCAAAGGTTGAAATCCCTCAAA
AGTTATTGAAGAAGATGTTGTTTGAAGTCCCTCGGATGCATGATAAAGGATTGCTTAAATCTCCACAAGGCGGTGA
TGGTGTTGGAGATGCGGTTTGGAGACCAGAAGCGGATGAACTTTGTAAAAGCCACGTCTTATCAGAGAGGAGGCG
TCGGGAAAAAATAAACGAACGACTTATGATCCTCAAATCATTGGTCCCTACGAATAGCAAGGCTGATAAAGTTTCT
ATCTTAGATGATACAATAGAGTACCTACAAGACCTCGAAAGAAGAGTTGAAGAATTGGAATGTTGCAGAGAATTA
ACCGAGTCTGAGACTAAAACGAAACAGAAACATCATCGGGATCGTGCTGAGCGAACATCCAGTAACAAAGTCACC
AACGGAAACAAATCGGCTTCCTCAAATAAAAGGAAAGCGTACGATATTGAGGAAACAAAACAGGATATCGACCAT
GTTGCATCTAAAGACGGCTCGACCGAAAATCTAACCGTTAGTACGAACAACAAGGATTTAACAATCGAGTTTAAGT
GTCGATGGCGGGATGGAATTCTGTTCGAGATAATGGATGCTCTAAGCGTACTTGATTTGGATTGCCACTCTGTTCAA
TCGTCTACCATCGAAGGGATTCTTTCTGTGACTATAAAATCAAAGTACAAAGGATCAAGTGTTGCAAAACCAGGGA
CAATCAAGCAAGCATTATTACAAAAGGTTCAATCTTTAACCTTTGTGTAA 
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