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ABSTRACT 

Cotton fibers are the dominant source of natural fibers used in the textile industry and 

contribute significantly to the world economy. Adverse environmental conditions negatively 

affect fiber characteristics, especially when the fibers are in the elongation phase of 

development. Improvement in the yield and quality of cotton fibers requires the identification of 

the molecular networks involved in fiber development. In this research, we have analyzed the 

cotton fiber transcriptome and proteome in the early elongation phase using RNA-Seq and mass 

spectrometry, to identify the genes and proteins involved in different pathways altered during 

fiber development. TruSeq RNA sample preparation kit was used to prepare cDNA libraries from 

RNA extracted from Upland cotton cultivar TM-1 cotton fibers samples at 3 and 5 days post-

anthesis (DPA). These libraries were sequenced using 151 bp, paired-end Illumina sequencing 

which produced 6,570,054 and 7,063,378 reads from 3 DPA and 5 DPA libraries, respectively. 

The de novo assembly of these raw reads with NGen identified 20,270 contigs in 3 DPA and 

20,339 contigs in 5 DPA. The raw reads were mapped on the reference early fiber transcriptome 

and differential gene expression was estimated by QSeq (DNASTAR genome suite). A total of 

3,177 transcripts were recognized as differentially expressed with 95% probability and at least a 

2-fold change between 3 DPA and 5 DPA. These transcripts were annotated using Mercator and 

mapped to biological pathways using MapMan version 3.5.1.  The up-regulated transcripts at 5 

DPA belonged to cell-wall modification, phospholipid and sphingolipid synthesis, solute and 

water transporters, cytoskeletal elements and phytohormone categories; processes that were 

involved in cell wall extension, hinting that the fibers at this stage are involved in loosening the 

cell wall in anticipation of the rapid fiber elongation beyond 5 DPA. The NGen assembled 

transcriptomes from 6 stages of fiber development, 3 DPA, 5 DPA, 11 DPA, 17 DPA, 21 DPA and 

24 DPA, were re-assembled using CAP3 assembly software to generate the cotton fiber 

transcriptome. We have also created a reference fiber proteome database from the fiber 

specific transcriptome containing 374,562 possible protein sequences for protein identification. 

This is the first report on the generation of a transcriptome and a proteome of the elongating 

cotton fibers using RNA-Seq. These databases form a significant source of information, and will 

contribute towards research on the improvement of cotton fiber characteristics.  
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CHAPTER I 

INTRODUCTION 

 

Cotton is one of the largest sources of natural textile fiber and vegetable oil. It is a major 

contributor to the world economies, making the study of cotton fiber a significant area of 

research. The most important part of the cotton plant is the fiber or the lint, which is the raw 

material used by the textile industry. The website of CottonCounts (http://www.cotton 

counts.net) states that 8 to 9 million bales of cotton on average is used by textile manufacturers 

annually, which can be used to make nearly 2 billion pairs of men’s jeans or more than 6 billion 

men’s shirts! According the National Cotton Council of America’s (NCC) website 

(http://www.cotton.org), 57% of this input is converted into apparel, more than a third into 

home furnishing and the rest into industrial products. Cotton is used to produce all kinds of 

textile products, from hats to shoes, with men’s and boy’s jeans, underwear and shirts forming 

the major market for cotton. The excellent absorption properties of cotton makes it the 

common fiber to be used in bath towels, wash towels, diapers, female hygiene products and 

adult incontinence products. Other important household products made from cotton include 

bedspreads, window shades, sheets and pillowcases. An interesting application of cotton is in 

the production of currency. The Bureau of Engraving and Printing states that, US paper currency 

contains 75% cotton, with almost 21,476 bales of cotton being used for printing currency in the 

year of 2009. Some other industrial products containing cotton are book bindings, thread, and 

wall coverings (Pérez-Wright 2003). The short fuzz or seed-linters left on the seed after 

ginning—a process that separates lint from seed—provides cellulose which is used for making 

plastics, paper products, cellophane and rayon. The linters with longer fibers are used in the 

preparation of medical supplies and candle wicks, whereas the short linters are used to prepare 

gun powder, mops, fine writing paper, automotive upholstery and cotton balls (Pérez-Wright 

2003). Cotton seed that is left after the separation of lint and linters is processed into oil, meals, 

and hulls. According to the website of National Cottonseed Products Association (NCPA), 

cottonseed oil is used in margarine, cooking oil, salad dressing, crackers, cookies and chips. 

Cotton seed meals are used as feed rich in essential amino acids, lacking in most seed crops, and 

http://www.cotton.org/
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seed hulls are used for mulch and cattle feed. Even the stalks and leaves of the cotton plant are 

plowed under to enrich the soil. Taking its multitude of uses into consideration, the annual 

business revenue stimulated by cotton exceeds $120 billion, making it America’s number one 

value added crop (Paterson et al. 2010, Wilkins, Rajasekaran, and Anderson 2000).  Moreover, 

the National Cotton Women’s Committee’s report titled “Cotton Counts” states that cotton 

production and processing in the gins, cottonseed mills, warehouses, merchandisers, shipping 

companies and textile manufacturers, employs more than 440,000 Americans, significantly 

contributing to the US economy.  

 

Texas leads the United States in cotton production. According to the crop production report 

released by the USDA on August 10, 2012, 2.9 million acres of the 9.5 million acres of cotton 

harvested in US in 2011 were harvested in Texas alone, making it the largest cotton producing 

region in the US and the world. Texas predominantly grows the Upland variety of cotton, 

Gossypium hirsutum—an allotetraploid having the AD genome (2n = 4X = 52). G. hirsutum is one 

of the four cultivated varieties which produce spinnable fibers (Wilkins and Arpat 2005). The 

Upland variety of cotton includes high yielding cultivars having broad adaptability producing 

fibers of quality suited for general purpose textiles (Lacape et al. 2012). G. hirsutum contributes 

over 90% of world’s cotton production. The remaining three spinnable fiber producing species 

are an allotetraploid, G. barbadense, which accounts for 7% of the world’s cotton production, 

and two A genome diploid species (2n = 26), G. arboreum and G. herbaceum (Lacape et al. 2012, 

Wilkins and Arpat 2005).  

 

Cotton production has been plagued by rising costs and stagnant pricing. The demand and 

supply patterns for cotton show that if the cotton growers need to survive the next decade, they 

will need to increase cotton yield while producing fiber qualities which attract premium prices. 

Achieving this result requires unraveling the molecular genetics of these complex fiber traits 

(Wilkins, Rajasekaran, and Anderson 2000, Ulloa, Brubaker, and Chee 2007).  

 

Cotton fibers are single celled outgrowths from individual epidermal cells in the outer 

integument of the ovules. According to the seminal work by Basra and Malik (1984), cotton fiber 
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development can be divided into four distinct, but overlapping stages: initiation, elongation, 

secondary cell wall (SCW) synthesis, and maturation (desiccation). Initiation involves the 

formation of fiber initials, balloon-like protrusions on the ovule surface at anthesis (0 days post-

anthesis (DPA)). This is followed immediately by the cell elongation stage which occurs 

approximately in the period of 3-25 DPA. SCW synthesis occurs over the 15-50 DPA period, 

where cellulose synthesis is the major process occurring in the cell. Maturation occurs after 45 

DPA and involves the drying of fibers to reach a metabolically inactive state. Mature and dry 

cotton fibers contain about 90% cellulose, most of which comprises the secondary cell wall, 

imparting the fiber its unique characteristics suitable for spinning into threads and yarns (Basra 

and Malik 1984, Wilkins and Jernstedt 1999).  

 

Fiber quality of cotton is defined by various traits such as staple length, fiber strength, fineness, 

and maturity. These traits are well-defined in Rebenfield (1990), Haigler (2010) and the Cotton 

Incorporated website. Fiber length or staple length is linked to the length of the elongation 

stage (Gou et al. 2007) and is defined as an estimate of the average length of the longer one-half 

of the fibers (upper half mean length), and correlates positively to the spinnability of the fibers. 

Fiber strength is ability of the fiber to withstand a load before breaking and is governed by 

secondary wall thickness or maturity. It is defined as the force, in grams, required to break a 

bundle of fibers one tex unit in size, where a tex unit is the weight in grams of 1,000 meters of 

fiber. Fiber fineness depends on the fiber diameter, cross-sectional area, weight per unit length, 

perimeter and specific surface area of the fiber. Fine fibers, which are the fibers with lower fiber 

mass per unit length, are known to produce the strongest and most uniform yarn, as more fibers 

fit into the yarn cross-section. Micronaire is the commonly used term to describe fiber fineness. 

It is derived by the measurement of air flow through a fiber mass of standard weight. Air flow 

through this fiber mass depends on the packing of fibers which in turn depends on fiber fineness 

(perimeter) and maturity (thickness). Good micronaire range for the textile industry is 3.5 to 4.9; 

fibers with values above 5.0 are deemed “coarse”. These traits undeniably affect the economic 

value of cotton fiber (Ali et al. 2008). Unfortunately, these are highly influenced by the 

environment (Percy, Cantrell, and Zhang 2006, Sasser and Shane 1996, Yuan et al. 2005). Of the 

different stages of fiber development, fiber elongation is most shaped by environmental factors, 
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which in turn affect fiber length, and hence the fineness, strength and spinning efficiency 

(Bradow et al. 1997, Bradow and Davidonis 2010).  

 

A number of reports on genes expressed during fiber development, studied using EST-

sequencing and microarrays have been reported: Arpat et al. (2004), Hao et al. (2012), Huang et 

al. (2013), Ji et al. (2003), Jiang et al. (2012), Li et al. (2005), Li et al. (2013), Luo et al. (2007), 

Padmalatha et al. (2012), Shi et al. (2006), Suo et al. (2003), Wang et al. (2010), Wilkins and 

Arpat (2005), Yuan et al. (2005), and Zhang et al. (2004) etc., which have looked in to the 

functional genomics of fibers at initiation, elongation and secondary cell wall synthesis stages, 

describing the roles of phytohormones, cell wall modifiers, transcription factors and reactive 

oxygen species (ROS) at these stages.  However, no report on cotton fiber transcriptomics 

employing RNA-Sequencing has been published. RNA-Seq is the sequencing of the transcriptome 

using the high-throughput next generation sequencing (NGS) technology. This process involves 

the fragmentation of mRNA or cDNA, producing overlapping short fragments that cover the 

entire transcriptome. Gene expression analysis through RNA-Seq has distinct advantages over 

traditional methods like microarray analyses. Microarray analysis uses the hybridization of a 

labeled-target gene/sequence to a large set of oligonucleotide probes attached to a solid 

support to study gene expression. The obvious advantage of RNA-Seq technology is the ability to 

visualize the complete pattern of gene expression unlike microarrays, which are limited by their 

dependence on existing gene information, providing only a fragment of the transcriptional 

activity of an organism (Severin et al. 2010).  RNA-Seq provides transcript abundance 

information by counting individual sequence reads produced from each gene (Torres et al. 

2008), eliminating potential bias and provides a more accurate profiling of the transcriptome 

(Wang, Gerstein, and Snyder 2009). It has higher sensitivity and greater dynamic range of gene 

expression than array based technologies (Marioni et al. 2008, Mortazavi et al. 2008, 

Nagalakshmi et al. 2008, Ozsolak and Milos 2011). This makes RNA-Seq particularly 

advantageous for comparative gene expression studies (Gao et al. 2013) and has been used 

successfully for transcriptome profiling studies in maize (Eveland et al. 2010), rice (Luo et al. 

2011) and soybean (Severin et al. 2010).  
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Large numbers of genes participating in various biological pathways are differentially expressed 

during fiber development.  Identification and analyses of genes preferentially expressed in the 

different stages will facilitate understanding of fiber cell elongation and cellulose biosynthesis. 

This will ultimately strengthen the available database aiding genetic improvement of cotton 

varieties (John and Crow 1992, Li et al. 2013).  The purpose of this research was to understand 

the various pathways involved in the elongation of cotton fibers using RNA-Seq, to complement 

the present information on fiber development and to generate a database which could be used 

to identify candidate genes that can be manipulated for improvement in fiber characteristics. As 

elongation is a rapid developmental stage involving several changes at the molecular level, it 

was divided into 3 sections; early (3-5 DPA), mid (11-17 DPA) and late stage of elongation (21-24 

DPA). 

 

Phytohormones regulate cell fate determination in cotton fibers (Yang et al. 2006, Taliercio and 

Boykin 2007), by controlling the differentiation of ovule epidermal cells into fiber cells, thus 

affecting fiber yield. Auxins, gibberellins, and brassinosteroids are essential for fiber initiation 

whereas brassinosteroids and ethylene are known to regulate cell wall elongation. Cell wall 

elongation occurs via primary wall synthesis (Haigler et al. 2012). The primary cell wall of cotton 

fibers contains about 30% cellulose, pectin, hemicelluloses and arabinogalactans (Albersheim et 

al. 2011b, Singh et al. 2009, Meinert and Delmer 1977). Cellulose microfibrils confer strength 

and rigidity to the plant cell wall. Pectins are complex set of polysaccharides present in the 

primary cell wall and middle lamella, which binds adjacent cells together. Hemicelluloses  binds 

with pectins and cellulose forming  a network of cross-linked fibers (Albersheim et al. 2011a). 

The extension of cell wall involves the breaking of the bonds between and among these 

polymers, allowing them to slip relative to each other. Cell wall proteins and transcription 

factors are critical for signaling and the expression of various genes to bring about these 

changes in cell wall extensibility (Yang et al. 2006, Haigler et al. 2012). 

 

Although transcriptome profiling can provide extensive details about different mRNAs that are 

present in the cell, it does not truly represent the actual biological pathways that are triggered, 

as every gene that is transcribed is not always translated into protein. Therefore, the expression 
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level obtained for a gene is not reflective of the actual level of that protein in the cell (Li et al. 

2013).  To get a reliable picture of the pathways involved, it is necessary to combine 

transcriptomics with proteomics (Schmidt et al. 2007). Proteomic analysis has been reported to 

be more significant than genome analysis in Yang et al. (2008), as proteins exist in a key position 

between genome and phenotypic expression. Being the executors of most cellular functions, 

proteomics provides a global view of the cellular process. As genes can be regulated at the post 

transcriptional and post translational level, combination of these two analyses will provide an 

integrated view of the cellular processes (Yang et al. 2008).  In this research, we combined the 

transcriptome data generated from RNA-Seq with the proteome data to get a more complete 

picture of the cellular processes involved in fiber development. The use of RNA-Seq data to 

refine proteomic data analysis has also been recommended in the 2013 study of the Proteome 

Informatics Research Group of the Association of Biomolecular Resource Facilities (ABRF) (iPRG 

2013). The database used for protein identification will usually consist of all known sequences 

produced by the organism and/or its close relatives. Using RNA-Seq data to generate a database 

specific for the species involved in the study could create a refined and specific protein database 

for the proteomic search engines. In this report, RNA-Sequencing using Illumina MiSeq was used 

to analyze the cotton fiber transcriptome in the early stage of elongation (3-5 DPA). This data 

was supported by proteomic analysis on the same stages as an inference on the actual 

processes activated in this period. A reference proteome to be used for protein identification 

was generated by combining the RNA-Seq data of the six stages of fiber development. Gel-Liquid 

Chromatography (GeLC) with Electrospray Ionization – Mass Spectrometry (ESI-MS) and Global 

Proteome Machine (GPM) search engine was used for protein identification, and ProteoIQ is to 

be used for protein quantification on the selected stages. With the combination of 

transcriptomics and proteomics, we hope to get a better picture of the molecular and cellular 

events involved in the early elongation of cotton fiber. This is the first report on the generation 

of a transcriptome and a proteome for cotton fibers using RNA-Seq, and is a significant 

contribution to the cotton community, towards research on improvement of cotton fiber quality 

and yield. 
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CHAPTER II 

MATERIALS AND METHODS 

 

A flowchart depicting the different steps followed in our research to obtain the transcriptomic 

and proteomic data for gene expression analysis in cotton fibers is provided in figure 2.1.

 

Figure 2.1 Flowchart of the steps used to obtain data for gene expression analysis 
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2.1 Plant material, tissue collection and grinding 

Seeds of the cotton cultivar TM-1 were sown in Sunshine Mix #1 potting soil (Sun Gro 

Horticultural, Canada) in 2 liter pots under glasshouse conditions (approx. 28/26°C, day/night) at 

USDA ARS, Lubbock, TX, USA. The plants were watered with drip irrigation (12 watering 

events/day) with water and complete nutrient solution (Peters EXCEL water soluble fertilizer 21-

5-20).  Flowers were tagged at anthesis and the bolls were harvested at the two time points, 3 

and 5 DPA. 5 to 10 bolls per biological replicate were collected at each stage and pooled. The 

fiber-bearing ovules were excised; frozen in liquid nitrogen; and stored at -80°C in 50 mL Falcon 

tubes until use. For grinding, the frozen samples from each tube were transferred to a mortar 

and pestle filled with liquid nitrogen. The fibers were separated from the remaining ovules using 

chilled forceps. These separated fibers were ground several times to ensure that they were 

crushed to a fine powder. Approximately 100 mg of ground tissue (ground tissue was added till 

the 0.5 mL mark in a 2 mL tube) were transferred to chilled 2 mL Eppendorf tubes using a chilled 

spatula to prevent thawing. Three biological replicates were collected from this ground fiber for 

both RNA extraction and protein extraction. The rest of the ground fiber was transferred to a 50 

mL Falcon tube and stored at -80°C until further use. 

 

Figure 2.2 Boll development at 3 DPA and 5 DPA 
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2.2 Isolation of RNA from fibers 

RNA was extracted using SpectrumTM Plant Total RNA Kit (Sigma, St. Louis, MO, USA).  The 

protocol for extraction was modified from the manufacturer’s instruction (available at the 

Sigma-Aldrich website, http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Bulletin/strn 

250bul.Par.0001.File.tmp/strn250bul.pdf). The modified protocol used is provided below.  

 

All centrifugation steps were performed at room temperature and at maximum speed (16.1 X 

1000 rcf) in a standard microcentrifuge (Eppendorf Centrifuge 5415R). 

 

640 μL of the Lysis Solution-Mercaptoethanol mixture (100:1) was added to approximately 100 

mg of tissue powder and vortexed well. The samples were incubated at 56°C for 3-5 minutes 

after which they were centrifuged at maximum speed for 3 minutes to pellet the cellular debris. 

The lysate supernatant was pipeted into a filtration column (blue retainer ring) seated in a 2 mL 

collection tube. It was centrifuged for 1 minute to remove residual debris. The clarified flow-

through lysate was saved. 500 μL of Binding Solution was mixed with this clarified lysate. 700 μL 

of this mixture was pipetted into a binding column (red retainer ring) seated in a 2 mL collection 

tube. It was centrifuged for 1 minute to bind RNA. The flow-through liquid was decanted and 

the column was returned to the collection tube. The remaining mixture was pipetted to the 

column and the centrifugation and decanting steps were repeated. The column was washed 

once with 500 μL of Wash Solution 1, and twice with 500 μL of Wash Solution 2 which involved 

centrifugation for 1 minute with Wash Solution 1 and 30 seconds for Wash Solution 2 followed 

by decanting of the flow-through. The column was then dried by centrifuging for 1 minute, after 

which it was transferred to a fresh collection tube. RNA was eluted using 45 μL of warm 

nuclease‐free ultra pure water (56°C) (Invitrogen, Life technologies, Grand Island, NY, USA), 

which was pipetted directly onto the center of the filter inside the column. It was incubated for 

1 minute and then centrifuged for 1 minute to collect the RNA in the flow-through. 

 

Three replicates of RNA were extracted from the two stages. These were quantified on a 

NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) and assayed for purity 
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and integrity in a TapeStation (Agilent, Palo Alto, CA, USA), using the R6K ScreenTape and 

reagents. The protocol for sample preparation is available at Agilent’s website 

(http://www.chem.agilent.com/Library/usermanuals/Public/G2964-90000_TapeStation_USR_ 

ENU.pdf). This protocol involves mixing 4 μL of the R6K sample buffer with 1 μL RNA sample. 

This mixture was heated at 72°C for 3 minutes in a thermal cycler (PTC-200, Peltier Thermal 

Cycler, MJ Research, Reno, NV, USA) to denature the samples. They were immediately 

transferred to ice for 2 minutes, which aids complete and stable denaturation of RNA. The 

samples were then briefly centrifuged to collect the contents in the base of the tubes. These 

were then loaded onto the TapeStation and the run was started using the TapeStation 

Controller software. The TapeStation controller analyzes the results of the run and provides a 

RINe (RNA Integrity Number equivalent) value for each RNA sample, which is a measure of the 

quality of RNA. Two of the three replicates collected, having RINe values greater than or equal 

to 8 were selected for library preparation. 

2.3 Library preparation and sequencing 

The sample libraries were sequenced using 151 base pairs (bp), paired end sequencing on the 

Illumina MiSeq (Illumina, San Diego, CA, USA). Libraries were prepared from the selected RNA 

samples using TruSeq RNA Sample Preparation low‐throughput (LT) kit (Illumina, San Diego, CA, 

USA) based on the manufacturer’s instruction (available at Illumina’s website) with a few 

modifications.  2 µg from each of the two selected RNA replicates were pooled to get 4 µg, 

which was processed to obtain the sequencing libraries. The protocol used for preparing 

libraries and sequencing is provided below. 

 

All the incubation and PCR cycles were performed in Peltier Thermal Cycler, PTC-200 (MJ 

Research, Reno, NV, USA).  

2.3.1 Purify and fragment mRNA 

This process purifies the poly‐A containing mRNA molecules using poly‐T oligo‐attached 

magnetic beads using two rounds of purification.  The first step in this was to dilute the pooled 

RNA samples with nuclease‐free ultra pure water to a final volume of 50 μL in PCR tubes.  50μL 
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of thawed and well-mixed RNA Purification Beads was added to each tube to bind the poly‐A 

RNA to the oligo-dT magnetic beads. The entire volume was mixed thoroughly by gentle 

pipetting.  mRNA was denatured by heating at 65°C for 5 minutes in a thermal cycler, where the 

lid had been pre-heated to 100°C. The tubes were then held at 4°C, at which they were removed 

from the thermal cycler. The tubes were incubated at room temperature on the bench for 5 

minutes, which allowed the RNA to bind to the beads. The tubes were then placed on a 

magnetic stand (Life Technologies, NY, USA) at room temperature for 5 minutes to separate the 

poly‐A RNA bound beads from the solution. The magnetic stand, being designed for 96-well 

plates, was modified by taping on a 200 μL pipette tip holder. This facilitated the positioning of 

the individual PCR tubes for efficient separation. All of the supernatant was discarded from the 

tubes without disturbing the beads. The tubes were then removed from the magnetic stand and 

washed with 200 μL of Bead Washing Buffer, to remove any unbound RNA. The tubes were 

placed on the magnetic stand at room temperature for 5 minutes. All of the supernatant was 

discarded and the tubes were removed from the magnetic stand.  50 μL of Elution Buffer was 

added to each tube and mixed.  The tubes were then placed in a thermal cycler where the lid 

had been pre-heated to 100°C, at 80°C for 2 minutes, and 25°C hold, to elute the mRNA from 

the beads. 50 μL of Bead Binding Buffer was added to each tube and mixed thoroughly. The 

tubes were incubated at room temperature for 5 minutes followed by another 5 minutes on the 

magnetic stand at room temperature, after which all of the supernatant was discarded from 

each tube. The tubes were removed from the magnetic stand and the beads were washed by 

adding 200 μL of Bead Washing Buffer. The tubes were incubated on the magnetic stand at 

room temperature for 5 minutes, following which all the supernatant was discarded. The tubes 

were removed from the magnetic stand and the beads were mixed well with 19.5 μL of Elute, 

Prime, Fragment Mix.  This step fragments and primes the RNA for cDNA synthesis using random 

hexamers. The tubes were placed in a thermal cycler, where the lid had been pre-heated to 

100°C, at 94°C for 8 minutes and held at 4°C. Fragmentation at this temperature produces 

inserts in the range of 120–200 bp with a median size of 150 bp. Once the thermal cycler 

reached 4°C, the tubes were removed and centrifuged briefly.  
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2.3.2 Synthesize first strand cDNA 

This process reverse transcribes the cleaved RNA fragments primed with random hexamers into 

first strand cDNA using reverse transcriptase. The tubes containing the fragmented and primed 

RNA were placed on the magnetic stand at room temperature for 5 minutes. 17 μL of the 

supernatant containing the fragmented and primed mRNA was transferred from each tube to 

new PCR tubes. A mixture of SuperScript II reverse transcriptase (Invitrogen, Life Technologies, 

Grand Island, NY, USA) and First Strand Master Mix was made in the ratio of 1 μL SuperScript II 

for each 7 μL First Strand Master Mix.  8 μL of this mixture was added to each tube and mixed 

thoroughly. The tubes were centrifuged and incubated on a thermal cycler, where the lid had 

been pre-heated to 100°C, with the following program: 25°C for 10 minutes, 42°C for 50 

minutes, 70°C for 15 minutes, and hold at 4°C. 

2.3.3 Synthesize second strand cDNA 

This process removes the RNA template and synthesizes a replacement strand to generate 

double‐stranded (ds) cDNA. AMPure XP beads (Beckman Coulter, Denvers, MA, USA) are used to 

separate the ds cDNA from the 2nd strand reaction mix. 25 μL of thawed Second Strand Master 

Mix was added to each tube after first strand cDNA synthesis and mixed. These tubes were then 

incubated in a pre‐heated thermal cycler at 16°C for 1 hour. At the completion of the incubation 

period, the tubes were removed from the thermal cycler and let stand to bring them to room 

temperature.  

 

90 μL of well‐mixed AMPure XP beads were added to each tube; mixed well, and incubated at 

room temperature for 15 minutes. The tubes were placed on the magnetic stand for at least 5 

minutes to ensure that all of the beads were bound to the side of the wells. The supernatant 

was discarded and the beads were washed twice with 200 μL of freshly prepared 80% EtOH with 

30 seconds incubations, while the tubes were still on the magnetic stand ensuring that the 

beads were not disturbed.  The tubes were left open at room temperature for 5 minutes to dry 

and were then removed from the magnetic stand. 52.5 μL of Resuspension Buffer was added to 

these tubes and mixed well by gentle pipetting to ensure the complete resuspension of the 

beads.  The tubes were incubated for 2 minutes at room temperature and then on the magnetic 
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stand for 5 minutes. 50 μL of the supernatant (ds cDNA) was transferred to new PCR tubes. This 

is a safe stopping point in the protocol, where the ds cDNA can be safely stored at ‐15°C to ‐25°C 

for up to seven days. However, we continued ahead to the end repair step. 

2.3.4 Perform end repair 

This process converts the overhangs resulting from fragmentation into blunt ends, using an End 

Repair (ERP) mix. The 3ʹ to 5ʹ exonuclease activity of this mix removes the 3ʹ overhangs and the 

polymerase activity fills in the 5ʹ overhangs. 10 μL of Resuspension Buffer and 40 μL of ERP was 

added to the tubes containing the double stranded cDNAs and mixed by gentle pipetting. The 

tubes were incubated on a pre‐heated thermal cycler at 30°C for 30 minutes. 160 μL of 

well‐mixed AMPure XP Beads was added to the tubes and mixed well by pipetting. They were 

allowed to stand at room temperature for 15 minutes.  Later, the tubes were placed on the 

magnetic stand for at least 5 minutes, until the liquid appeared clear. The entire supernatant 

was discarded and the beads were washed twice with 200 μL of freshly prepared 80% EtOH, as 

mentioned previously. The bead pellet was allowed to dry for 5 minutes at room temperature 

while on the magnetic stand.  The dried pellet was resuspended in 17.5 μL Resuspension Buffer 

by gentle pipetting. The tubes were incubated for 2 minutes at room temperature and then on 

the magnetic stand for 5 minutes to separate the beads. 5 μL of the clear supernatant was 

transferred from each tube to fresh PCR tubes. This was a safe stopping point in the protocol, 

where the tubes could be safely stored at ‐15° to ‐25°C for up to seven days.  

2.3.5 Adenylate 3’ ends 

A single ‘A’ nucleotide is added to the 3’ ends of the blunt fragments to prevent them from 

ligating to one another during the adapter ligation reaction. A corresponding single ‘T’ 

nucleotide on the 3’ end of the adapter provides a complementary overhang for ligating the 

adapter to the fragment, ensuring a low rate of chimera (concatenated template) formation. 

This step involved the addition of 2.5 μL of Resuspension Buffer and 12.5 μL of thawed A‐Tailing 

Mix to each tube, after which they were incubated on a pre‐heated thermal cycler at 37°C for 30 

minutes. 
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2.3.6 Ligate adapters 

This process ligates indexed adapters to the ends of the ds cDNA, preparing them for 

hybridization onto the sequencing flow cell. Appropriate RNA Adapter Indexes were selected 

based on the number of samples to be pooled. Indexes are important for de-multiplexing after 

the sequencing run. The indexes chosen must also be compatible for identification of clusters 

based on the color emitted by the fluorescently tagged nucleotides, otherwise, index read 

sequencing could fail. The possible options for single-indexed pooling with the TruSeq RNA LT kit 

are provided in table 2.1.  

 

Table 2.1 Possible options for single-indexed pooling 

Plexity Option Adapters 

2 1 AR006 and AR012 

2 AR005 and AR019 

3 1 AR002, AR007, and AR019 

2 AR005, AR006, and AR015 
3 2-plex options with any other adapter 

4 1 AR005, AR006, AR012, 
and AR019 

2 AR002, AR004, AR007 
and AR016 

3 3-plex options with any other adapter 

 

2.5 μL of DNA Ligase Mix, 2.5 μL of Resuspension Buffer and 2.5 μL of the selected, thawed RNA 

Adapter Index was added to the tubes after adenylation and mixed by gentle pipetting. The 

tubes were incubated on the thermal cycler, at 30°C for 10 minutes, with the lid pre-heated to 

100°C.  5 μL of Stop Ligase Mix was added to the tubes and mixed by gentle pipetting, to 

inactivate the ligation mix. 42 μL of mixed AMPure XP Beads was added to the tubes and mixed 

well by pipetting.  The tubes were incubated at room temperature for 15 minutes and then 

placed on the magnetic stand at room temperature for at least 5 minutes. The supernatant was 

discarded and the beads were washed twice with 200 μL of freshly prepared 80% EtOH as 

mentioned previously. The pellet was dried at room temperature for 5 minutes, and the tubes 

were then removed from the magnetic stand. The pellet was resuspended in 52.5 μL of 

Resuspension Buffer. The tubes were incubated at room temperature for 2 minutes, followed by 

5 minutes incubation on the magnetic stand at room temperature. 50 μL of the clear 
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supernatant from the tubes was transferred to new PCR tubes. The adapter-ligated libraries 

were cleaned up for the second time by adding 50 μL of mixed AMPure XP Beads to the tubes in 

a similar manner. The pellet obtained was then resuspended in 22.5 μL of Resuspension Buffer. 

The tubes were incubated at room temperature for 2 minutes, followed by incubation on the 

magnetic stand at room temperature for 5 minutes to separate the beads.  20 μL of the clear 

supernatant was transferred from each tube into new PCR tubes. This is a safe stopping point in 

the protocol, where the tubes can be safely stored for a week at ‐15° to ‐25°C. However, we 

continued ahead to the enrichment step. 

2.3.7 Enrich DNA fragments 

PCR is used to selectively enrich those DNA fragments that have adapter molecules on both 

ends. PCR is performed with a PCR primer cocktail which anneals to the ends of the adapters. 

The number of PCR cycles is minimized to avoid skewing the representation of the library. This 

process involved mixing the adapter ligated libraries with 5 μL of thawed PCR Primer Cocktail 

and 25 μL of thawed PCR Master Mix, followed by amplification. The amplification program 

included pre-heating the lid to 100°C. The steps in the program are as follows: 98°C for 30 

seconds and 15 cycles of: 98°C for 10 seconds, 60°C for 30 seconds and 72°C for 30 seconds, 

followed by 72°C for 5 minutes and holding at 4°C.  

 

For the cleanup, 50 μL of mixed AMPure XP Beads was added to these tubes and mixed well by 

pipetting. The tubes were incubated at room temperature for 15 minutes and then placed on 

the magnetic stand at room temperature for at least 5 minutes. The supernatant was discarded 

and the beads were washed twice with 200 μL of freshly prepared 80% EtOH as previously 

described. The pellet was dried at room temperature for 5 minutes, after which the tubes were 

removed from the magnetic stand. The pellet was resuspended in 32.5 μL of Resuspension 

Buffer. The tubes were incubated at room temperature for 2 minutes, followed by 5 minutes 

incubation on the magnetic stand at room temperature.  30 μL of the clear supernatant from 

the tubes were transferred to new PCR tubes. This is a safe stopping point in the protocol, 

where the tubes can be safely stored for a week at ‐15° to ‐25°C; however, we immediately 

moved to the next step of validating the libraries. 
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2.3.8 Validate libraries 

Library validation involves performing quality control analysis and quantification of the cDNA 

library templates. 

2.3.8.1 Quality Control 

The quality of the libraries produced were checked on TapeStation (Agilent, Palo Alto, CA, USA), 

using the D1K ScreenTape and reagents. The protocol for sample preparation is available at 

Agilent’s website (http://www.chem.agilent.com/Library/usermanuals/Public/G2964-90000_ 

TapeStation_ USR_ENU.pdf).  

 

This involves mixing 3 μL of the D1K sample buffer with 1 μL DNA sample by vortexing for 5 

seconds, after which they were loaded into different tubes of a strip tube. 3 μL D1K Ladder was 

loaded into the first tube of the tube strip. The strip tubes were centrifuged briefly to position 

the sample at the bottom of the tubes. The tubes were placed in the TapeStation and the run 

was started using the TapeStation Controller software. The TapeStation controller analyzes the 

results of the run and provides an electropherogram corresponding to the banding pattern 

observed for each sample. A band at approximately 260 bp indicates good quality libraries for 

this library preparation protocol. 

2.3.8.2 Quantification of libraries 

Accurate quantification of the DNA library templates is important for obtaining optimum cluster 

densities, so as to achieve the highest quality of data on sequencing platforms. The DNA library 

templates were quantified using Qubit™ dsDNA high sensitivity (HS) assay kit for Qubit 2.0® 

Fluorometer (Invitrogen, Life technologies, Grand Island, NY, USA). The protocol for this assay 

(available at Invitogen’s website: http://probes.invitrogen.com/media/pis/mp32851.pdf) is 

provided here.  

 

Working solution was prepared by diluting the dsDNA HS reagent 1:200 in required volumes of   

dsDNA HS buffer. 190 μL of the working solution was aliquoted into two tubes for standards. 10 

μL of each Qubit™ standard was added to the appropriate labeled tube and mixed by vortexing 

for 2–3 seconds. 199 μL of the working solution was adding into individual assay tubes, followed 
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by 1 μL of the sample. It was mixed by vortexing for 2–3 seconds. All the tubes were incubated 

at room temperature for 2 minutes. On the Home Screen of the Qubit® 2.0 Fluorometer, dsDNA 

High Sensitivity was selected as the assay type after selecting DNA. On prompting for reading 

standards, the standard tubes were introduced and read in the appropriate order. Once the 

standards were set, the samples were introduced and read. The stock concentration was 

calculated by the machine, but could be calculated manually using the formula:  

                                                   

Where, 

QF value = the value given by the Qubit® 2.0 Fluorometer 

x = the number of microliters of sample added to the assay tube 

The units will be the same as displayed on the fluorometer. 

A minimum of three replicates for each sample was prepared. The concentration of the libraries 

was determined by calculating the average concentration of the replicates of the sample. To 

convert the concentration of libraries to nM, the following formula was used. 

                                

Where, 

Y = average concentration of the library in ng/μL 

X = insert size (bp size obtained from TapeStation) × Average weight of a DNA bp in Daltons (650 

Da) 

2.3.9 Pooling libraries 

The libraries were normalized to 10 nM using 10 mM Tris‐Cl, pH 8.5 with 0.1% Tween 20. 10 μL 

of each of the normalized libraries was pooled and mixed by gentle pipetting. 

2.3.10 Loading the reagent cartridge and starting the MiSeq run 

The reagent cartridge was thawed in a room temperature water bath for an hour prior to use. It 

was mixed well by inverting 10 times just before loading the libraries. The pooled 10 nM library 

was diluted to 4 nM with 10 mM Tris-Cl, pH 8.5 with 0.1% Tween 20. This 4 nM library was 

denatured with freshly diluted 0.2 N NaOH (pH > 12) for 5 minutes, bringing the concentration 

of the library to 2 nM. The denatured library was diluted to 18 pM with pre-chilled HT1 buffer. A 
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sample sheet containing the sample information, sequencing run information and the indexes 

used was prepared using Illumina Experiment Manager and the sequencing process was set to 

generate FASTQ files only with the adapter trimming option not selected. The sample sheet was 

loaded onto the MiSeq computer and saved on the default sample sheet folder of the 

sequencing machine.  

 

A clean and empty 1 mL pipette tip was used to pierce the foil seal over the reservoir labeled 

“Load Samples” on the thawed cartridge. 600 μL of the 18 pM denatured library was loaded into 

this reservoir. The flow cell was thoroughly cleaned with water and alcohol, and was loaded into 

the flow cell compartment, followed by the reagent cartridge contained the denatured libraries.  

The PR2 bottle (Hybridization buffer) and the waste bottle were placed in their compartment, 

after which the run was started.  

2.4 De novo assembly 

MiSeq generates the sequence reads in FASTQ format. These were assembled using “De novo-

transcriptome assembly” in SeqMan NGen® 4.1 program (hereafter called NGen) from 

Lasergene DNASTAR software package (Madison, WI, USA). The fastq raw read files were 

assembled according to the steps mentioned in the DNASTAR SeqMan NGen user manual 

(http://www.dnastar.com/skins/skin_1/pdf/SeqMan_NGen_Help.pdf). The parameters used for 

assembly were: insert size of 300 bp, vector/adapter scan with the adapter sequence (obtained 

from Illumina) for trimming the adapters from the sequences, with the trim length changed to 

20 bp. In the assembly options, mer size was set to automatic, which uses a mer size of 21 bp. 

The minimum match percentage was set at 90%, with the removal of contigs having less than 30 

reads and a minimum length of the contig at 500bp after assembly. The genome ploidy was set 

to population/other. 

2.5 Data analysis for gene expression 

The ArrayStar® program from Lasergene DNASTAR software package (Madison, WI, USA) was 

used to perform the data analysis on the RNA-Seq files. ArrayStar® uses QSeq to quantify gene 

expression values by simulating expression levels by mapping DNA sequences to a reference 
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genome. The reference genome for this experiment was created by running a CAP3 (Huang and 

Madan 1999) assembly on the transcriptomes (contigs) obtained from the NGen assembly of 3 

DPA and 5 DPA sequencing runs. The steps followed to analyze the data using ArrayStar® was 

based on the instructions provided in ArrayStar® manual available at http://www.dnastar.com 

/skins/skin_1/pdf/ArrayStar_5_Tutorials.pdf. “RPKM” (Reads assigned per kilobase of target per 

million mapped reads) was used as the normalization method. The default statistic, Student’s t-

test with FDR adjustment (Benjamini Hochberg), was used to determine the confidence of the 

results. FDR is a type of multiple testing correction used with large datasets, to reduce the 

number of false positives and to increase the chance of identifying all the differentially 

expressed genes.  For determining the fold change, 3 DPA was assigned as the control and 5 DPA 

as the experiment. The genes with at least 2-fold change in expression, identified with 95% 

confidence were selected for further analysis.  

2.6 Protein extraction and acetone precipitation 

Protein was extracted from ground cotton fibers using the phenol extraction protocol described 

by Kottapalli et al. (2008). 100 mg of well-ground cotton fiber was used as the starting material. 

Protein was extraction using 540 μL of extraction media (EB) [0.9 M sucrose, 0.1 M Tris–HCl (pH 

8.8), 10 mM EDTA (pH 8.0) and 0.4% (v/v) 2-mercaptoethanol (2-ME) in Milli Q (MQ) water] and 

540 μL of Tris-buffered phenol (pH 8.8). Care was taken to avoid thawing the sample prior to 

adding EB. The two phases were mixed well by inversion for 30 minutes and then spun at 

maximum speed (16100 rcf) for 30 minutes at 4°C, to facilitate phase separation. The aqueous 

phase containing the proteins was transferred to a fresh tube and stored on ice. The phenol 

phase was re-extracted with 450 μL EB and 450 μL off Tris-buffered phenol. The phases were 

mixed by inversion for 5 minutes and then separated by centrifugation at 16100 rcf for 30 

minutes at 4°C. The aqueous phases were pooled and mixed with 5 volumes of 0.1 M 

ammonium acetate. They were incubated overnight at -20 °C. 

 

The next morning, the tubes were spun at 16100 rcf for 30 minutes at 4°C. The supernatant was 

discarded and the pellet was washed with 1 mL of ammomium acetate in methanol. This 

involved the complete resuspension of the pellet in solution by repeated use of vortexer, 
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sonicator and homogenizer. Once the pellet was in solution, the tubes were incubated at -20°C 

for 30 minutes. This was followed by centrifugation at 16100 rcf for 30 minutes at 4°C. This wash 

step was repeated. A similar wash step was performed twice with 1 mL ice-cold 80% acetone 

and once with 1 mL ice-cold 70% ethanol after which the pellet was dried at 37°C in an 

incubator.  The dried pellet was resuspended in 200 μL LB-TT [ 7 M Urea, 2 M thiourea, 4% (w/v) 

CHAPS, 18 mM Tris–HCl (pH 8.0–8.3), 14 mM Trizma base (pH 8.0), 0.2% (v/v) Triton X-100, 1 

EDTA-free proteinase inhibitor cocktail tablet, and 50 mM dithiothreitol (DTT) in autoclaved 

MilliQ (MQ) water]. The pellet was allowed to go into solution naturally. After the pellet was 

completely resuspended, the tubes were vortexed to ensure that all the protein was solubilized 

and were then stored at -80 °C until further use. 

 

Three technical replicates of cotton fiber protein were extracted from each stage. Protein 

samples were quantified by Bradford assay.  For quantification, 6 μL of the sample was diluted 

with 54 μL of LB-TT without DTT, 740 μL of water and quantified with 200 μL of filtered Bradford 

reagent (Bio-Rad, Hercules, CA, USA). 100 µg of protein from each replicate was set aside. The 

remaining protein samples were used for preliminary testing which revealed the interfering 

effects of excess LB-TT on electrophoresis. To increase the concentration of protein in the buffer 

and to normalize the volumes of protein across samples, the 100 µg of protein collected from 

the replicates were acetone precipitated using the protocol from Pierce Biotechnology 

(Rockford, IL, USA, http://www.piercenet.com/files/TR0049-Acetone-precipitation.pdf). For 

acetone precipitation, the protein samples were vortexed with 4 volumes of ice-cold acetone 

(Table 2.2) and incubated for an hour at -20°C. The samples were then spun for 10 minutes at 

16100 rcf, following which the supernatant was carefully discarded. The pellet was dried at 

room temperature for 30 minutes and then resuspended in 15 μL LB-TT.  

 

 

 

 

 

 



Texas Tech University, Komal Ramesh Kunder, May 2013 

21 

 

Table 2.2 Protein concentrations obtained and the volume of acetone used for precipitation 

Sample 
Protein 
concentration 
(µg/µL) 

Buffer volume 
for 100 µg (µL) 

Volume of 
acetone 
needed (µL) 

3-1 3.00 33.35 134 

3-2 3.00 33.35 134 

3-3 2.33 42.96 172 

5-1 3.10 32.26 130 

5-2 2.95 33.90 136 

5-3 2.59 38.55 155 

 

2.7 GeLC and mass spectrometry 

GeLC was used to separate the concentrated proteins based on size and generate fractions to be 

run on the mass spectrometer. This involved the separation of protein using 1D PAGE, in-gel 

digestion of the protein fractions, nano-flow liquid chromatography (nano-LC), followed by 

electrospray ionization-mass spectrometry. The protocol used for these steps is provided below. 

2.7.1 1D PAGE 

15 μL of the protein sample was mixed with 10 μL of loading buffer (0.06 M Tris pH 6.8, 10% 

glycerol, bromophenol blue), 13 μL 10 mM Tris-Cl pH 7.5 and dithiothreitol (DTT).  This mixture 

was vortexed and heat denatured for 10 minutes at 95°C and was loaded onto 10% Mini-

PROTEAN® TGX™ Precast Gel (Bio-Rad, Hercules, CA, USA). 1 X TGS (250 mM Trizma base, 1.92 

mM Glycine, 1% (w/v) SDS), pH 8.3 was used as the running buffer. The gels were run at 70V for 

better separation of proteins. On the completion of electrophoresis, gels were placed in fixing 

solution (50% ethanol, 10% acetic acid, 40% Milli-Q water) for one hour to fix the protein bands 

and then overnight in staining solution (10% phosphoric acid(85%), 10% ammonium sulphate, 

20% methanol and 0.12% Coomassie G-250) to stain the protein bands. The gel was washed 

twice with water to remove the excess stain. Each sample lane was cut into 12 equal pieces. 

Each of these pieces were further cut into smaller pieces and collected in different wells of 96-

well plate (Beckman Coulter, flat bottom plates). These gel pieces were decolorized by washing 

with 50% acetonitrile (ACN) in 100 mM ammonium bicarbonate, at 37°C for 15 minutes at 250 
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rpm (Innova 4000, Incubator shaker, New Brunswick Scientific, Edison, NJ, USA). This wash was 

repeated 3 more times to sufficiently decolorize the gel pieces.   

2.7.2 In-gel digestion 

The decolorized gel pieces were subjected to in-gel digestion as described in Shevchenko et al. 

(2006). The first step was reduction, which was done using sufficient volume of 10 mM DTT so as 

to cover the gel pieces. They were incubated for 1 hr at 56°C at 250 rpm. The DTT was discarded 

and the gel pieces were washed with 50% ACN for 5 minutes to remove any excess DTT. 

Alkylation was performed with 55 mM Iodoacetamide (IA) in 40 mM ammonium bicarbonate 

and incubated in dark for 30 minutes at room temperature. This was followed by another 50% 

ACN wash. The gel pieces were then dehydrated by adding 100% ACN to get all the liquid out of 

the gel. The ACN was discarded and the gel pieces were dried for 10-15 minutes. Digestion was 

started by adding 30 μL of Trypsin solution (12.5 ng/μL in 25 mM ammonium bicarbonate). 

Additional 25 mM ammonium bicarbonate was added to replenish the buffer on gel expansion. 

The gel pieces were then incubated for 18 hours at 37°C. 

 

Peptide extraction was performed twice using 50% ACN, 0.1% formic acid solution and a final 

extraction by dehydrating the gel pieces by adding 100% ACN. The pooled samples were 

completely dried down in a speed vacuum centrifuge (SPD131DDA, Thermo, Waltham, MA, 

USA). The peptides were then resuspended in 22 μL of 0.1% formic acid. 

2.7.3 Nano-LC-MS/MS 

The peptides from in-gel digestion were analyzed by nano-flow liquid chromatography tandem 

mass spectrometry (nano-LC-MS/MS) using an LTQ-XL ion trap mass spectrometer (Thermo 

Scientific, Waltham, MA, USA). The peptides were separated using chromatography in a Dionex 

nano-HPLC (Ultimate 3000) with a trapping column (C18, 3 µm, 100 Å, 75 µm x 2 cm) followed 

by a reverse phase column (C18, 2 µm, 100 Å, 75 µm x 15 cm, nanoViper). 10 μL of the peptides 

were initially injected into the trapping column, which was equilibrated with 1% ACN, 0.1% 

formic acid in water and washed for 10 minutes with the same solvent at a flow rate of 5 

µL/min. After washing, the trapping column was switched to the reverse-phase analytical 
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column and bound peptides were eluted using solvents A (2% ACN, 0.1% formic acid in water) 

and B (98% ACN, 2% water, and 0.1% formic acid) at a flow rate of 300 nL/min. The gradient was 

kept constant for the first 10 minutes at 4% solvent B followed by a quick increase to 11% 

solvent B in 5 minutes. This was continued with a linear increase up to 40% solvent B in 35 

minutes. Solvent B was further increased to 60% in 12 minutes followed by a fast increase up to 

95% solvent B over 3 minutes. The column was kept at 95% solvent B for an additional 2 minutes 

to get all the remaining peptides out. The column was then re-equilibrated to 4% solvent B over 

a period of 5 minutes. The eluted peptides were directed into the nanospray ionization source 

of the LTQ-XL with a capillary voltage of ~2 kV. The collected spectra were scanned over the 

mass range of 300-2000 atomic mass units. Data dependent scan settings were defined to 

choose the 6 most intense ions with dynamic exclusion list size of 100, exclusion duration of 30 

seconds, repeat count of 2, and repeat duration of 15 seconds. MS/MS spectra were generated 

by collision-induced dissociation of the peptide ions at normalized collision energy of 35%.  

2.8 Creation of fiber transcriptome and proteome 

A reference proteome based on the RNA-Seq data was created for a more refined protein 

search and identification. Towards this goal, a CAP3 assembly was done on the transcriptomes 

obtained from the NGen assembly of the sequencing runs on various stages of cotton fiber 

development, performed at the Center for Biotechnology and Genomics, Texas Tech University. 

These stages were 3 DPA, 5 DPA, 11 DPA, 17 DPA, 21 DPA, and 24 DPA. This assembled file was 

six-frame translated using an in-house perl script, which formed the cotton fiber reference 

proteome.  Another reference proteome was created in a similar manner by combining the 

transcriptomes of the six stages with the contigs from the Cotton-46 database (available at 

http://128.192.141.98/CottonFiber/pages/estlib/AnalysisAids.aspx) and the D-genome 

sequenced in Wang et al (2012). The protein results obtained with this database was compared 

with the results identified from the RNA-Seq based proteome database, to determine if there 

was any improvement in identification with the RNA-Seq derived proteome. 
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2.9 Protein identification 

The peaks detected by the mass spectrometer were identified using the “X! Tandem” algorithm 

of GPM manager (The Global Proteome Machine Organization, http://www.thegpm.org). The 

.raw files obtained from the mass spectrometer were converted to .mzxmL using MM File 

Conversion Tool (MassMatrix, Case Western Reserve University, Cleveland, OH, USA). “X! 

Tandem” matches tandem mass spectra with peptide sequences. It calculates the statistical 

confidence (expectation values (e)) for all of the individual spectrum-to-sequence assignments.  

In this search, the parameters were set to find models with peptide log(e) < -1 and protein log(e) 

< -1. A simple one directory search was done with the merged output file option set to simple. 

Protein identification was done against the two reference proteomes created. The reversed 

sequences option was set to yes. This creates a database where the sequences present in the 

target database are reversed, providing for a decoy search. A protein search against this 

database is done after the search in the target database. Any hits found in this reversed 

database will be given a “:reversed” tag in the description of the output file. By comparing the 

scores produced in the decoy search with the normal search, the software reduces the number 

of false positives. Fragment mass error was left at the default value of 0.4 Da. 

Carbamidomethylation of cysteine was selected as the complete modification and oxidation of 

methionine as potential modification. Oxidation of M, W (methionine, tryptophan) and 

deamidation of N, Q (Asparagine, Glutamine) in round 1 and dioxidation of M, W in round 2 

were selected in refinement specification. Cleavage site was specified as trypsin, [RK] (Arginine, 

Lysine) and ion trap (4 Da) was selected as the pre-defined method.  

 

Once the search was complete, a merged output of the result was viewed in excel. 1% FDR 

(False Discovery Rate) was applied to reduce the possibility of false positives. This was done by 

manually selecting the rows till 1% of the sequences identified, included the “:reversed” tag. 

2.10 Quantitative proteomic analysis 

A manual method of quantitative proteomic analysis was performed, to obtain a preliminary 

insight into the protein levels at these stages. This involved comparing the average rI values 
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(number of peptides) of the commonly identified protein sequences across the 3 replicates 

between 3 DPA and 5 DPA. This provided us with a differentially expressed protein list for these 

stages. 

2.11 Annotation and pathway mapping 

The contig IDs of the differentially expressed transcripts and proteins, along with their sequence 

in fasta format, were uploaded on Mercator (MapMen Site of Analysis, http://mapman.gab 

ipd.org/web/guest/ mercator), for annotation. This generated a mapping file having “Bin ID” 

(functional categories) assigned to each input sequence. Mercator generates functional 

predictions by searching against 6 databases: 3 blast based searches—The Arabidopsis 

Information Resource (TAIR) 9, SwissProt plant proteins and UniProt Reference Clusters 

(UniRef), 2 RPS-Blast (Reverse Position-Specific Blast) based—Conserved Domain Database 

(CDD) and Clusters of Orthologous Groups of protein in eukaryotes (KOG), and an InterPro scan. 

This mapping file is an input for MapMan (Thimm et al. 2004)—a high-throughput data 

visualization and meta-analysis software. The experiment data set for MapMan consisted of an 

excel sheet containing the selected contigs and their fold change in log2 scale. MapMan displays 

the metabolic pathways and other biological pathways on which experimental dataset maps, 

along with a visual representation of the gene expression. The pathways thus obtained, showing 

the differentially expressed genes between 3 DPA and 5 DPA, were used for data interpretation. 
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CHAPTER III 

RESULTS 

 

3.1 Sequencing and de novo assembly 

Gene expression patterns in early elongating cotton fibers (3 DPA - 5 DPA) were analyzed by 

RNA-Seq using Illumina sequencing. The output parameters from the sequencing run and the 

read numbers obtained are provided in table 3.1.  

 

Table 3.1 Summary of the sequencing run and the read numbers 

Total yield 

(gigabases) 

Cluster 

density 

(K/mm
2
) 

Clusters 

Passing 

Filter 

(PF) (%) 

Total 

clusters 

(Million) 

Total 

clusters 

PF 

(Million) 

Average  

%  reads  

>= Q30 

2.1 991 89 7.76 6.91 89.2 

 

The sequencing run produced an output file of 2.1 gigabases. The run generated clusters at 991 

K/mm2 density, with 89% of the clusters passing filter, which is an Illumina chastity filter. 

Illumina sets the chastity of the base call as the ratio of the intensity of the greatest signal to the 

sum of the two greatest signals. If two or more base calls in a read have a chastity of less than 

0.6 in the first 25 cycles, then the cluster does not pass the filter. Based on this consideration, 

6.91 M (million) clusters of the 7.76 M clusters sequenced passed the filter.  89.2% of the bases 

(on an average between the paired end reads and the index reads) had a quality score (Q-score) 

of greater than or equal to 30.  Q-score is the probability of a wrong base call. A Q-score of 30 

implies a probability of 1 wrong base call in 1,000 base calls.   

 

The de-multiplexed fastq files from the sequencing run were assembled on SeqMan NGen 4.1.0 

(Table 3.2). 3 DPA had 6,570,054 raw reads, which assembled into 20,270 contigs whereas 5 

DPA had 7,063,378 raw reads, which assembled into 20,339 contigs.  The number of contigs > 2K 
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were 1,118 for 3 DPA and 1,675 for 5 DPA, with the contig N50 at 1,265 bases and 1,320 bases 

for 3 DPA and 5 DPA, respectively. Contig N50 is a standard statistic used to assess the quality of 

the assembly in terms of connectedness (Kingsford, Schatz, and Pop 2010). NGen defines it as 

the contig size at which 50% of the sequence data are represented or more specifically as Miller, 

Koren, and Sutton (2010) state “the length of the smallest contig in the set that contains the 

fewest (largest) contigs whose combined length represents at least 50% of the assembly”.  

 

Table 3.2 Summary of the de novo assembly of raw reads using SeqMan NGen 

Parameters 3 DPA 5 DPA 

Number of contigs 20,270 20,339 

Number of contigs > 2K 1,118 1675 

Number of assembled sequences 4,690,847 5,492,712 

Number of unassembled sequences  1,879,207 1,570,666 

Total number of sequences 6,570,054 7,063,378 

Contig N50 1,265 bases 1,320 bases 

Average length of contigs  1,065 1,152 

Average quality score of assembled 
sequences 

34 35 

 

3.2 Creation of reference proteome and protein identification 

The fiber transcriptome created from RNA-Seq on the 6 stages contained 62,427 contigs. This 

file was six-frame translated to form the cotton fiber reference proteome which had 374,562 

putative protein sequences. The reference proteome created by combining the transcriptomes 

of the six stages with the two genome databases had 539,448 putative protein sequences. The 

number of proteins identified against these two databases from 3 DPA and 5 DPA is provided in 

table 3.3. 
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Table 3.3 Summary table of the number of proteins identified using the two reference proteomes 

Stage 
Reference proteome with 
fiber RNA-Seq data, Cotton 46 
and D genome 

Reference proteome with 
only fiber RNA-Seq data 

% increase in 
proteins 
identified 

3-1 1316 1418 8 

3-2 1210 1367 13 

3-3 1174 1269 8 

5-1 1264 1336 6 

5-2 1397 1504 8 

5-3 1613 1729 7 

 
Around 8% increase in the number of proteins identified against the reference proteome 

created from the RNA-Seq data on 6 stages of fiber development was observed when compared 

with the identification against the reference proteome containing the EST database and the D-

genome. This supports the 2013 study of ABRF (iPRG, 2013) which stated the benefits of using 

RNA-seq data to create a proteome for protein identification. All the protein data presented in 

this study is obtained from identification against the RNA-Seq derived reference fiber proteome. 

3.3 Differentially expressed transcripts between 3 DPA and 5 

DPA 

A reference transcriptome for gene expression analysis was created by running a CAP3 assembly 

on the 3 DPA and 5 DPA transcriptomes. This assembly produced 29,980 contigs which formed 

the ‘early elongation’ reference database. The raw reads from 3 DPA and 5 DPA sequencing run 

were analyzed on QSeq module of ArrayStar® against this reference database to obtain the 

differentially expressed transcript list. The transcripts having a minimum of 2-fold change, 

identified with 95% confidence were selected for interpretation. A scatterplot of the gene 

expression values of the 3 DPA and 5 DPA transcripts is provided in figure 3.1. 3,177 transcripts 

were identified as differentially expressed, with 1,320 transcripts up-regulated and 1,857 

transcripts down-regulated in 5 DPA, using 3 DPA as a control. A tabular representation of the 

10 most up-regulated and down-regulated transcripts is provided in table 3.4. IAA14, involved in 

auxin signaling, was the most up-regulated transcript (52.6). The most down-regulated 

transcript that was annotated was a kelch repeat-containing F-box family protein (-19.7), which 
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has been reported to be involved in protein degradation via the ubiquitin pathway (Sun, Zhou, 

and Ma 2007). The fold change was log2 transformed (L2FC) to get the expression values in a 

suitable range for easy visualization in MapMan. The contig IDs along with their corresponding 

L2FC were used as the experimental data set for MapMan pathway mapping. The selected 

contigs with their sequences in fasta format were annotated in Mercator, which provides a 

mapping file used by MapMan to identify the pathways associated with the transcripts.  

 

Table 3.4 Ten most differentially expressed transcripts (DETs) in 5 DPA compared to 3 DPA 

Up-regulated transcripts 

Contig ID Description 
Fold 
Change 

contig23090 IAA14, SLR  IAA14 (INDOLE-3-ACETIC ACID INDUCIBLE 14)  52.6 

contig25435 esterase/lipase/thioesterase family protein  21.5 

contig18850 unknown 19.9 

contig19473 ATTPS21, TPS21  TPS21 (TERPENE SYNTHASE 21  18.6 

contig27534 glucose-methanol-choline (GMC) oxidoreductase family protein  17.9 

contig23408 ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  16.7 

contig24893 unknown 16.6 

contig25180 auxin efflux carrier family protein  15.8 

contig20687 TUB8; structural constituent of cytoskeleton  15.4 

contig21235 TUB6 (BETA-6 TUBULIN); structural constituent of cytoskeleton  15.0 

Down-regulated transcripts 

Contig ID Description 
Fold 
Change 

contig16157 SUS5, ATSUS5; UDP-glycosyltransferase/ sucrose synthase  -17.3 

contig14650 NRPC1; DNA binding / DNA-directed RNA polymerase/ 
ribonucleoside binding / zinc ion binding  

-17.4 

contig13808 unknown -17.5 

contig17889 ORF102  hypothetical protein  -17.6 

contig17774 SPX (SYG1/Pho81/XPR1) domain-containing protein / zinc finger 
(C3HC4-type RING finger) protein-related  

-18.3 

contig16533 PAP2, IAA27 (PHYTOCHROME-ASSOCIATED PROTEIN 2)  -18.7 

contig15047 LAC14 (laccase 14) -18.9 

contig17830 kelch repeat-containing F-box family protein  -19.7 

contig18050 unknown -21.1 

contig16147 unknown -56.3 
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3.4 Functional characterization of differentially expressed 

transcripts 

The functional characterization pie chart generated by Mercator for the 3 DPA vs. 5 DPA 

differential gene list is provided in figure 3.2. As a major portion of the cotton genome is yet to 

be resolved, it was expected that a big percentage of the transcripts would be unassigned 

(34.2%). Most of the transcripts mapped into protein (15.75 %) and RNA (12.63%) related 

functions.  This was followed by signaling (5.14%), cell (3.99%), and transport (3.99%). 

Redundancy was observed in the annotated gene lists, which could be due to non-overlapping 

of some sequence reads in NGen, possible splice variants and/or the presence of different 

members of a multigene family. Blast2GO (version 2.6.3) (Conesa et al. 2005) (available at: 

http://www.blast2go.com) was also used to validate the annotations generated by MapMan. 

Similar annotations were generated by Blast2GO and Mercator, with the Mercator annotations 

being more specific in most of the cases. All the annotations mentioned in this report are 

obtained from Mercator. To determine the pattern of gene expression, the tables of the 

differentially expressed gene lists were filtered to remove the transcripts which were annotated 

based on a “very weak” similarity with the Mercator databases. In cases where the pattern of 

gene expression was not clear, a consensus was reached based either on the number of 

transcripts having similar pattern of expression or the transcript with the highest fold change. 

 

The annotated transcripts associated with fiber development belonged to the following 

categories: “cell wall biosynthesis and degradation”, “carbohydrate metabolism”, “transport”, 

“cell organization”, “redox”, “glycolysis”, “TCA”, “gluconeogenesis”, “mitochondrial electron 

transport”, “lipid biosynthesis”, “signaling”, “phytohormones”,  “transcription factors”, “large 

enzyme families” and “secondary metabolites”. The MapMan metabolism overview for the 

differentially expressed gene list is provided in figure 3.3.   
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Figure 3.1 Scatterplot obtained from gene expression analysis between 3 DPA and 5 DPA in ArrayStar®. 

The points highlighted in white are the transcripts which have at least 2-fold change in expression, 

identified with 95% confidence.  
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Figure 3.2 Mercator generated pie-chart representation of the functional categories of the 3,177 differentially expressed transcripts. 
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Figure 3.3 An overview of the differentially expressed transcripts involved in metabolism. The pathway was generated in MapMan, with 3 DPA as the control 

and 5 DPA as the experiment. 
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3.4.1 Cell wall biosynthesis and modification 

The differentially expressed transcripts involved in cell wall formation, modification and 

degradation is provided in table 3.5. An up-regulation of fasciclin-like arabinogalactan (FLA) 2 

was observed, but FLA1 and FLA8 were down-regulated. Cellulose synthase, pectinesterases, 

expansins, pectate lyases and glycosyl hydrolases were up-regulated. Among the down-

regulated cell wall degradation transcripts were glycoside hydrolases, β-xylosidase 1 and α-L-

fucosidase 1. The enzymes in the synthesis of cell wall precursors, UDP (uridine diphosphate)- D-

glucuronate 4-epimerase, UDP-sugar pyrophosphorylase, GDP (guanosine diphosphate )-D-

mannose-3,5-epimerase, and UDP decarboxylase were down-regulated. A pictorial 

representation of the enzymes involved in cell wall precursor synthesis, along with their 

expression values is shown in figure 3.4. 

 

Table 3.5 The DETs involved in cell wall synthesis, modification and degradation 

Contig ID Description L2FC 

Cell wall proteins  

   

contig27344 FLA2 (FASCICLIN-LIKE ARABINOGALACTAN 2)  1.3 

contig25233 FLA2 (FASCICLIN-LIKE ARABINOGALACTAN 2)  1.4 

contig24777 AGP8 | FLA8 (FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 8)  -1.4 

contig15519 FLA1 (FASCICLIN-LIKE ARABINOGALACTAN 1) -1.6 

Cellulose synthesis  

   

contig27380 CSLE1 (CELLULOSE SYNTHASE-LIKE PROTEIN E1) 2.7 

contig29541 CSLD2 (CELLULOSE-SYNTHASE LIKE D2) 1.6 

contig24025 CSLE1 (CELLULOSE SYNTHASE-LIKE PROTEIN E1) 1.5 

contig29383 COBL1 (COBRA-LIKE PROTEIN 1 PRECURSOR)  1.4 

contig22972 CSLE1 (CELLULOSE SYNTHASE-LIKE PROTEIN E1) 1.3 

contig4796 CESA5 (CELLULOSE SYNTHASE 5) 1 

Cell wall degradation  

  

Pectate lyases  

contig29316  pectate lyase family protein  1.8 

mannan-xylose-arabinose-fucose  

contig27801  (1-4)-beta-mannan endohydrolase, putative  1.5 

contig1920  BXL1 (BETA-XYLOSIDASE 1) -1.7 

contig13837  ATFUC1 (alpha-L-fucosidase 1) -2.2 

Cellulases and beta -1,4-glucanases  

contig26674  glycosyl hydrolase family 3 protein  1.9 

contig25849  glycosyl hydrolase family 3 protein  1.9 
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Table 3.5 Continued 

Contig ID Description L2FC 

contig25111  AtGH9B13 (Arabidopsis thaliana glycosyl hydrolase 9B13) 1.9 

contig23478  glycosyl hydrolase family 3 protein  1 

Polygalacturonases  

contig17969 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family 
protein  

-1.1 

contig13920 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family 
protein  

-1.3 

contig17507 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family 
protein  

-1.5 

contig16290 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family 
protein  

-2.3 

Cell wall precursors  

  

Phosphomannose isomerase  

contig28913  DIN9 (DARK INDUCIBLE 9), PMI2 2.5 

UGD   

contig28915  UDP-glucose 6-dehydrogenase, putative  1.3 

GAE   

contig14422  GAE2 (UDP-D-GLUCURONATE 4-EPIMERASE 2) -1 

contig10335  GAE1 (UDP-D-GLUCURONATE 4-EPIMERASE 1) -1.1 

contig12323  GAE5 (UDP-D-GLUCURONATE 4-EPIMERASE 5) -1.3 

contig10944  GAE6 (UDP-D-GLUCURONATE 4-EPIMERASE 6) -1.8 

NDP sugar pyrophosphorylase - multiple NDP-Sugars  

contig14613  ATUSP (ARABIDOPSIS THALIANA UDP-SUGAR PYROPHOSPHORYLASE) -2.3 

UXS   

contig15504  UXS2, AUD1 (UDP-glucuronate decarboxylase) -1.3 

contig10015  UXS5 (UDP-glucuronate decarboxylase) -1.5 

contig16970  GME (GDP-D-MANNOSE 3',5'-EPIMERASE) -2.2 

Pectinesterase  

   

contig27303  ATPME2 pectinesterase 2 1.7 

contig21277  pectinacetylesterase, putative  1.4 

contig2712  ATPME3 pectinesterase  3 1.3 

contig28715  ATPME3 pectinesterase  3 1.3 

Cell wall modifications  

   

contig25777  EXGT-A4 (ENDOXYLOGLUCAN TRANSFERASE A4) 1.1 

contig25906  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  1.6 

contig27368  ATEXPA10 (ARABIDOPSIS THALIANA EXPANSIN A 10) 1.6 

contig22074  XTR2 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE RELATED 2) 1.8 

contig24817  ATEXPA6 (ARABIDOPSIS THALIANA EXPANSIN A6)  1.8 

contig23408  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  4.1 
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Figure 3.4 The cell-wall precursor pathway obtained in MapMan depicting the differentially expressed transcripts.

1 – NDP sugar 

pyrophosphorylase 

2 – Phosphomannose isomerase 

3 – Phosphoglycerate mutase 

4 – Pyruvate kinase 

5 – Glycolysis related 

6 – Sucrose degradation (Sus) 

7 – UGD (UDP-glucose 6-

dehydrogenase) 

8 – GAE (UDP-D-glucuronate 4-

epimerase) 

9 – UXS (UDP-glucuronate 

decarboxylase) 
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3.4.2 Carbohydrate metabolism  

Among the transcripts related to carbohydrate metabolism, sucrose synthase transcripts were 

down-regulated at 5 DPA (Table 3.6). Sucrose synthase transcript was also one of most down-

regulated transcript at 5 DPA (Table 3.4). Callose synthase was down-regulated, whereas the 

transcripts related to trehalose synthesis were up-regulated at 5 DPA (Table 3.6). In addition, 

transcripts related to starch synthesis and degradation were also identified, which were down-

regulated at 5 DPA (Table A1). The sucrose-starch synthesis and degradation pathway obtained 

from MapMan along with a pictorial representation of the expression values of the transcripts is 

shown in figure 3.5. 

 

Table 3.6 The transcripts involved in carbohydrate metabolism 

Contig ID Description L2FC 

Sucrose degradation 

 

Fructokinase 

contig18546  kinase  -1.1 

contig10566  pfkB-type carbohydrate kinase family protein  -1.5 

Sucrose Synthase 

contig18905  SUS4 -1.2 

contig8180  SUS1 (SUCROSE SYNTHASE 1) -1.2 

contig8215  SUS1 (SUCROSE SYNTHASE 1) -1.6 

contig3011  SUS1 (SUCROSE SYNTHASE 1) -1.7 

contig16157  SUS5 -4.1 

   

Invertase   

contig22854 ATBETAFRUCT4; beta-fructofuranosidase 1.2 

Trehalose 

   

contig29666  trehalose-6-phosphate phosphatase, putative  1.3 

contig29867  ATTPS9 trehalose-phosphatase 1.1 

Callose 

   

contig16372 CALS5 (CALLOSE SYNTHASE 5); 1,3-beta-glucan synthase  -1.3 
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Figure 3.5 Pathway for sucrose-starch synthesis and degradation obtained from MapMan.

1 – Sucrose synthase  

2 – Invertase  

3 – Fructokinase  

4 – AGPase  

5 – Starch synthase  

6 – α-Glucan 

phosphorylase  

7 – Amylase 

8 – Carbohydrate 

kinase/water dikinase  

9 – 4-α-glucotransferase  
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3.4.3 Transport 

The differentially expressed transcripts involved in transport in the developing cotton fibers are 

provided in table 3.7. The transcripts relating to proton pumps (plasma membrane (p)- and 

vacuolar (v)-ATPase) were down-regulated in 5 DPA, whereas the transcripts related to the 

water channels—major intrinsic proteins (MIP) were up-regulated. Moreover, transcripts 

related to the transfer of ions—porins, potassium, sugar, calcium and ABC transporters were up-

regulated as well (Table A2). 

 

Table 3.7 Transcripts associated with MIP and proton pumps 

Contig ID Description L2FC 

Major Intrinsic Proteins 

 

contig21628 NIP1;2 (NOD26-LIKE INTRINSIC PROTEIN 1;2); arsenite transmembrane 
transporter/ water channel  

2.6 

contig27260 F-box family protein  2.5 

contig3362 PIP2A (PLASMA MEMBRANE INTRINSIC PROTEIN 2A); water channel  1.8 

contig16837 TIP1;3 (TONOPLAST INTRINSIC PROTEIN 1;3); urea transmembrane 
transporter/ water channel  

1.6 

contig27424 DELTA-TIP; ammonia transporter/ methylammonium transmembrane 
transporter/ water channel  

1.5 

contig23139 PIP3 (PLASMA MEMBRANE INTRINSIC PROTEIN 3); water channel  1.3 

contig20332 PIP3 (PLASMA MEMBRANE INTRINSIC PROTEIN 3); water channel  1.1 

contig21865 TIP1;3 (TONOPLAST INTRINSIC PROTEIN 1;3); urea transmembrane 
transporter/ water channel  

1.1 

contig26054 PIP2;4 (PLASMA MEMBRANE INTRINSIC PROTEIN 2;4); water channel  1 

p- and v-ATPases 

   

contig28657 ALA1 (aminophospholipid ATPase1); ATPase, coupled to transmembrane 
movement of ions, phosphorylative mechanism  

1.3 

contig9450 vacuolar ATPase subunit F family protein  -1 

contig11373 ATP synthase subunit H family protein  -1.4 

contig18094 vacuolar ATP synthase subunit H family protein  -1.4 

contig8536 vacuolar ATP synthase subunit D (VATD) / V-ATPase D subunit / vacuolar 
proton pump D subunit (VATPD)  

-1.6 

contig15933 haloacid dehalogenase-like hydrolase family protein  -1.7 

contig7343 ALA3 (Aminophospholipid ATPase3); ATPase, coupled to transmembrane 
movement of ions, phosphorylative mechanism / phospholipid transporter  

-1.7 
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3.4.4 Cell organization 

Among the transcripts related to cell organization (Table 3.8), tubulins, actins, ankyrin repeat 

family protein, kinesin motor family protein, myosin and tetratricopeptide repeat (TPR) 

containing transcripts were identified. Of these classes, tubulins, ankyrin repeat family protein 

and kinesin motor family were up-regulated, whereas actin, actin-binding, myosin and TPR 

containing transcripts were down-regulated at 5 DPA compared to 3 DPA. 

 

Table 3.8 Transcripts involved in cell organization 

Contig ID Description L2FC 

Actin related 

   

contig27595 ATFIM1; actin binding  2.3 

contig28767 FIM2 (FIMBRIN-LIKE PROTEIN 2); actin binding  2.1 

contig19766 ADF5 (ACTIN DEPOLYMERIZING FACTOR 5); actin binding  1.9 

contig18455 ATARP5 (ACTIN-RELATED PROTEIN 5); structural constituent of cytoskeleton  -1.1 

contig13686 DIS1 (DISTORTED TRICHOMES 1); ATP binding / actin binding / protein binding / 
structural constituent of cytoskeleton  

-1.2 

contig15848 ATARP6; structural constituent of cytoskeleton  -1.3 

contig11193 CRK, ARPC5  CRK (CROOKED); actin binding  -1.4 

contig15464 DIS1 (DISTORTED TRICHOMES 1); ATP binding / actin binding / protein binding / 
structural constituent of cytoskeleton  

-1.7 

contig14124 ACT7 (ACTIN 7); structural constituent of cytoskeleton  -1.8 

Tubulin related 

   

contig21235 TUB6 (BETA-6 TUBULIN); structural constituent of cytoskeleton  3.9 

contig20687 TUB8; structural constituent of cytoskeleton  3.9 

contig20872 TUB1; GTP binding / GTPase/ structural molecule  1.3 

contig9718    TTN1 (TITAN 1); tubulin binding  -1.1 

Ankyrin repeat family protein  

   

contig25924 ankyrin repeat family protein  1.3 

contig24534 ankyrin repeat family protein  1 

contig27826 ankyrin repeat family protein  1 

contig17624 ankyrin repeat family protein  -1.2 

contig18141 ankyrin repeat family protein  -2.1 
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Table 3.8 Continued 

Contig ID Description L2FC 

Kinesin motor family protein  

   

contig29103 ARK2  armadillo/beta-catenin repeat family protein / kinesin motor family 
protein  

1.8 

contig24877 kinesin motor family protein  1.8 

contig4099 kinesin motor protein-related  1.8 

contig27724 kinesin light chain-related  1.7 

contig28277 ARK2  armadillo/beta-catenin repeat family protein / kinesin motor family 
protein  

1.4 

contig27429 kinesin motor family protein  1.3 

contig13611 ARK2  armadillo/beta-catenin repeat family protein / kinesin motor family 
protein  

-1.1 

contig16354 ARK2  armadillo/beta-catenin repeat family protein / kinesin motor family 
protein  

-1.5 

Myosin 

   

contig16200 MYA2 (ARABIDOPSIS MYOSIN 2); GTP-dependent protein binding / Rab GTPase 
binding / motor  

-1.4 

TPR-containing protein  

   

contig14464 tetratricopeptide repeat (TPR)-containing protein  -1.1 

contig18131 tetratricopeptide repeat (TPR)-containing protein  -1.3 

 

3.4.5 Reactive oxygen species (ROS) regulation 

Transcripts related to ROS regulation such as ascorbates, glutathiones and thioredoxins showed 

an overall pattern of down-regulation in 5 DPA compared to 3 DPA. The transcripts identified in 

this category are provided in table 3.9.  

 

Table 3.9 Transcripts involved in ROS regulation 

Contig ID Description L2FC 

contig20796 ATH9 (thioredoxin H-type 9)  2.2 

contig23864 DHAR3 (dehydroascorbate reductase 1); glutathione dehydrogenase   
(ascorbate)  

1.3 

contig4801  GR (GLUTATHIONE REDUCTASE); ATP binding / glutathione-disulfide reductase  1.2 

contig25082  AtQSOX2 (quiescin-sulfhydryl oxidase 2); thiol oxidase  1.1 
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Table 3.9 Continued 

Contig ID Description L2FC 

contig11286 NTRA (NADPH-DEPENDENT THIOREDOXIN REDUCTASE A); thioredoxin-disulfide 
reductase  

-1.1 

contig13684 thioredoxin family protein  -1.2 

contig10442 CB5-E (CYTOCHROME B5 ISOFORM E); heme binding  -1.2 

contig11720 ATGPX2 (GLUTATHIONE PEROXIDASE 2); glutathione peroxidase  -1.2 

contig9020 peroxiredoxin type 2, putative  -1.2 

contig16179 APX6; L-ascorbate peroxidase/ heme binding / peroxidase  -1.4 

contig13515 ATAPRL5 (APR-like 5)  -1.7 

contig10949 ACYB-2; carbon-monoxide oxygenase  -2 

 

3.4.6 Energy metabolism 

Transcripts related to energy metabolism showed a general pattern of down-regulation. This 

included transcripts of enzymes involved in glycolysis, TCA (citric acid cycle), gluconeogenesis 

and mitochondrial electron transport (Table 3.10). A pictorial representation of the expression 

levels of the transcripts involved in mETS is provided in figure 3.6, and an overview of the 

expression levels of the transcripts involved in the glycolysis-TCA-mETS pathway is provided in 

figure 3.7. 

 

Table 3.10 Transcripts related to energy metabolism 

Contig ID Description L2FC 

Glycolysis   

   

contig21987  fructose-bisphosphate aldolase, putative  3.5 

contig18445  phosphoglycerate/bisphosphoglycerate mutase family protein  -1 

contig10868  LOS2; copper ion binding / phosphopyruvate hydratase  -1.2 

TCA 

   

contig28721 IIL1 (ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1); 4 iron, 4 sulfur 
cluster binding / hydro-lyase/ lyase  

1.4 

contig27396 ACA7 (ALPHA CARBONIC ANHYDRASE 7) 1.3 

contig11775  ATNADP-ME1 (NADP-malic enzyme 1); malate dehydrogenase (oxaloacetate-
decarboxylating) (NADP+) 

-1 

contig9736  ATNADP-ME3 (NADP-malic enzyme 3); malate dehydrogenase (oxaloacetate-
decarboxylating) (NADP+) 

-1.1 

contig10434 dihydrolipoamide S-acetyltransferase, putative  -1.3 
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Table 3.10 Continued 

Contig ID Description L2FC 

contig10441 IIL1 (ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1); 4 iron, 4 sulfur 
cluster binding / hydro-lyase/ lyase  

-1.3 

contig13193 dihydrolipoamide S-acetyltransferase, putative  -1.5 

contig10782 IIL1 (ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1); 4 iron, 4 sulfur 
cluster binding / hydro-lyase/ lyase  

-1.6 

contig693 CA2 (CARBONIC ANHYDRASE 2) -1.9 

contig18260 IIL1 (ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1); 4 iron, 4 sulfur 
cluster binding / hydro-lyase/ lyase  

-2 

contig12450 CA1 (CARBONIC ANHYDRASE 1) -3 

Gluconeogenesis / glyoxylate cycle  

   

contig21016  PCK1 (PHOSPHOENOLPYRUVATE CARBOXYKINASE 1) 1 

contig14848  MLS (MALATE SYNTHASE) -1.8 

Mitochondrial electron transport  

   

contig25216 ATG1 (ARABIDOPSIS TRANSMEMBRANE PROTEIN G1P-RELATED 1)  1.3 

contig27347 NADH:ubiquinone oxidoreductase family protein  1.2 

contig23341 NADH-ubiquinone oxidoreductase-related  1.2 

contig9584 NADH-ubiquinone oxidoreductase-related  -1 

contig11531 NADH-ubiquinone oxidoreductase 24 kDa subunit, putative  -1 

contig12854 DER2.2 (DERLIN-2.2)  -1.1 

contig8268 ATPQ (ATP SYNTHASE D CHAIN, MITOCHONDRIAL)  -1.2 

contig10194 NQR (NADPH:QUINONE OXIDOREDUCTASE); FMN reductase  -1.2 

contig16699 Coenzyme Q biosynthesis Coq4 family protein / ubiquinone biosynthesis Coq4 
family protein  

-1.3 

contig12528 cytochrome c oxidase assembly protein CtaG / Cox11 family  -1.5 

contig14039 ETFQO (electron-transfer flavoprotein:ubiquinone oxidoreductase) -1.8 

contig10410 cytochrome c oxidase subunit 6b, putative  -1.9 
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Figure 3.6 A pictorial representation of the differentially expressed transcripts involved in mETS, generated using MapMan. 
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Figure 3.7 A pictorial representation of the glycolysis-TCA-mETS pathway, with the differentially expressed 

transcripts, generated using MapMan. 

3.4.7 Lipid biosynthesis 

The transcripts related to lipid biosynthesis showed a mixed pattern of expression. The 

transcripts associated with phospholipids and sphingolipids synthesis were up-regulated at 5 

DPA. However, the transcripts for fatty acid synthesis and elongation were down-regulated. A 

1 – Aldolase, 

Phosphoglycerate mutase, 

and enolase  

2 – Pyruvate kinase  

3 – Fructokinase  

4 – Phosphoglycerate 

mutase  

5 – Pyruvate decarboxylase  

6 – Phosphoenolpyruvate 

carboxykinase  

7 – Isopropyl malate 

isomerase  

8 – Malate synthase  
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list of the differentially expressed transcripts involved in lipid biosynthesis is provided in table 

3.11. 

 

Table 3.11 Differentially expressed transcripts involved in lipid biosynthesis 

Contig ID Description L2FC 

Phospholipid synthesis  

   

contig29010 PSD1 (phosphatidylserine decarboxylase 1) 1.5 

contig19926 XPL1 (XIPOTL 1); methyltransferase/ phosphoethanolamine N-
methyltransferase  

1.5 

contig6445 PGP1 (PHOSPHATIDYLGLYCEROLPHOSPHATE SYNTHASE 1) 1.4 

contig5198 ATDGK7 (Diacylglycerol kinase 7) 1.4 

contig24691 UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase  1.1 

contig17045 phosphatidate cytidylyltransferase family protein  -1 

FA synthesis and elongation  

   

ACP desaturase  

contig10322  SSI2; acyl-[acyl-carrier-protein] desaturase/ stearoyl-CoA 9-desaturase  -1.7 

ACP thioesterase  

contig22532 FATB (fatty acyl-ACP thioesterases B); acyl carrier/ acyl-[acyl-carrier-protein] 
hydrolase  

1.7 

Acyl coa ligase  

contig17970  AMP-dependent synthetase and ligase family protein  -1.1 

contig14472  acetyl-CoA synthetase, putative / acetate-CoA ligase, putative  -1.3 

Acyl-CoA binding protein  

contig20479  ACBP4 (ACYL-COA BINDING PROTEIN 4); acyl-CoA binding  1.6 

contig11337  ACBP4 (ACYL-COA BINDING PROTEIN 4); acyl-CoA binding  -1.1 

contig13948  ACBP4 (ACYL-COA BINDING PROTEIN 4); acyl-CoA binding  -1.3 

beta ketoacyl CoA synthase  

contig15435 KCS10 (3-KETOACYL-COA SYNTHASE 10)  -1.1 

contig18646 KCS4 (3-KETOACYL-COA SYNTHASE 4)  -1.2 

Enoyl ACP reductase  

contig18074  MOD1 (MOSAIC DEATH 1); enoyl-[acyl-carrier-protein] reductase (NADH)/ 
enoyl-[acyl-carrier-protein] reductase/ oxidoreductase  

-1.7 

Ketoacyl ACP synthase  

contig24806  KAS I (3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE I  1.7 

contig13225  KAS I (3-KETOACYL-ACYL CARRIER PROTEIN SYNTHASE I)  -2 
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Contig 3.11 Continued 

Contig ID Description L2FC 

Lysophospholipases  

   

contig22882 1-phosphatidylinositol phosphodiesterase-related  1.8 

contig16729 SGR2 (SHOOT GRAVITROPISM 2); phospholipase A1  -1.1 

Sphingolipids  

   

contig20125 ATLCB1 (LONG-CHAIN BASE1); protein binding / serine C-
palmitoyltransferase  

1.3 

contig21415 LAG13 (LAG1 LONGEVITY ASSURANCE HOMOLOG 3)  1.3 

contig24707 SBH1 (SPHINGOID BASE HYDROXYLASE 1); catalytic/ sphingosine hydroxylase  1.2 

contig10797 ceramide glucosyltransferase, putative  1.1 

contig13423 ATCES1; catalytic/ hydrolase, acting on carbon-nitrogen (but not peptide) 
bonds, in linear amides  

-1.2 

contig10507 ceramidase family protein  -1.4 

contig14388 GNS1/SUR4 membrane family protein  -2.1 

3.4.8 Phytohormones  

Several transcripts involved in the biosynthesis and signaling of auxins, ethylene, gibberellins, 

brassinosteroids, cytokinins and jasmonates were identified as differentially expressed 

transcripts between 3 DPA and 5 DPA. Most transcripts in this category were annotated as 

auxin-related (10). These phytohormone associated transcripts along with their expression 

levels are provided in table 3.12.  

 

Table 3.12 Differentially expressed transcripts associated with phytohormones 

Contig ID Description L2FC 

Auxin   

   

contig26446  BIG (BIG); binding / ubiquitin-protein ligase/ zinc ion binding ; TIR3 2 

contig26561  auxin-responsive family protein  1.6 

contig29126  cytochrome B561-related  1.5 

contig18731  unknown protein/ growth regulator like protein, putative -1 

contig18550  BIG (BIG); binding / ubiquitin-protein ligase/ zinc ion binding; TIR3 -1 

contig15749  EDA30 (embryo sac development arrest 30)  -1.5 

contig9264  AFB2 (AUXIN SIGNALING F-BOX 2); auxin binding / ubiquitin-protein ligase  -1.5 
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Table 3.12 Continued 

Contig ID Description L2FC 

contig12836 TIR1 (TRANSPORT INHIBITOR RESPONSE 1); auxin binding / protein binding / 
ubiquitin-protein ligase  

-1.9 

contig15939  unknown protein/axi 1 like protein, putative -2.1 

contig15654  unknown protein/ auxin-independent growth promoter-like protein, putative -2.2 

Ethylene   

   

contig22866 oxidoreductase, 2OG-Fe(II) oxygenase family protein  2.1 

contig27302 2-oxoglutarate-dependent dioxygenase, putative  1.9 

contig29065 GA20OX1; gibberellin 20-oxidase 1 1.7 

contig23549 ATGA2OX1 (gibberellin 2-oxidase 1); gibberellin 2-beta-dioxygenase  1.5 

contig23507 D-CDES (D-CYSTEINE DESULFHYDRASE); 1-aminocyclopropane-1-carboxylate 
deaminase 

1.3 

contig9065 F3H (FLAVANONE 3-HYDROXYLASE); naringenin 3-dioxygenase  -1.3 

contig12636 2-oxoglutarate-dependent dioxygenase, putative  -1.3 

contig12505 D-CDES (D-CYSTEINE DESULFHYDRASE); 1-aminocyclopropane-1-carboxylate 
deaminase 

-1.7 

Gibberellins   

   

contig27163 gibberellin-responsive protein, putative  1.4 

contig8405 gibberellin-regulated family protein  -2.6 

Brassinosteroids 

   

contig24861  BZR1 (BRASSINAZOLE-RESISTANT 1) 1.4 

contig16283  ATTOP6B (topoisomerase 6 subunit B) -1 

contig17217  BRI1 (BRASSINOSTEROID INSENSITIVE 1) -1.3 

contig16352  BZR1 (BRASSINAZOLE-RESISTANT 1) -1.4 

Cytokinins 

   

contig26024  CKX5 (CYTOKININ OXIDASE 5) 1.9 

contig18376  CKX7 (CYTOKININ OXIDASE 7) -1.3 

contig17762  AHK3 (ARABIDOPSIS HISTIDINE KINASE 3) -2.3 

Jasmonate 

   

contig26761  OPR2 (OPDA-REDUCTASE 2) 1.3 

contig16784  AOS (ALLENE OXIDE SYNTHASE) -1 

contig13291  OPR3 (OPDA-REDUCTASE 3); 12-oxophytodienoate reductase  -1 
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3.4.9 Signaling  

Cotton fiber elongation is very complex, involving different signaling pathways to regulate gene 

expression. This was clearly visible in the large number of transcripts associated with signaling 

identified in our research (Table A3).  As expected, transcripts associated with calcium signaling, 

protein kinases and MAPK were identified in this category (Chaudhary et al. 2008). Interestingly, 

transcripts associated with G-proteins, phosphinositides, sugar and light signaling were also 

identified, indicating their possible involvement in maintaining the various processes essential 

for fiber elongation. A graphical representation of the up-regulated and down-regulated 

signaling transcripts identified is provided in figure 3.8. 
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Figure 3.8 A graphical representation of the number of signaling transcripts identified as differentially expressed between 3 DPA and 5 DPA, with 3 DPA as the 

control. 
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3.4.10 Transcription factors (TFs) 

179 transcripts associated with at least 36 transcription factor families were identified as 

differentially expressed between 3 DPA and 5 DPA (Table A4), indicating the complexity of the 

pathways involved in gene regulation in fiber development. Of these transcripts, 16 transcripts 

were in the “unclassified” category of TFs. Zinc finger family TFs (Table 3.13) were highly 

represented at this stage (28 transcripts), followed by myoglobins (MYB), auxin related TFs, 

APETALA2/Ethylene-responsive element binding protein family, Homeobox transcription factor 

family, chromatin remodeling factors and SET-domain proteins. A graphical representation of 

the number of transcripts identified with the different TF categories is provided in figure 3.9. 

The transcripts associated with zinc finger family is not included in this figure to avoid 

overshadowing the lesser populated categories of TFs.  

 

Table 3.13 Differentially expressed transcripts associated with zinc finger family TFs 

Contig ID  Description L2FC 

contig15100 CDF2 (CYCLING DOF FACTOR 2); DNA binding / protein binding / transcription 
factor  

-2.4 

contig16331 CDF3 (CYCLING DOF FACTOR 3); DNA binding / protein binding / transcription 
factor  

-1 

   

contig16099  CZF1; transcription factor  -2.3 

contig1397  CZF1; transcription factor  -2.3 

   

contig12624  KH domain-containing protein / zinc finger (CCCH type) family protein  -1.3 

   

contig28554 SEU (seuss); DNA binding / protein binding / protein heterodimerization/ 
transcription cofactor  

1.5 

   

contig27668  TIFY2A; sequence-specific DNA binding / transcription factor/ zinc ion binding  1.8 

   

contig27313  TRAF-type zinc finger-related  1.2 

contig18058  TRAF-type zinc finger-related  -1.8 

   

contig18711 ZIGA4 (ARF GAP-like zinc finger-containing protein ZiGA4); ARF GTPase 
activator/ DNA binding / zinc ion binding  

-1.4 

contig22260 zinc finger (B-box type) family protein  1.3 
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Table 3.13 Continued 

Contig ID  Description L2FC 

contig26088 zinc finger (C2H2 type, AN1-like) family protein  1.4 

contig3957 zinc finger (C2H2 type) family protein  1.4 

contig29346 zinc finger (C2H2 type) family protein  1.2 

contig18669 zinc finger (C2H2 type) family protein  -1.2 

contig17188 zinc finger (C2H2 type) family protein  -2.7 

   

contig29852 zinc finger (CCCH-type) family protein / RNA recognition motif (RRM)-
containing protein  

1.1 

contig28810 zinc finger (CCCH-type) family protein  1 

contig15629 zinc finger (CCCH-type) family protein  -1.2 

contig15357 zinc finger (CCCH-type) family protein  -1.3 

contig15233 zinc finger (CCCH-type) family protein  -1.4 

contig16369 zinc finger (CCCH-type) family protein  -1.4 

contig17832 zinc finger (CCCH-type) family protein  -2.7 

contig16626 zinc finger (CCCH-type) family protein  -3.9 

   

contig25172 zinc finger (DHHC type) family protein  1 

contig12480 zinc finger (DHHC type) family protein  -1.1 

contig16381 zinc finger (DHHC type) family protein  -1.2 

   

contig15499 zinc finger (GATA type) family protein  -1.2 
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Figure 3.9 Graphical representation of the various transcription factor families indentified, along with the number of up-regulated and down-regulated 

transcripts in each family. Zinc finger protein associated transcripts are not included in this graph. 
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3.4.11 Large enzyme families 

71 transcripts belonging to large enzymes families were identified as differentially expressed 

between 3 DPA and 5 DPA. These transcripts were categorized into 12 classes of enzymes:  

Cytochrome P450, acyl transferases, beta-galactosidase, alcohol dehydrogenases, peroxidases, 

phosphatases, oxidases, UDP glucosyl and glucoronyl transferases, O-methyl transferases, 

nitrilases, glutathione S transferases, and GDSL-motif lipase (Table A5). Of these 12 classes, UDP 

glucosyl and glucoronyl transferases and phosphatases were the most populated. A graphical 

representation of these transcripts along with their expression patterns is provided in figure 

3.10. 
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Figure 3.10 Graphical representation of the number of transcripts associated with the different large enzyme families along with their expression patterns
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3.4.12 Secondary metabolism 

28 transcripts were assigned to the secondary metabolism category (Table 3.14). Most 

transcripts were associated with isoprenoid synthesis (13), followed by phenylpropanoid 

synthesis (8). A pictorial representation of the expression levels of the transcripts associated 

with isoprenoid precursor synthesis and phenylpropanoid synthesis is shown in figure 3.11 and 

figure 3.12 respectively. The other represented categories were wax, simple phenols, flavonoids 

and glucosinolates. 

 

Table 3.14 Transcripts associated with secondary metabolism 

Contig ID Description  L2FC 

Isoprenoids   

   

Non-mevalonate pathway  

contig25814  HDR (4-HYDROXY-3-METHYLBUT-2-ENYL DIPHOSPHATE REDUCTASE) 1.2 

contig13635  DXPS3 (1-deoxy-D-xylulose 5-phosphate synthase 3) -1 

Terpenoids   

contig19473 TPS21 (TERPENE SYNTHASE 21); (-)-E-beta-caryophyllene synthase/ alpha-
humulene synthase  

4.2 

contig20421 TPS21 (TERPENE SYNTHASE 21); (-)-E-beta-caryophyllene synthase/ alpha-
humulene synthase  

2.8 

contig19485 CAMS1 (Camelliol C synthase 1); beta-amyrin synthase  1.9 

contig19990 CAMS1 (Camelliol C synthase 1); beta-amyrin synthase  1.8 

contig20202 beta-amyrin synthase, putative  1.5 

contig11512 beta-amyrin synthase, putative  1.5 

Tocopherol biosynthesis  

contig7454 APG1 (ALBINO OR PALE GREEN MUTANT 1); 2-methyl-6-phytyl-1,4-
benzoquinone methyltransferase/ S-adenosylmethionine-dependent 
methyltransferase/ methyltransferase  

-1.9 

contig12287 APG1 (ALBINO OR PALE GREEN MUTANT 1); 2-methyl-6-phytyl-1,4-
benzoquinone methyltransferase/ S-adenosylmethionine-dependent 
methyltransferase/ methyltransferase  

-1.6 

Mevalonate pathway  

contig12949 acetyl-CoA C-acyltransferase, putative / 3-ketoacyl-CoA thiolase, putative  -1.2 

contig18019 MK (MEVALONATE KINASE); mevalonate kinase  -1.5 

Carotenoids   

contig16488 PDS3 (PHYTOENE DESATURASE 3); phytoene dehydrogenase  -1.1 
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Table 3.14 Continued 

Contig ID Description  L2FC 

Wax   

   

contig12544  ATCOAE; ATP binding / dephospho-CoA kinase  -1.2 

Phenylpropanoids  

   

contig26087 ATOMT1 (O-METHYLTRANSFERASE 1) 1.6 

contig22885 caffeoyl-CoA 3-O-methyltransferase, putative  1.4 

contig23053 ATR2 (ARABIDOPSIS P450 REDUCTASE 2); NADPH-hemoprotein reductase  1.2 

contig19507 HCT (HYDROXYCINNAMOYL-COA SHIKIMATE/QUINATE HYDROXYCINNAMOYL 
TRANSFERASE) 

-1.3 

contig12644 oxidoreductase, zinc-binding dehydrogenase family protein  -1.3 

contig15684 HCT (HYDROXYCINNAMOYL-COA SHIKIMATE/QUINATE HYDROXYCINNAMOYL 
TRANSFERASE) 

-1.4 

contig14689 ATR1 (ARABIDOPSIS P450 REDUCTASE 1); NADPH-hemoprotein reductase  -1.6 

contig12997 HCT (HYDROXYCINNAMOYL-COA SHIKIMATE/QUINATE HYDROXYCINNAMOYL 
TRANSFERASE) 

-3.1 

Simple phenols  

   

contig15047  LAC14 (laccase 14) -4.2 

Flavonoids  

  

Chalcones  

contig23580  TT4 (TRANSPARENT TESTA 4); naringenin-chalcone synthase  3 

contig22389  TT4 (TRANSPARENT TESTA 4); naringenin-chalcone synthase  1.9 

Isoflavones  

contig18863  isoflavone reductase, putative  3 

contig12828  isoflavone reductase family protein  -1.1 

Glucosinolates  
 

   
contig10782 

IIL1 (ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1); 4 iron, 4 sulfur cluster 
binding / hydro-lyase/ lyase  -1.6 
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Figure 3.11 A pictorial representation of the MVA and the MEP pathway of isoprenoid synthesis obtained 

using MapMan, along with the expression levels of the transcipts identified in these pathways. 

 

1 – acetyl-CoA C-acyltransferase, 

putative  

2 – mevalonate kinase  

3 – 1-deoxy-D-xylulose 5-phosphate 

synthase 3  

4 – 4-hydroxy-3-methylbut-2-enyl 

diphosphate reductase  
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Figure 3.12 A pictorial representation of the phenylpropanoid synthesis pathway obtained using 

MapMan, depicting the expression levels of the transcripts identified in this category.  
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3.5 Manual quantitative proteomic analysis  

A comparison of the expression patterns of the transcripts and the proteins belonging to the 

various functional categories identified in our research is provided in table 3.15. Most of the 

proteomic data supported the expression pattern obtained from transcriptomic analysis, 

providing additional support for the molecular pathways identified as differentially expressed at 

this stage of fiber development. In some categories such as cell wall precursors, p- and v- 

ATPase pumps, FA synthesis and elongation, actin, glutathione peroxidases and phosphatases 

the expression patterns were different; however in these cases, the transcripts and proteins did 

not map to the same gene and belonged to different isoforms. In many cases, the expression 

pattern in protein was low and these are represented as ‘No change’. We will be confirming 

these results by spectral counting of the raw spectra generated by the mass spectrometry runs 

using ProteoIQ (PREMIER BioSoft). 

 

Table 3.15 Expression patterns of the transcripts and their corresponding proteins 

 Expression pattern (Up-regulated or Down-
regulated [Up/Down]) 

Functional Categories Transcriptome Proteome 

Cell wall related 

   

Cellulose synthase Up Up 

Cell wall precursors Down Up 

Cell wall proteins Up Up 

Cell wall modifiers Up  Up 

Phytohormones 

   

Ethylene Up Up 

Carbohydrate and energy metabolism 

   

Vacuolar invertase Up Up 

Sucrose synthase Down No change 

Glycolysis, TCA and mETS Down No change 

Transport 

   

p- and v-ATPases Down Up  
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Table 3.15 Continued 

 Expression pattern (Up-regulated or Down-
regulated [Up/Down]) 

Functional Categories Transcriptome Proteome 

MIP Up Up 

Sugar Up Up 

Porins Up  Up 

Cell Organization 

   

Actin Down Up 

Tubulin Up Up 

Kinesin Motor Family Up  Up 

ROS regulation 

   

Ascorbate peroxidase Down Down 

Glutathione peroxidase Down Up  

GR Up Up 

Lipid Synthesis and degradation 

   

FA synthesis and elongation Down Up 

Lipid degradation Up Up 

Signaling 

   

Calcium signaling Down  Down 

G-proteins Up  Up 

Large enzyme families 

   

Alcohol dehydrogenases Down No change 

Phosphatases Down Up 

Oxidases Up  Up 

UDP glucosyl and glucoronyl 
transferases 

Up  Up 

Glutathione S transferases Down No change 

GDSL-motif lipase Up Up 
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CHAPTER IV 

DISCUSSION 

 

4.1 Primary cell wall biosynthesis and modification 

The composition of cotton fiber cell wall is known to be dynamic through development (Haigler 

et al. 2012, Meinert and Delmer 1977). As stated previously, cotton fiber elongation occurs via 

primary cell wall synthesis. The primary cell wall consists of about 30% cellulose, pectin, 

hemicelluloses and arabinogalactans (Albersheim et al. 2011b, Singh et al. 2009, Meinert and 

Delmer 1977).  Cellulose synthase transcripts and proteins were up-regulated from 3 DPA to 5 

DPA (Table 3.4), indicating the active synthesis of the primary cell wall at this stage. Among the 

large enzyme families related to this category, UDP glucosyl and glucoronyl transferases were 

most represented. These are glycosyltransferases which catalyze the addition of glycosyl group 

from an UTP sugar to a small hydrophobic molecule (InterPro database: IPR002213). They are 

pivotal in cell wall polysaccharide synthesis, by forming glycosidic bonds between the donor 

sugar and the acceptor substrate and are involved in the glucan-chain elongation in cellulose 

and callose synthesis (Scheible and Pauly 2004).  The up-regulation of these enzymes at 5 DPA 

may be in response to the up-regulation of cellulose synthase transcripts at this stage.  

 

Pectins are an important component of the primary cell wall and the middle lamella, which joins 

adjacent fibers into tissue-like bundles, making them highly organized and well packed into the 

confined boll space (Haigler et al. 2012). Pectin methylesterases (PME) and pectate lyases were 

upregulated in 5 DPA. Pectins are present in a methylesterfied state in the cell wall (Li et al. 

1995, Staehelin and Moore 1995, Sterling et al. 2001) which is de-esterfied by PME.  This brings 

about a localized reduction in pH, which could promote cell wall extension allowing fiber 

elongation (Bosch, Cheung, and Hepler 2005). PME activity produces free carboxyl groups which 

can interact with Ca2+ bringing about pectin gelation, inhibiting cell elongation (Catoire et al. 

1998). This is overcome by the action of hydrolases like pectate lyases. Pectate lyases degrade 

the de-esterfied pectins, preventing the inhibition of cell elongation (Haigler et al. 2012, Wang 
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et al. 2010). It has also been reported that this could stimulate the activity of cell wall loosening 

hydrolases (Ren and Kermode 2000, Wen, Zhu, and Hawes 1999). A possible correlative up-

regulation in glycosyl hydrolases was also observed.  These are a group of enzymes that 

hydrolyze the glycosidic bonds between carbohydrates, or carbohydrate and a non-

carbohydrate moiety, and facilitates cell wall expansion, degradation, signaling and energy 

uptake (Henrissat et al. 1995, Wu et al. 2008). A down-regulation in glycoside hydrolase family 

28 protein (polygalacturonase-pectinase) which hydrolyses partially methyl-esterified pectin, 

was observed, possibly in response to the up-regulation of PME.  

 

Our research saw an up-regulation in FLA2 and a down-regulation in FLA1 and FLA8.  Fasciclin-

like arabinogalactan proteins (FLAs) are cell wall proteins. They are a class of chimeric 

arabinogalactan proteins (AGPs), containing an AGP motif and one or two putative cell adhesion 

domains called fasciclin domains (Huang et al. 2013, Johnson et al. 2003). Previously, FLA2 and 

FLA1 were reported to be upregulated in 2-5 DPA, indicating their role in primary cell wall 

development of cotton fibers (Huang et al. 2008). They play an important role in initiation and 

elongation of fibers as demonstrated by mutation studies (Huang et al. 2013, Huang et al. 2008). 

They are also involved in cell-to-cell adhesion, phytohormone signaling and participate in 

phytohormonal cross-talk in response to different abiotic stress (Huang et al. 2008). FLAs have 

also been reported to modulate the levels of cellular polysaccharide (lower pectin and higher 

hemicelluloses) in fiber development (Huang et al. 2013). In our case, a similar pattern of up-

regulation was observed for FLA2 but not for FLA1.   A down-regulation in β-xylosidase 1 and α-

fucosidase 1 – two hemicellulose degrading enzymes was observed; however, these have been 

reported to have a pronounced effect during the secondary cell wall synthesis stage (Albersheim 

et al. 2011a, Goujon et al. 2003). An up-regulation in (1-4)-β-mannan endohydrolase was 

observed which catalyses the random hydrolysis of (1-4)-β-D-mannosidic linkages in mannans, 

possibly contributing to cell elongation. 

 

Among the cell wall modifying enzymes, transcripts and proteins relating to expansin (EXP) were 

up-regulated. Transcripts of other cell wall modifiers, endoxyloglucan transferase (XTH), and 

xyloglucan endotransglycosylase (XET) were also up-regulated. The roles of these enzymes in 
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fiber elongation have been well discussed (Haigler et al. 2012, Harmer, Orford, and Timmis 

2002, Lee et al. 2010). Expansins are cell wall proteins, which as the name suggests, facilitates 

cell wall extension. They disrupt non-covalent bonds between the wall components—cellulose 

and hemicellulose, allowing them to slip relative to each other (Harmer, Orford, and Timmis 

2002, McQueenmason and Cosgrove 1995). XTH and XET degrade xyloglucan irreversibly or 

cleave and transfer chain ends between molecules, both of which increase the elasticity of the 

primary cell wall, enabling fiber elongation (Cosgrove 2005, Haigler et al. 2012). EXPs are said to 

be the most important wall-loosening factors in turgor-driven cell wall extension, while XTHs 

and other glucanases are secondary in cell wall-loosening through reconstruction (Cosgrove 

2000, Sun et al. 2005). 

 

Among the transcripts involved in synthesizing cell wall precursors, UDP (Uridine diphosphate)-

D-glucuronate 4-epimerase 6 (GAE), UDP-sugar pyrophosphorylase (USP), GDP-D-mannose 3', 

5'-epimerase (GME) and UXS5 (UDP-glucuronate decarboxylase) were down-regulated. GAE 

catalyzes the synthesis of UDP-D-galacturonate—the most dominant monosaccharide of pectic 

polysaccharides—from UDP-D-glucuronate (Usadel et al. 2004). UDP-glucose 6-dehydrogenase 

(UGD) which converts UDP-glucose to UDP-glucuronate was up-regulated, against the pectin 

synthesis pattern. However, this transcript was annotated as a putative UGD; it could possibly 

have been mis-annotated. UDP-sugar pyrophosphorylase is involved in a salvage pathway, 

where different monosaccharide 1-phosphates are converted to their UDP-sugars, like UDP-

glucose, -galactose, -glucuronic acid, -xylose and -L-arabinose (Kotake et al. 2007). GME 

produces GDP (Guanosine diphosphate)-L-galactose from GDP-D-mannose.  GDP-D-mannose is 

the first step in ascorbate biosynthesis (an antioxidant) and a precursor for hemicelluloses. UXS 

produce UDP-xylose from UDP glucuronate, which are precursors for glycosaminoglycan 

biosynthesis of proteoglycans (Moriarity et al. 2002), another class of hemicelluloses. These 

cross-linking glycans along with other cell wall components such as pectin, cytoskeletal 

elements, and glycoproteins are important for the ordered assembly of the cellulose microfibrils 

(Shi et al 2003). The down-regulation of these transcripts (GME, UXS and GAE) may be in 

response to the up-regulation of the pectin and hemicelluloses degradation-related transcripts 

at this stage.  
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4.2 Phytohormones 

The regulatory effect of phytohormones on cotton fiber development has been reported 

previously (Lee, Woodward, and Chen 2007, Samuel Yang et al. 2006, Zhang et al. 2011), with 

the roles of auxin (Zhang et al. 2011), ethylene (Shi et al. 2006) and brassinosteroids (BR) (Sun et 

al. 2005) on cotton fiber initiation and elongation being discussed specifically. Transcripts 

related to signaling and biosynthesis of auxins, brassinosteroids, ethylene and gibberellins were 

identified as differentially expressed at this stage, with down-regulation of auxin and 

brassinosteroids related transcripts and up-regulation of ethylene and gibberellin related 

transcripts. The ethylene response related proteins were identified as up-regulated in the 

proteomic data as well. 

 

IAA (Indole-3-acetic acid), the most well-characterized natural auxin, was found to be essential 

for fiber production from unfertilized ovules in culture (Beasley 1973). It also promotes the 

number of fibers per ovule when applied to flower buds in field condition (Seagull and Giavalis 

2004). The latter effect was also reproduced by the gibberellin – GA3 (Seagull and Giavalis 

2004). Zhang et al. (2011), produced transgenic plants expressing a biosynthetic auxin gene 

under the control of a weak, epidermis specific promoter, active from -2 to 10 DPA – a period 

that covers the lint fiber forming time frame (0-3 DPA). These plants had better lint percentage 

and micronaire than non-transgenic control, expressing the very advantageous application of 

auxins in improving fiber quality and yield, by affecting fiber initiation. Our research identified 

some auxin-related transcripts which had not been previously reported. One of these transcripts 

was annotated as auxin-independent growth promoter like protein, which has been reported to 

promote tobacco protoplast growth in absence of auxin and in high auxin concentrations 

(Walden et al. 1994). Transcript similar to cytochrome B561 was also identified. Cytochromes 

B561 are transmembrane redox proteins (Preger et al. 2009) which could have a possible role in 

stress response in the expanding fiber cell. Other transcripts indentified belonged to auxin-

responsive family proteins, and auxin signalin—AFB2 (auxin signaling F-box 2), an auxin receptor 

which is a component of SCF (ASK-cullin-F-box) E3 ubiquitin ligase complexes, and TIR1 

(transport inhibitor response 1), an auxin receptor and an E3-ubiquitin ligase, which induces 
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gene expression by degrading transcriptional repressors (Dharmasiri, Dharmasiri, and Estelle 

2005, Kepinski and Leyser 2005, Quint and Gray 2006).  

 

Thirteen transcripts associated with auxin response factor (ARF) and primary/early response 

auxin gene transcription factors, involved in mediating auxin levels (Tiwari, Hagen, and Guilfoyle 

2003) were identified in our research. It does appear that the expression levels of the primary 

response genes (IAA) were higher, whereas that of the ARFs were lower. This could be reflective 

of the lower levels of auxin related transcripts at this stage. 

 

Transcripts related to MAPK (mitogen-activated protein kinase) and phosphinositide signaling 

were down-regulated at 5 DPA. MAPK mediates auxin response through protein 

phosphorylation (Napier, David, and Perrot-Rechenmann 2002), and high levels of it is identified 

in the fast elongation phase of cotton fibers (Ji et al. 2003), indicating their role in fiber 

elongation. Phosphinositide signaling is involved in cross-talk with phytohormones in wound 

response and stress response in Arabidopsis (Mosblech et al. 2008). This includes a possible 

interaction with auxin and jasmonate signaling. The down-regulation of these transcripts further 

supports the possibility that auxin levels decrease from 3 DPA to 5 DPA.  

 

Ethylene has been reported to have a positive effect on cell wall elongation in cotton fibers by 

activating sucrose synthase, tubulins, and expansin genes (Shi et al. 2006). The same research 

also reported a combined interaction between ethylene and brassinosteroids, where the affect 

of the inhibitor of one enzyme was compensated to some extent by the other. In addition, they 

were also reported to positively regulate the other’s biosynthesis.  This concerted effort has 

been postulated as a possible reason for the rapid and the extreme elongation of cotton fibers 

(Shi et al. 2006). In our research, one of the transcripts associated with ethylene was 1-

aminocyclopropane-1-carboxylate (ACC) deaminase.  ACC deaminase catalyzes the conversion of 

ACC to ammonia and alpha-ketobutyrate (2 - oxobutanoate) (Kende 1993).  This ACC is 

converted to ethylene by the action of ACC oxidase.  Therefore, ACC deaminase may regulate 

the level of ethylene present in the cell. The other transcripts identified in this category were 

putative 2-oxoglutarate-dependent dioxygenase (OGDD) and F3H (flavanone 3-hydroxylase) 
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which belongs to the family of OGDD. ACC oxidase was reported to be homologous OGDD, but 

unlike this family, 2-oxoglutarate was not an absolute requirement for ACC oxidase (Decarolis 

and Deluca 1994). Based on its function, it could be possible that this putative 2OGDD is ACC 

oxidase itself. The identification of F3H as an auxin responsive transcript is an interesting 

idnetification. F3H is an important enzyme in flavonoid synthesis. A recent study has suggested 

that these flavonoids may regulate plant growth and development in response to ethylene and 

auxin signaling (Lewis et al. 2011), and could be having a similar effect on cotton fibers as well. 

 

Gibberellins (GA) are known to promote fiber production (Seagull and Giavalis 2004). In addition 

to 2 transcripts being identified as GA-regulated and GA-responsive proteins, 2 transcripts 

related to GA synthesis, gibberellin 2-oxidase 1 (GA2OX1) and gibberellin 20-oxidase 1 

(GA20OX1) were identified in our research.  GA20OX is a main enzyme in GA biosynthesis 

whereas GA2OX catalyzes the conversion of bioactive GAs to their inactive form, regulating the 

amount of active GAs present in the cell. Surprisingly, these were placed in the ethylene 

category. This may be an error in the Mercator database, but there is considerable evidence on 

the cross-talk between GA and ethylene in plant growth and development. The coordinated 

regulation by these two hormones is known to bring about internodal elongation and nodal root 

development in floating rice (Suge 1985) and hypocotyl elongation in Helianthus annuus 

(Pearce, Reid, and Pharis 1991). The up-regulation of the transcripts related to these two classes 

of phytohormones indicates a possible similar combined effect on cotton fiber elongation. 

 

In addition to the affect of brassinosteroids (BR) on fiber initiation, BR signaling pathway affects 

fiber elongation by up-regulating cell expansion and reconstruction genes like EXP, XTH, ACP, 

AGP and TUB (Sun et al. 2005). In our research, transcripts for BZR1 (brassinazole-resistant 1), 

BRI1 (brassinosteroid insensitive 1) and ATTOP6B (topoisomerase 6 subunit B) were identified as 

down-regulated. BRI1 is a cell surface receptor kinase, which recognizes BR signals and initiates 

the signal transduction cascade (Li 2003, Wang et al. 2001). This involves the dephosphorylation 

of BZR1, which protects it from degradation by the proteasome. With increase in the level of BR, 

BZR1 levels in the nucleus increases (He et al. 2002). BZR1 then binds to the promoters and 

inhibits the biosynthesis of BR, making BZR1 the pivotal regulator of the BR pathway (He et al. 
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2005). A transcript for ATTOP6B was also identified, which has been reported to affect the cell 

elongation process mediated by BRs in Arabidopsis through mutation studies (Yin et al. 2002). 

The transcripts for receptor kinases associated in BR signaling – LRR (Leucine Rich Repeats), 

were down-regulated as well. LRRs are involved in signaling processes in growth and 

development, in meristem differentiation, ovule development, BR signal transduction, floral 

organ abscission, and cell fates in Arabidopsis (Li, Sun, and Xia 2005, Wrzaczek et al. 2010). In a 

recent research, LRR was suggested to have a role in development of cotton fiber especially 

during the synthesis of secondary cell wall (Li, Sun, and Xia 2005); another possible reason for its 

lowered expression levels at 5 DPA. 

 

Cytokinins promote ovule growth but have an inhibitory effect on fiber growth in vitro. They 

also partially alleviate the negative effect of abscisic acid on fiber growth. The level of cytokinins 

in vivo is proposed to be optimal to support fiber growth (Beasley and Ting 1974) and its 

expression levels decrease after anthesis (Chen et al. 1997, Lee, Woodward, and Chen 2007). 

Similar pattern of down-regulation was identified in our research. The transcripts associated 

with cytokinins were: CKX7 (cytokinin oxidase 7), CKX5 (cytokinin oxidase 5), and AHK3 

(arabidopsis histidine kinase 3). AHK3 is a transmembrane histidine kinase serving as a cytokinin 

receptor and is essential for cytokinin perception and signaling (Caesar et al. 2011), whereas CKX 

regulates the cytokinin levels by catalyzing their irreversible degradation (McCalla, Morre, and 

Osborne 1962).  

 

As previously stated, the expression levels of auxin and brassinosteroid associated transcripts 

decreased at 5 DPA, unlike the expression levels of GA associated transcripts and ethylene 

associated transcripts and proteins, which showed an increase at 5 DPA. A similar down-

regulation of auxins was also previously reported ( Yang et al. 2006), where EST-sequencing on -

3, 0 and 3 DPA was performed and compared with quantitative RT-PCR on the same stages 

along with 5 DPA.  This could be a result of regulation/feedback inhibition that occurs due to the 

high levels of auxins and brassinosteroids being present in the fiber cells due to the essential 

role of these phytohormones in fiber initiation.  
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4.3 Transcripts involved in cell expansion 

Cotton fiber elongation is driven by cell turgor and cell wall extensibility (Smart et al. 1998, 

Wang and Ruan 2010). The turgor force created for cell expansion is related to osmotic potential 

and the transport coefficient for water uptake (Cosgrove 1986). The maintenance of the cell 

expansion requires the availability of sufficient osmoticum in the vacuole or the cytosol to 

compensate for the influx of water. Previous work suggests that the transfer of these solutes 

through various channels and carriers is driven by the proton-translocating pumps, p-and v-

ATPase (Smart et al. 1998). A down-regulation in the transcripts related to p-and v-ATPase was 

observed at 5 DPA (Table 3.6), but the protein levels were up-regulated; however, the 

transcripts and proteins did not map to the same gene. The expression level of these ATPase 

pumps has been reported to increase from 5 to 15 DPA (Smart et al. 1998), which involves the 

rapid phase of elongation of cotton fibers. A general up-regulation pattern was observed in the 

transcripts and proteins of specific transporters, i.e. potassium, sugar, calcium, ABC transporters 

and porins (Table A2). The up-regulation of potassium and sugar transporters has been reported 

to be involved in maintenance of the turgor pressure in recent works (Padmalatha et al. 2012, 

Wang and Ruan 2010). ABC transporters have also been suggested to have a role in molecular 

transport and cell-to-cell communication in developing fiber cells (Lee, Woodward, and Chen 

2007, Zhu et al. 2003).  In addition, the transcripts and proteins of major intrinsic proteins (MIP) 

were up-regulated (Table 3.6). These proteins act as water channels, possibly reducing the 

resistance to water transport across the tonoplast and/or the plasma membrane (Smart et al. 

1998); allowing the water influx, which is essential to drive cell extension.  

 

Among the transcripts and proteins related to cytoskeleton, tubulins were up-regulated (Table 

3.7). Tubulins are important components of cytoskeleton microtubules and play an integral role 

in cell expansion by controlling the orientation of cellulose microfibrils (L. Li et al. 2007). 

Surprisingly, actin and actin-binding transcripts showed a general pattern of down-regulation 

from 3 DPA to 5DPA. Actin cytoskeleton is essential for cell elongation and tip growth (Li et al. 

2005). ACTIN 3 and ACTIN 4 were identified in the 3 DPA and 5 DPA fiber transcriptome, but only 

ACTIN 7 was differentially expressed with at least 2 fold change in expression and a p-value 
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small enough to be selected in ArrayStar. As shown in Li et al. (2005), ACTIN 7 has low 

expression values in fiber, which could be a possible reason for this transcript being identified as 

down-regulated in this research. Ankyrin repeat family protein transcripts were up-regulated in 

5 DPA compared to 3 DPA. Not much work has been done on this group of protein in plants.  A 

study by Becerra et al. (2004) in Arabidopsis, divided the ankryrin repeat containing protein into 

16 groups, but did not mention its role in the cytoskeleton. However, a report in humans does 

mention the identification of these repeats in cytoskeletal organizers (Sedgwick and Smerdon 

1999). Kinesin motor family proteins and transcript were also up-regulated from 3 DPA to 5 DPA.  

In Arabidopsis, these are involved in regulating root-tip growth by interacting with endoplasmic 

microtubule assembly and distribution (Sakai et al. 2008). It is possible that these proteins have 

a similar interaction with cotton fiber cytoskeleton, where they are involved in preparatory 

changes for the succeeding rapid elongation phase.   

 

Reactive oxygen species such as superoxide radicals, hydrogen peroxide (H2O2) and hydroxyl 

radicals bring about cell relaxation by the non-enzymatic cleavage of cell wall polymers, and 

were reported in several reports as one of the important drivers of cell wall extension (H-B. Li et 

al. 2007, Rodriguez, Grunberg, and Taleisnik 2002, Schopfer 2001). H2O2 also acts as the signal 

for differentiation of secondary cell walls in cotton fibers (Potikha et al. 1999).  ROS production 

is initiated by the NADPH oxidase catalyzed formation of superoxide radicals at the plasma 

membrane, and terminates with the production of hydroxyl radicals by the cell wall peroxidase 

(Liszkay, van der Zalm, and Schopfer 2004). As these peroxidases are generally covalently or 

ionically bound to cell wall polymers, the generated hydroxyl radicals can initiate polymer 

cleavage site-specifically, without damaging other cell constituents (Schopfer 2001).  Moreover, 

auxin-induced elongation can be inhibited by hydroxyl scavengers, hinting at a possibility that 

auxins bring about elongation through ROS (Rodriguez, Grunberg, and Taleisnik 2002). Ethylene 

is also known to produce H2O2 in plants (Shi et al. 2006). High levels of H2O2 can inhibit cell 

development due to oxidative damage. APX (ascorbate peroxidase) scavenges H2O2 by using 

ascorbate as electron donor to reduce H2O2 to water, regulating H2O2 levels (H-B. Li et al. 2007). 

Dehydroascorbate reductase (DHAR) recycles ascorbate by regenerating it from an oxidized 

state (Chen and Gallie 2006). Glutathione peroxidase (GPX) is another peroxide scavenger that 
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converts peroxide to water using glutathione (Miyamoto et al. 2003). Glutathione reductase 

(GR) reduces glutathione disulfide produced by GPX back to glutathione (Kim et al. 2010). 

Contrary to the results presented in H-B. Li et al. (2007), APX levels were down-regulated at 5 

DPA in our research. This could be a misidentification, as APX was identified with weak similarity 

from the Mercator annotation. But, the lowered expression of the transcripts of APX, GPX, and 

higher expression of DHAR and GR at 5 DPA, hints at active cell wall polymer cleavage by ROS at 

this stage of fiber development compared to 3 DPA. This possibility was further supported by 

the proteomic data which revealed lower levels of APX and higher levels of GR.  

 

The transcripts related to thioredoxins were down-regulated at 5 DPA. Thioredoxins are another 

group of antioxidants which facilitate the reduction of proteins by cysteine thiol-disulfide 

exchange, and are involved in redox regulation of protein function and signaling. They provide 

electrons for enzymes like thioredoxin peroxidases (peroxiredoxins) which controls peroxide 

levels (Arnér and Holmgren 2000). An overall down-regulation in the transcripts associated with 

thioredoxin, again suggests the possibility of the active role of ROS-mediated cell wall loosening 

at 5 DPA. This theory is further supported by the down-regulation of glutathione-S-transferase 

transcripts, another class of peroxide scavengers (Sheehan et al, 2001).  Among the receptor 

kinases associated with ROS-regulation, transcripts associated with DUF26 (domain of unknown 

function 26) were similarly down-regulated. DUF 26 is found to be induced transcriptionally by 

oxidative stress, pathogen attack and application of salicylic acid (Chen et al. 2004, Czernic et al. 

1999). Recent research in Arabidopsis showed the role of DUF 26 in ROS regulation through 

phytohormones (Wrzaczek et al. 2010), and could be similarily invovled in cotton fibers as well. 

4.4 Carbohydrate metabolism  

Sugars are the main source for generating the energy required for the rapid elongation of cotton 

fibers.  The main precursor for the synthesis of cell wall polysaccharides and a major metabolite 

in carbohydrate metabolism is UDP-D-Glucose (UDP-Glc) (Padmalatha et al. 2012, Ruan et al. 

1997). UDP-Glc and fructose are formed from sucrose by the action of sucrose synthase (Sus) 

(Ruan, Llewellyn, and Furbank 2003). Sus has been reported to be essential for fiber initiation 

and fiber elongation at 3 DPA (Ruan, Llewellyn, and Furbank 2003).  Sus transcripts were down-
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regulated from 3 DPA to 5DPA (Table 3.6) and was among the most down-regulated transcripts 

in 5DPA compared to 3 DPA (Table 3.4); whereas, the protein levels did not show any significant 

change. However, the transcripts for vacuolar invertase were up-regulated; a pattern reflected 

in the proteomic data as well. Invertases catalyze the cleavage of sucrose to glucose and 

fructose. As both of these sugars are hexose, it is said to have a greater role in sugar signaling in 

comparison with Sus, which produces UDP-Glc. Its expression is regulated by sugars, hormones 

and environmental stimuli, and contributes to sugar regulation and turgor regulation.  It is 

reported to be the primary path of cleavage in initial expansion of sink tissues (Koch 2004). A 

similar invertase based pathway for sucrose cleavage may be preferred in the initial stages of 

elongation of fibers over sucrose synthase.  

 

A down-regulation in callose synthase transcript was observed at 5 DPA. Callose is a β-1, 3-D-

glucan, and is synthesized by UDP-glucose: 1, 3-β-glucan synthase localized in the plasma 

membrane in the presence of Ca2+ (Andrawis, Solomon, and Delmer 1993). It has been 

previously reported to be present transiently in cotton fibers when the wall is developing 

(Brownfield et al. 2009). Once the cell wall is developed, there is probably no requirement for 

callose, causing a down-regulation in its transcripts. Transcripts associated with trehalose 

synthesis were up-regulated from 3 DPA to 5 DPA. Trehalose is synthesized in two steps from 

UDP-glucose and glucose-6-phosphate by the action of trehalose-6-phosphate-synthase (TPS) 

and trehalose-6-phoshate-phosphatase (TPP) (Eastmond, Li, and Graham 2003, Kosmas et al. 

2006). Trehalose has been reported to be a solute involved in osmotic adjustment, protecting 

the cell against stress by scavenging free radicals, maintaining membrane stability and 

mediating signal transduction in plants (AbouKheir et al. 2012, Padmalatha et al. 2012). It may 

be involved in a similar role of osmotic adjustment during cell expansion in cotton fibers. 

 

In addition to being substrates for carbon and energy metabolism, sugars have important 

hormone-like function as primary messengers in signal transduction. In plants, they are involved 

in seed germination, nutrient mobilization, hypocotyl elongation, and shoot development 

(Rolland, Baena-Gonzalez, and Sheen 2006, Rolland, Moore, and Sheen 2002). They modulate 

gene expression, and many phytohormone signaling pathways like jasmonates, ABA, ethylene, 
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auxins and cytokinins, in response to modifications in sugar levels due to different cell 

conditions such as stress (Roitsch 1999, Sheen, Zhou, and Jang 1999, Smeekens 2000). Sugar 

signal sensing and transduction involves several receptors and transducers, such as G-protein 

coupled receptors, protein kinases, calcium signaling, zinc-finger DNA-binding transcription 

factors, bZIP, and WRKY-type transcription factors (Rolland, Baena-Gonzalez, and Sheen 2006, 

Rolland, Moore, and Sheen 2002). In our research sugar signaling related transcripts showed up-

regulation at 5-DPA. These could be responsible to direct the flow of sucrose into the fiber cell 

to provide the precursors for cell wall synthesis. 

4.5 Lipid synthesis 

The expression levels of genes associated with lipid metabolism is reported to rise from 6 DPA 

through the fast elongation stage (Gou et al. 2007). In our research, a similar pattern of up-

regulation was seen in most of the genes associated with phospholipid and sphingolipid 

synthesis, but a down-regulation was observed in the transcripts involved in fatty acid synthesis 

and elongation from 3 DPA to 5 DPA (Table 3.10). Stearoyl ACP desaturase (SSI2), an acyl-[acyl-

carrier protein] desaturase encodes a stearoyl-acyl carrier protein (ACP) desaturase (SAD).  It 

catalyzes the desaturation of stearoyl-ACP to form oleoyl-ACP—the last step in the de novo 

synthesis of fatty acids in plants.  SAD plays a key role in determining the ratio of saturated to 

unsaturated fatty acids in plants and hence affects the membrane fluidity and response to stress 

(Luo et al. 2007). FATB (fatty acyl-ACP thioesterases B) determines the chain length of saturated 

fatty acid esters. This reaction releases oleate and palmitate, which are re-esterified to 

coenzyme A and exported out of the plastid (Srikanta Dani et al. 2011). These acyl-CoA esters 

are then exported into the endoplasmic reticulum (ER) where very long chain fatty acids 

(VLCFAs) – the precursors for synthesis of phospholipids, sphingolipids and wax (Padmalatha et 

al. 2012) are produced. This export occurs by binding the acyl CoA to ACBP4 (Acyl-CoA binding 

protein 4) (Leung et al. 2004). KCS4 (3-ketoacyl-CoA synthase 4) and KSC10 are involved in 

VLCFA synthesis in the ER. Ketoacyl-ACP synthase and enoyl-ACP reductase are involved in the 

formation of VLCFAs from malonyl-CoA and long-chain acetyl-CoA (Fehling and Mukherjee 

1991). All these transcripts related to the biosynthesis of fatty acids were down-regulated in 5 

DPA compared to 3 DPA. This could be due to a reduced need for fatty acids in this brief period 
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succeeding initiation.  However, as stated previously, these requirements are expected to 

increase after 6 DPA. 

 

The transcripts involved in phospholipid synthesis were up-regulated in 5 DPA. Phospholipids 

are a major structural constituent of membranes, and are necessary for expansion of plasma 

membrane and tonoplast (Song and Allen 1997). Consequently, they play a crucial role in fiber 

elongation (Farquharson 2010, Padmalatha et al. 2012). The up-regulated transcripts in this 

category were: phosphatidate cytidylyltransferase family protein, which is involved in 

glycerophospholipid metabolism (Shen et al. 1996);  UDP-3-O-[3-hydroxymyristoyl] N-

acetylglucosamine deacetylase, involved in the synthesis of lipid A; a phosphorylated glycolipid, 

used for anchoring lipopolysaccharides  (Helander et al. 1993); phosphatidylglycerolphosphate 

synthase 1 involved in phosphatidylglycerol synthesis (Babiychuk et al. 2003); diacylglycerol 

kinase 7, which catalyzes the conversion of diacylglycerol to phosphatidic acid (Merida, Avila-

Flores, and Merino 2008); phosphatidylserine decarboxylase 1 and phosphoethanolamine N-

methyltransferase— XPL1 (XIPOTL 1), are regulators of phosphatidylcholine biosynthesis (Carson 

et al. 1984, Cruz-Ramirez et al. 2004). 

 

The transcripts related to sphingolipids were also up-regulated in 5 DPA. Sphingolipids are 

predominantly made of VLCFAs and are components of plasma membrane lipid rafts (Chen et al. 

2008, Y-M. Qin et al. 2007).  These lipid rafts are reported to contain GPI 

(glycosylphosphatidylinositol)-anchored proteins which function in cell wall deposition (Borner 

et al. 2005, Mongrand et al. 2004). A transcript in this category was identified as long-chain base 

(LCB) phosphate, which is involved in signal transduction (Chen et al. 2008). The down-

regulation of sphingolipids production in Arabidopsis has been reported to reduce cell 

expansion (Chen et al. 2006, Zheng, Rowland, and Kunst 2005). A similar role has been 

suggested in cotton fiber as well, where VLCFAs contribute to cell elongation by activating 

ethylene biosynthesis (Y-M. Qin et al. 2007). 
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4.6 Energy metabolism 

Carbohydrate metabolism and mitochondrial electron transport system (mETS) are essential for 

the synthesis of cell wall polysaccharides, fatty acid synthesis, and maintenance of redox-

homeostasis during fiber elongation (Padmalatha et al. 2012). The materials involved in these 

pathways have to be synthesized and transported across membranes, which requires energy. 

For example, the generation of 1 mole of UDP-Glc, the precursor for cell wall polysaccharides, 

from glucose, needs one mole of ATP (Pang et al. 2010). ATP synthase is the enzyme that 

synthesizes adenosine triphosphate (ATP) from adenosine diphosphate (ADP) using a 

transmembrane proton pump in the mitochondrial membrane (Stock, 1999).  In this research, 

we observed a down-regulation in the enzymes involved in glycolysis, TCA (Citric acid cycle) and 

consequently the mETS. This is possibly reflective of the lesser need for ATP in the period from 3 

DPA to 5 DPA, corresponding to the transition from initiation to the elongation phase.  This 

energy requirement and the consequent ATP synthesis is expected to increase as we move 

towards the rapid cell elongation stage.  

 

Among the enzyme families, transcripts belonging to acid phosphatases and alcohol 

dehydrogenase (ADH) were down-regulated at 5 DPA. Acid phosphatases hydrolyze phosphate 

esters and are important for energy metabolism (Duff, Sarath, and Plaxton 1994). ADH catalyzes 

the reduction of pyruvate to ethanol, resulting in continuous NAD+ regeneration (Chung and Ferl 

1999). The down-regulation of these transcripts could be reflective of the lower expression 

levels of glycolysis related and ATP synthesis transcripts at this stage. 

4.7 Signaling  

Cotton fiber elongation is a complicated process, reflected in the large number of transcripts 

identified in the signaling category. Some classes of signaling transcripts identified have already 

been discussed. One well-represented class of signaling transcripts is the heteromeric G-

proteins.  
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Heteromeric G-proteins (G proteins)—the heptahelical transmembrane protein which interacts 

with a complex containing GTPase—are the most important signal transducers in eukaryotes 

(Jones and Assmann 2004). Compared to the hundreds of such complexes found in animal 

systems, very few possible canonical G-proteins have been found in Arabidopsis, rice and 

soybean (Bisht, Jez, and Pandey 2011). In plants, these complexes are known to regulate 

different signaling pathways, such as environment sensing, hormone signaling and cross-talk, 

cell division, root hair development, ion channel regulation, disease resistance and cell-death 

(Bisht, Jez, and Pandey 2011, Chen 2008, Jones 2002, Jones and Assmann 2004). It is very 

difficult to draw conclusions on the affect of G-proteins on cotton fibers based on the results 

obtained from Arabidopsis and rice, as G-protein mutants do not produce the same phenotypes 

in different plant species (Bisht, Jez, and Pandey 2011). Nevertheless, the identification of 33 

differentially expressed transcripts associated with G-proteins in our research suggests a 

significant involvement of G-protein signaling in cotton fiber development.  

4.8 Transcription factors  

Transcription factors are involved in the complex networks of response to stimuli, bringing 

about the expression of the genes associated cell growth, development, adaption and tolerance 

(Kielbowicz-Matuk 2012). Many classes of TFs, in addition to MYB, WRKY, bHLH, bZIP, ERF and 

zinc finger proteins, previously reported in cotton fiber (Lacape et al. 2012, Yang et al. 2006), 

were identified in our research. 

 

Many different classes of zinc finger family proteins, besides Dof and C2H2 which were 

previously detected in cotton fiber (Lacape et al. 2012), were identified as differentially 

expressed between 3 DPA to 5 DPA. Both Dof and C2H2 zinc finger proteins were down-

regulated at 5 DPA. Dof is responsible for flowering response in Arabidopsis (Fornara et al. 

2009), and C2H2 type zinc finger proteins are involved in plant growth, development, hormone 

responses and tolerance to stresses (Kielbowicz-Matuk 2012).  CZF1, a transcription factor 

involved in defense response to pathogens, response to cold in Arabidopsis (STRING-database: 

CZF1), was identified as down-regulated in 5 DPA. CCCH-type zinc finger proteins are RNA-

binding proteins involved in flower development, embryogenesis and response to salt stress in 



Texas Tech University, Komal Ramesh Kunder, May 2013 

77 

 

Arabidopsis (Peng et al. 2012, Sun et al. 2007). Nine transcripts associated with CCCH-type zinc 

finger protein were identified in our research, with lowered expression levels at 5 DPA. Three 

transcripts associated with DHHC type zinc finger proteins were identified. This class of protein 

has been reported to regulate root hair growth in Arabidopsis (Xiang et al. 2010), and could have 

a similar effect on fiber elongation. It will be very interesting to see the expression levels of 

these transcripts at later stages to get an idea of their involvement in rapid fiber elongation.  

 

Thirteen transcripts associated with MYB were identified in our research, showing an overall 

pattern of down-regulation, similar to previously reported results (Yang et al. 2006). In cotton, 

MYB is known to regulate fiber development in the elongation stages, affecting fiber length 

(Machado et al. 2009). Four transcripts associated with WRKY TFs were identified as 

differentially expressed between 3 and 5 DPA. WRKYs are known to control the trichome 

development (Johnson, Kolevski, and Smyth 2002) and auxin distribution in Arabidopsis 

(Grunewald et al. 2012), and regulate abscisic acid and gibberellin signaling pathways in rice 

(Zhang et al. 2004). A similar interaction between transcriptional and phytohormonal regulation 

may be involved in fiber development in cotton. bHLH (basic helix-loop-helix) proteins is another 

class of TFs identified, which are implicated in light-mediated and phytohormone signaling in 

Arabidopsis (Toledo-Ortiz, Huq, and Quail 2003, Wang et al. 2009). Transcripts associated with 

bZIP (basic leucine zipper) TFs were down-regulated. These are involved in several process in 

plants; cell elongation, hormone and sugar signaling, osmotic control, to name a few (Guedes 

Correa et al. 2008), and could be similarly involved in fiber development as well.  

 

Seventeen classes of TFs were identified in our research which had not been previously reported 

in cotton fibers. These were alfin-like TFs, argonautes, Arabidopsis Response Regulators (ARRs), 

AT-rich interaction domain TFs, AtSR TFs, bromodomain proteins, CCAAT box binding factors, 

chromatin remodeling factors, CCP1-related TFs, E2F/DP TFs, histone acetyltransferases, 

JUMONJI, nuclease/chromatin assembly factor group, squamosa promoter binding protein 

family, SET domain proteins, silencing group and SNF7. These could be possible candidates for 

future research on their affect on fiber yield and quality.  
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Alfin-like TFs are known to control the transcription of a set of genes essential of root-hair 

elongation in Arabidopsis under low phosphate conditions (Chandrika et al. 2013). Argonautes 

are important players in gene-silencing through small RNAs (Hock and Meister 2008). Another 

interesting class of transcription factors that have been identified as down-regulated are the 

E2F/DP TFs. These are known to regulate cell cycle progression in Drosophila, with 

overexpression of these promoting the progression of the cell from G1 to S phase (Frolov, Moon, 

and Dyson 2005). The down-regulation of these transcripts possibly indicates their role in 

ensuring the fiber cells do not replicate and divide. Squamosa promoter binding protein family 

regulates flowering in Arabidopisis and is involved in gibberellic acid signaling (Preston and 

Hileman 2010). The up-regulation of squamosa promoter binding protein family transcripts 

could be reflective of the up-regulation in GA transcripts at this stage. ARRs are reported to 

regulate cytokinin signaling in Arabidopsis (Lee et al. 2008).  The down-regulation of these 

transcripts is reflective of the down-regulation of the cytokinin transcripts at this stage. 

 

SET-domain protein transcripts are another interesting class of TFs which were down-regulated 

at 5 DPA. They affect gene expression by forming complexes with chromatins (Francis and 

Kingston 2001), histone modifying enzymes and have been found to have the ability to 

methylate histones (Springer et al. 2003).  In addition to this, histone acetyltransferases (HAT) 

transcripts were up-regulated and histone deacetylases were down-regulated. HAT acetylates 

lysines on histones, affecting the wrapping of DNA around histone, bringing about an increase in 

gene expression. Conversely, histone deacetylases removes the acetyl group from the ε-N-acetly 

lysine amino acid on histones. Transcripts related to bromodomain proteins, which are also 

involved in similar manner of chromatin remodeling by recognizing acetylated lysine residues, 

were down-regulated as well (Choudhary et al. 2009). The expression levels of the transcripts 

associated with these chromatin remodeling factors such as the down-regulation of silencing 

group, down-regulation of JUMONJI—a possible transcriptional repressor (Takeuchi et al. 

2006)—and up-regulation of SNF2 of the chromatin remodeling factors, which a part of the 

SWI/SNF complex, indicates enhanced gene expression at this stage, which is expected of the 

dynamic processes involved in cotton fiber elongation.  
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4.9 Secondary metabolites 

Isoprenoids are a very diverse group of plant metabolites which are involved in respiration 

(ubiquinone), photosynthesis (carotenoids, chlorophyll), regulation of development through 

phytohormes - gibberellins and brassinosteroids, and finally the secondary metabolites—the 

non-essential compounds which function in plant responses to the environment (Rodríguez-

Concepción et al. 2013). One of the isoprenoid precursors, isopentyl diphosphate (IPP), is 

synthesized by the mevalonic acid (MVA) pathway. Two transcripts involved in this pathway 

were identified as down-regulated at 5 DPA; a putative, acetyl-CoA C-acyltransferase and 

mevalonate kinase, which phosphorylates  mevalonic acid (MVA) (Rodríguez-Concepción et al. 

2013). An alternate pathway to synthesis of IPP and its isomer dimethylallyl  diphosphate 

(DMAPP) is the methylerythritol 4-phosphate (MEP). Two transcripts, HDR (4-hydroxy-3-

methylbut-2-enyl diphosphate reductase) and DXPS3 (1-deoxy-d-xylulose 5-phosphate synthase 

3) related to the MEP pathway were identified in our research. While DXPS3 catalyzes the first 

step of condensation of pyruvate-derived (hydroxyethyl) thiamine with the C1 aldehyde group 

of glyceraldehyde 3-phosphate to produce deoxyxylulose 5-phosphate (Lois et al. 1998), HDR 

catalyzes the last step of this pathway, converting hydroxymethylbutenyl diphosphate to a 5:1 

mixture of IPP and DMAPP (Rodriguez-Concepcion and Boronat 2002). These two transcripts and 

proteins were up-regulated; indicating that possibly, the MEP pathway for the production of 

isoprenoids is preferred at this stage of fiber development.  

 

The transcripts associated with terpenoids were highly up-regulated at this stage. Two classes of 

transcripts were identified in this category; terpene synthase 21 and CAMS1 (Camelliol C 

synthase 1)/beta-amyrin synthase. Terpene synthase generates monoterpenoid (C20), 

sesquiterpenoid (C15), and diterpenoid (C20) classes through their precursors of 10 (geranyl 

diphosphate), 15 (farnesyl diphosphate) and 20 (geranylgeranyl diphosphate) carbons, which 

are formed from the condensation of DMAPP (Greenhagen et al. 2006, Trapp and Croteau 

2001). Monoterpenoids are volatile and have a characteristic odor, and hence are constituents 

of essential oils. A well-known example of sesquiterpenoid and diterpenoids is abscisic acid and 

gibberellins respectively (Vickery and Vickery 1981). The up-regulation of these transcripts could 
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possibly be related to the up-regulation of gibberellin synthesis related transcripts. Camelliol C 

synthase 1 converts oxidosqualene to camelliol C in triterpenoid biosynthesis. Triterpenoids 

have a very fascinating adaptogenic property in plants, promoting the ability of the plant to 

adapt to environmental factors (Klein 2004). It could be possible that triterpenoids are involved 

in adapting the cotton fiber to deal with the stress developed due to the turgor pressure. It 

would also be interesting to see if it could help the cotton fibers to deal with other abiotic 

stresses.  Phytoene desaturase 3 (PDS3) is a part of the carotenoid biosynthesis pathway, and 

has been found to be essential for gibberellin regulation in Arabidopsis (G. Qin et al. 2007). It 

could possibly be involved in maintaining gibberellin levels in cotton fibers as well. 

 

Transcripts associated with phenylpropanoid exhibited lowered expression levels at 5 DPA. 

Phenylpropanoids are involved in interactions with the environment, response to diseases, 

pathogens and UV radiations, and produce precursors for lignin (Hoffmann et al. 2004). Three 

types of enzymes associated with phenylpropanoid synthesis were identified; HCT 

(hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase), CCoAMT (caffeoyl-

CoA 3-O-methyltransferase) and oxidoreductase (Figure 3.12). HCT is an important enzyme in 

phenylpropanpoid synthesis. It catalyzes the reaction that produces shikimate or quinate ester 

from p-coumaroyl CoA as acyl donor and shikimic acid or quinic acid as an acceptor. It also 

catalyzes the reverse reaction of transferring caffeoyl moiety of 5-O-caffeoylquinate to 

coenzyme A, producing caffeoyl CoA, the precursor of guaiacyl and syringyl units of lignin. 

CCoAMT converts this caffeoyl CoA to feruloyl CoA in the pathway to generate guaiacyl and 

syringyl lignin (Hoffmann et al. 2004). The oxidoreductases are involved in the conversion of the 

different forms of aldehydes to alcohols in the last step of this pathway. The lowered expression 

of these transcripts could be due to the lack of lignin in the cell wall during this stage of fiber 

development. A very strongly down-regulated transcript at 5 DPA was annotated as LAC14 

(laccase 14), identified to be involved in lignin degradation (UniProtKB: Q9FY79). These patterns 

suggest the inhibition of lignin accumulation due to the down-regulation of both laccase and 

lignin biosynthesis related transcripts. 
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CHAPTER V 

CONCLUSION 

 

Several processes are involved in cotton fiber development in the period between 3 DPA and 5 

DPA. Cell wall elongation at this early stage could be driven by the coordinated action of 

ethylene and gibberellins, whose synthesis and response related transcripts were up-regulated 

at 5 DPA. The up-regulation of cellulose synthase related transcripts and proteins suggested 

active primary cell wall synthesis. Cell wall loosening is supported by the up-regulation of 

expansins, endoxyloglucan transferase, and xyloglucan endotransglycosylase, which affects the 

interactions between hemicellulose and cellulose microfibrils. A similar pattern of up-regulation 

was observed among the transcripts of the pectin degrading enzymes—pectin methylesterases 

and pectate lyases. This active degradation could be bringing about a regulation of pectin and 

hemicellulose synthesis, as was seen by the down-regulation of the transcripts related to their 

precursor synthesis. Transcripts and proteins related to water and solute transporters were up-

regulated at 5 DPA reflecting the influx of water as an active process driving cell elongation at 

this stage. Interestingly, a down-regulation in the ROS-regulators was also observed, which 

could possibly indicate the occurrence of cleavage of cell wall polymers occurring via this non-

enzymatic in addition to the enzymatic route at 5 DPA.  The cytoskeletal component related 

transcripts were also up-regulated at 5 DPA. These could be involved in re-orientation of the 

cellulose microfibrils so as to minimize the resistance to cell elongation. Phospholipid and 

sphingolipids synthesis related transcripts and proteins were up-regulated at 5 DPA as well, 

contributing to the primary cell wall synthesis and the plasticity of the cell wall. These 

transcripts identified, contribute to cell wall extension either directly or indirectly (Figure 5.1).  

At the 3 DPA to 5 DPA stage, the cotton fibers are completing the initiation phase and moving 

towards the rapid elongation phase. Our transcriptomic and proteomic data suggests that at this 

stage the fiber cell is elongating and preparing for the succeeding rapid elongation phase by 

loosening the cell wall through different remodeling processes. 
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The identification of these standard cell wall loosening processes involved in cell elongation 

helps us establish accurate functioning of the techniques employed. This helps us look into the 

transcripts that were not previously studied with a good level of confidence. Classes of signaling 

transcripts, cytoskeletal elements and transcription factors, which haven’t been previously 

described in cotton fiber studies, have been identified in this research, demonstrating the 

helpful advantages of RNA-Sequencing in novel gene identification. These could act as possible 

candidate genes for future researches on the cotton fiber improvement. The cotton fiber 

transcriptome and proteome generated in this research is the first reported database developed 

using RNA sequencing. This is a significant contribution to the cotton community, and has 

contributed to the existing knowledge base to get a better understanding of the cotton fiber 

development. This can be used as a reference database or baseline database for future studies 

focused on understanding the affects of environmental stresses on the genes involved in cotton 

fiber development. 
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Figure 5.1 A working model illustrating the contributions of various processes to cell wall extension during early fiber elongation. The up-regulated processes 

are represented in red boxes and arrows, whereas the down-regulated processes are represented in green boxes and arrows. 
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APPENDIX 

 

Table A1 Transcripts associated with starch synthesis and degradation 

Contig ID Description L2FC 

Starch synthesis 

   

contig22273  PGSIP6 (PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 6) 2.5 

contig24112  PGSIP6 (PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 6) 1.3 

contig27714  starch synthase, putative  1.1 

contig18464  starch synthase, putative  -1.1 

contig17539  ADG1 (ADP GLUCOSE PYROPHOSPHORYLASE 1) -1.2 

contig18010  ADG1 (ADP GLUCOSE PYROPHOSPHORYLASE 1) -1.4 

contig17295  PGSIP6 (PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 6) -1.5 

contig17756  ISA1 (ISOAMYLASE 1) -1.8 

contig18169  starch synthase, putative  -1.9 

contig13362  ISA3 (ISOAMYLASE 3) -2.2 

Starch degradation 

   

contig22033 PHS2 (ALPHA-GLUCAN PHOSPHORYLASE 2) 1.4 

contig5781 PHS2 (ALPHA-GLUCAN PHOSPHORYLASE 2) 1.3 

contig14482 BAM7 (BETA-AMYLASE 7) -1 

contig17162 BAM7 (BETA-AMYLASE 7) -1 

contig6091 AMY3 (ALPHA-AMYLASE-LIKE 3) -1.2 

contig15647 AMY3 (ALPHA-AMYLASE-LIKE 3) -1.2 

contig2194 DPE2 (DISPROPORTIONATING ENZYME 2) 4-alpha-glucanotransferase/ 
heteroglycan binding  

-1.4 

contig13662 ATGWD3  carbohydrate kinase/ catalytic/ phosphoglucan, water dikinase  -1.7 

contig12728 AMY3 (ALPHA-AMYLASE-LIKE 3) -1.9 
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Table A2 Transcripts associated with transport 

Contig ID Description L2FC 

ABC transporters and multidrug resistance systems 

   

contig7755 PDR12 (PLEIOTROPIC DRUG RESISTANCE 12); ATPase, coupled to 
transmembrane movement of substances  

1.7 

contig27615 PGP21 (P-GLYCOPROTEIN 21); ATPase, coupled to transmembrane movement 
of substances  

1.3 

contig25405 ATATH1; ATPase, coupled to transmembrane movement of substances / 
transporter  

1.1 

contig23223 ATMRP2 (ARABIDOPSIS THALIANA MULTIDRUG RESISTANCE-ASSOCIATED 
PROTEIN 2); ATPase, coupled to transmembrane movement of substances  

1.1 

contig23052 PDR3 (PLEIOTROPIC DRUG RESISTANCE 3); ATPase, coupled to transmembrane 
movement of substances  

1 

contig20957 ATNAP9; transporter  1 

contig23936 ATTAP1; ATPase, coupled to transmembrane movement of substances / 
transporter  

1 

contig10166 ABCB19; ATPase, coupled to transmembrane movement of substances / auxin 
efflux transmembrane transporter  

-1 

contig24013 ATMRP14; ATPase, coupled to transmembrane movement of substances  -1.1 

contig14881 ATMRP3; ATPase, coupled to transmembrane movement of substances / 
chlorophyll catabolite transporter/ glutathione S-conjugate-exporting ATPase  

-1.2 

contig13905 ABCB1 (ATP BINDING CASSETTE SUBFAMILY B1); ATPase, coupled to 
transmembrane movement of substances / auxin efflux transmembrane 
transporter/ calmodulin binding  

-1.4 

contig17363 ATMRP10; ATPase, coupled to transmembrane movement of substances  -1.9 

contig17329 PGP20 (P-GLYCOPROTEIN 20); ATPase, coupled to transmembrane movement 
of substances  

-2.2 

contig14741 PDR3 (PLEIOTROPIC DRUG RESISTANCE 3); ATPase, coupled to transmembrane 
movement of substances  

-2.6 

contig10849 ABCB19; ATPase, coupled to transmembrane movement of substances / auxin 
efflux transmembrane transporter  

-2.7 

contig17003 PGP21 (P-GLYCOPROTEIN 21); ATPase, coupled to transmembrane movement 
of substances  

-2.9 

contig17559 ATMRP10; ATPase, coupled to transmembrane movement of substances  -2.9 

contig17140 ATNAP8; ATPase, coupled to transmembrane movement of substances / 
transporter  

-3.7 

Calcium 

   

contig27003  CAX3 (CATION EXCHANGER 3); calcium:cation antiporter/ calcium:hydrogen 
antiporter/ cation:cation antiporter  

2.4 

contig24838  CAX3 (CATION EXCHANGER 3); calcium:cation antiporter/ calcium:hydrogen 
antiporter/ cation:cation antiporter  

1.9 

contig24473  CAX3 (CATION EXCHANGER 3); calcium:cation antiporter/ calcium:hydrogen 
antiporter/ cation:cation antiporter  

1.5 
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contig16820  CAX11; calcium:sodium antiporter/ cation:cation antiporter  -1.3 

Metabolite transporters at the envelope membrane 

   

contig25644 GPT2; antiporter/ glucose-6-phosphate transmembrane transporter  2.4 

contig23678 PPT2 (PHOSPHOENOLPYRUVATE (PEP)/PHOSPHATE TRANSLOCATOR 2); 
antiporter/ triose-phosphate transmembrane transporter  

1.8 

contig28870 mitochondrial substrate carrier family protein  1.7 

contig7489 mitochondrial substrate carrier family protein  1.6 

contig25500 mitochondrial substrate carrier family protein  1.5 

contig28223 mitochondrial substrate carrier family protein  1.2 

contig21796 organic anion transmembrane transporter  1.1 

contig13768 GPT1; antiporter/ glucose-6-phosphate transmembrane transporter  -1.1 

contig17609 PPT2 (PHOSPHOENOLPYRUVATE (PEP)/PHOSPHATE TRANSLOCATOR 2); 
antiporter/ triose-phosphate transmembrane transporter  

-1.3 

contig16969 mitochondrial substrate carrier family protein  -1.4 

contig16160 UCP5 (UNCOUPLING PROTEIN 5); binding  -2.1 

Metal 

   

contig29077 MTPB1 (METAL TOLERANCE PROTEIN B1); efflux transmembrane transporter/ 
inorganic anion transmembrane transporter/ zinc ion transmembrane 
transporter  

1.4 

contig26752 ZIP11 (ZINC TRANSPORTER 11 PRECURSOR); cation transmembrane transporter/ 
metal ion transmembrane transporter  

1.1 

contig25227 ZIP6; cation transmembrane transporter/ metal ion transmembrane transporter  1 

contig18564 ATMHX (ARABIDOPSIS THALIANA MAGNESIUM/PROTON EXCHANGER); 
calcium:sodium antiporter/ cation:cation antiporter  

-1.3 

contig15115 ATIREG3 (IRON-REGULATED PROTEIN 3)  -1.9 

contig13797 high-affinity nickel-transport family protein  -2.9 

Phosphate 

   

contig18378  EXS family protein / ERD1/XPR1/SYG1 family protein  -1.2 

contig15254  EXS family protein / ERD1/XPR1/SYG1 family protein  -1.4 

Potassium 

   

contig29758 KCO6; outward rectifier potassium channel  1.5 

contig22339 FIP2; protein binding / voltage-gated potassium channel  1.4 

contig24551 KUP3 (K+ UPTAKE TRANSPORTER 3); potassium ion transmembrane transporter  1.4 
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contig29363 KUP6; potassium ion transmembrane transporter  1.4 

contig22603 KUP3 (K+ UPTAKE TRANSPORTER 3); potassium ion transmembrane transporter  1.2 

contig26653 KAT2 (POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 2); cyclic nucleotide 
binding / inward rectifier potassium channel  

1.2 

contig23165 KUP7; potassium ion transmembrane transporter  1.2 

contig22623 potassium transporter family protein  1.1 

contig18111 KUP10; potassium ion transmembrane transporter  -1.3 

contig17235 potassium transporter family protein  -1.5 

Sugars 

   

contig26813 nucleotide-sugar transporter family protein  1.9 

contig26923 VDAC1 (VOLTAGE DEPENDENT ANION CHANNEL 1); voltage-gated anion channel  1.7 

contig13512 SGB1 (SUPPRESSOR OF G PROTEIN BETA1); carbohydrate transmembrane 
transporter/ sugar:hydrogen symporter  

-1.4 

contig10860 sugar transporter, putative  -1.5 

Porins 

   

contig26923 VDAC1 (VOLTAGE DEPENDENT ANION CHANNEL 1); voltage-gated anion channel  1.7 

contig12842 VDAC2 (VOLTAGE DEPENDENT ANION CHANNEL 2); voltage-gated anion channel  1.5 

contig28288 VDAC2 (VOLTAGE DEPENDENT ANION CHANNEL 2); voltage-gated anion channel  -1.5 
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Contig ID Description L2FC 

Calcium signaling  

   

contig25329 IQD17 (IQ-domain 17); calmodulin binding  2.2 

contig24997 CRT3 (CALRETICULIN 3); calcium ion binding / unfolded protein binding  1.9 

contig29245 lipase class 3 family protein / calmodulin-binding heat-shock protein,     
putative  

1.9 

contig24789 calcium-binding EF hand family protein  1.6 

contig29744 IQD11 (IQ-domain 11); calmodulin binding  1.6 

contig24152 ATEHD1 (EPS15 HOMOLOGY DOMAIN 1); GTP binding / GTPase/ calcium ion 
binding  

1.5 

contig2225 calcium-binding EF hand family protein  1.5 

contig28378 CPK17; ATP binding / calcium ion binding / calmodulin-dependent protein 
kinase/ kinase/ protein kinase/ protein serine/threonine kinase  

1.3 

contig29438 calcium-dependent protein kinase, putative / CDPK, putative  1.1 

contig28195 CIP111 (CAM INTERACTING PROTEIN 111); ATPase/ calmodulin binding  1.1 

contig26679 CPK20; ATP binding / calcium ion binding / calmodulin-dependent protein 
kinase/ kinase/ protein kinase/ protein serine/threonine kinase  

1.1 

contig23912 IQD2 (IQ-domain 2); calmodulin binding  1.1 

contig24142 MSS3 (multicopy suppressors of snf4 deficiency in yeast 3); calcium ion 
binding  

1.1 

contig24425 NPG1 (no pollen germination 1); calmodulin binding  1.1 

contig14676 ACA9 (AUTOINHIBITED CA(2+)-ATPASE 9); calcium-transporting ATPase/ 
calmodulin binding  

-1 

contig16315 lipase class 3 family protein / calmodulin-binding heat-shock protein, 
putative  

-1 

contig11103 IQD2 (IQ-domain 2); calmodulin binding  -1.1 

contig16464 IQD5 (IQ-domain 5); calmodulin binding  -1.1 

contig6297 calmodulin-binding protein  -1.2 

contig18742 CPK20; ATP binding / calcium ion binding / calmodulin-dependent protein 
kinase/ kinase/ protein kinase/ protein serine/threonine kinase  

-1.2 

contig12277 CRK (CDPK-related kinase); ATP binding / calcium ion binding / calcium-
dependent protein serine/threonine phosphatase/ kinase/ protein kinase/ 
protein serine/threonine kinase  

-1.3 

contig11818 ATEHD2 (EPS15 HOMOLOGY DOMAIN 2); GTP binding / GTPase/ calcium ion 
binding  

-1.4 

contig14234 calcium-binding protein, putative  -1.4 

contig14038 BON2 (BONZAI 2); calcium-dependent phospholipid binding  -1.5 

contig11476 calmodulin-related protein, putative  -1.6 

contig16808 calmodulin-binding family protein  -1.9 

contig17894 calmodulin-binding protein  -1.9 
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contig18696 CRT3 (CALRETICULIN 3); calcium ion binding / unfolded protein binding  -1.9 

contig14673 CPK32 (CALCIUM-DEPENDENT PROTEIN KINASE 32); calcium-dependent 
protein kinase C/ calmodulin-dependent protein kinase/ kinase/ protein 
binding  

-2 

contig15313 IQD31 (IQ-domain 31); calmodulin binding  -2.1 

contig17995 calmodulin-binding family protein  -2.5 

contig17873 calcium-binding EF hand family protein  -2.9 

contig15699 IQD30; calmodulin binding  -3 

G-protein signaling  

   

contig28009 RAB GDP-dissociation inhibitor  2.4 

contig29553 RHD3 (ROOT HAIR DEFECTIVE 3); GTP binding  1.8 

contig27219 ATFP8; GTP binding / GTP-dependent protein binding / myosin XI tail binding  1.6 

contig26953 GTP-binding protein LepA, putative  1.6 

contig26005 guanine nucleotide exchange family protein  1.5 

contig24605 ROP1 (RHO-RELATED PROTEIN FROM PLANTS 1); GTP binding / GTPase 
activating protein binding / GTPase/ protein binding  

1.5 

contig22580 RABC2A (RAB GTPASE HOMOLOG C2A); GTP binding / GTP-dependent 
protein binding / myosin XI tail binding  

1.4 

contig27835 ATRAB11C (ARABIDOPSIS RAB GTPASE 11C); GTP binding  1.4 

contig24358 ATGB2 (GTP-BINDING 2); GTP binding  1.3 

contig28470 ARAC3 (ARABIDOPSIS RAC-LIKE 3); GTP binding / GTPase  1.3 

contig22638 RabGAP/TBC domain-containing protein  1.2 

contig5462 ATMIN7 (ARABIDOPSIS THALIANA HOPM INTERACTOR 7); guanyl-nucleotide 
exchange factor/ protein binding  

1.2 

contig420 AtRABA4a (Arabidopsis Rab GTPase homolog A4a); GTP binding  1.1 

contig26493 RabGAP/TBC domain-containing protein  1.1 

contig28816 GTP-binding protein LepA, putative  1 

contig28221 guanine nucleotide exchange family protein  1 

contig22945 transducin family protein / WD-40 repeat family protein  1 

contig11559 AtRABA5a (Arabidopsis Rab GTPase homolog A5a); GTP binding  -1 

contig17173 EDA10 (embryo sac development arrest 10); ARF guanyl-nucleotide exchange 
factor/ binding / guanyl-nucleotide exchange factor  

-1 

contig17463 ROPGEF1; Rho guanyl-nucleotide exchange factor/ protein binding  -1.1 

contig11140 ATFP8; GTP binding / GTP-dependent protein binding / myosin XI tail binding  -1.1 

contig11126 rac GTPase activating protein, putative  -1.2 

contig13671 Ras-related GTP-binding family protein  -1.3 

contig10505 ROPGEF1; Rho guanyl-nucleotide exchange factor/ protein binding  -1.3 

contig11955 ROP1 (RHO-RELATED PROTEIN FROM PLANTS 1); GTP binding / GTPase 
activating protein binding / GTPase/ protein binding  

-1.4 
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contig17546 GTP-binding family protein  -1.4 

contig14648 AtRABA1f (Arabidopsis Rab GTPase homolog A1f); GTP binding  -1.5 

contig14790 MIRO2 (MIRO-RELATED GTP-ASE 2); GTPase/ calcium ion binding  -1.9 

contig18690 GTP-binding protein LepA, putative  -2 

contig12565 MIRO1 (Miro-related GTP-ase 1); GTP binding  -2 

contig17962 RAB GTPase activator  -2 

contig14424 emb1579 (embryo defective 1579); binding / calcium ion binding  -2.3 

contig16641 ROPGEF1; Rho guanyl-nucleotide exchange factor/ protein binding  -2.3 

Receptor kinases  

   

DUF 26   

   

contig17708  protein kinase family protein  -1.7 

contig17156  protein kinase family protein  -1.5 

contig16995  protein kinase family protein  -1.3 

contig2250  RKF1 (RECEPTOR-LIKE KINASE IN FLOWERS 1) -1.2 

contig18283  protein kinase family protein  -1.1 

contig16979  protein kinase family protein  -1 

contig17887  leucine-rich repeat transmembrane protein kinase, putative  -1 

leucine rich repeat III  

  

contig17353  leucine-rich repeat transmembrane protein kinase, putative  -1.7 

contig18306  leucine-rich repeat transmembrane protein kinase, putative  -1.7 

contig14771  leucine-rich repeat transmembrane protein kinase, putative  -1.1 

leucine rich repeat VIII  

   

contig16071  leucine-rich repeat transmembrane protein kinase, putative -1.7 

leucine rich repeat X  

   

contig6634  leucine-rich repeat transmembrane protein kinase, putative -1.9 

leucine rich repeat XI  

   

contig17685 TMM (TOO MANY MOUTHS); protein binding / receptor  -3.4 

contig16344 leucine-rich repeat transmembrane protein kinase, putative  -2.1 

contig16430 BRI1 (BRASSINOSTEROID INSENSITIVE 1); kinase/ protein binding / protein 
heterodimerization/ protein homodimerization/ protein kinase/ protein 
serine/threonine kinase  

-1.9 

contig18135 leucine-rich repeat transmembrane protein kinase, putative  -1.5 
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contig16604  leucine-rich repeat transmembrane protein kinase, putative  -1.5 

contig16016  leucine-rich repeat transmembrane protein kinase, putative  -1.4 

contig17281  ATP binding / kinase/ protein serine/threonine kinase  -1.3 

contig12635  disease resistance family protein  -1.1 

contig19536  leucine-rich repeat family protein  -1.1 

contig17550  leucine-rich repeat transmembrane protein kinase, putative  -1.1 

MAP kinases  

  

contig25648  MAPKKK7 1.2 

contig12807  MPK9 (MAP KINASE 9) -1.2 

contig14214  MAPKKK7 -1.2 

Sugar and nutrient signaling  

   

contig25908  GLR5 (GLUTAMATE RECEPTOR 5); intracellular ligand-gated ion channel  2.4 

contig7305  ATGLR3.4; intracellular ligand-gated ion channel  1.6 

contig25666  EXL2 (EXORDIUM LIKE 2)  1.4 

contig18410  ATGLR3.4; intracellular ligand-gated ion channel  -1 

Phosphinositides  

   

contig28764 ATPI4K ALPHA; 1-phosphatidylinositol 4-kinase/ inositol or 
phosphatidylinositol kinase  

1.4 

contig26660 ATPH1 (ARABIDOPSIS THALIANA PLECKSTRIN HOMOLOGUE 1); 
phosphoinositide binding  

1.3 

contig24437 PIP5K9 (PHOSPHATIDYL INOSITOL MONOPHOSPHATE 5 KINASE) 1 

contig2775 phosphoinositide-specific phospholipase C family protein  -1.2 

contig15964 PIP5K9 (PHOSPHATIDYL INOSITOL MONOPHOSPHATE 5 KINASE) -1.4 

contig18526 inositol 1,3,4-trisphosphate 5/6-kinase  -1.4 

contig11734 phosphoinositide-specific phospholipase C family protein  -3.1 

Light   

   

contig28728 phototropic-responsive NPH3 family protein  2.7 

contig28389 FAR1 (FAR-RED IMPAIRED RESPONSE 1); transcription activator/ transcription 
factor  

1.6 

contig27486 FRS3 (FAR1-related sequence 3); zinc ion binding  1.6 

contig4345 protein binding / signal transducer  1.6 

contig26607 phototropic-responsive NPH3 family protein  1.4 

contig28303 CRY1 (CRYPTOCHROME 1); ATP binding / blue light photoreceptor/ protein 
homodimerization/ protein kinase  

1.2 

contig25056 binding / catalytic/ transcription repressor  1.1 
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contig14714 phototropic-responsive NPH3 family protein  -1 

contig16983 PHYE (PHYTOCHROME DEFECTIVE E); G-protein coupled photoreceptor/ 
protein histidine kinase/ signal transducer  

-1.1 

contig17903 BTB/POZ domain-containing protein  -1.2 

contig13116 COP8 (CONSTITUTIVE PHOTOMORPHOGENIC 8); protein binding  -1.2 

contig18246 FAR1 (FAR-RED IMPAIRED RESPONSE 1); transcription activator/ transcription 
factor  

-1.5 

contig17209 FHY3 (FAR-RED ELONGATED HYPOCOTYLS 3); transcription activator/ 
transcription factor  

-1.7 

contig18475 PHYA (PHYTOCHROME A); G-protein coupled photoreceptor/ protein 
histidine kinase/ red or far-red light photoreceptor/ signal transducer  

-1.8 

contig14408 phototropic-responsive NPH3 family protein  -1.8 

contig18127 TIC (TIME FOR COFFEE)  -2 

contig15475 LAF3 (LONG AFTER FAR-RED 3); hydrolase/ hydrolase, acting on carbon-
nitrogen (but not peptide) bonds  

-2.6 
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Contig ID Description L2FC 

Alfin-like   

   

contig25828  AL6 (ALFIN-LIKE 6); DNA binding / methylated histone residue binding  1.1 

AP2/EREBP, APETALA2/Ethylene-responsive element binding protein family  

   

contig23396 AP2 domain-containing transcription factor, putative  1.5 

contig26778 ovule development protein, putative  1.2 

contig21689 AP2 (APETALA 2); transcription factor  1.1 

contig28367 AP2 domain-containing protein  1 

contig27268 ERF7 (ETHYLINE RESPONSE FACTOR 7); DNA binding / protein binding / 
transcription factor/ transcription repressor  

1 

contig13270 RAP2.4 (related to AP2 4); DNA binding / transcription factor  -1.3 

contig16235 ERF5 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 5); DNA binding / 
transcription activator/ transcription factor  

-1.4 

contig15303 RAP2.12; DNA binding / transcription factor  -1.8 

contig14988 ERF9 (ERF DOMAIN PROTEIN 9); DNA binding / transcription factor/ 
transcription repressor  

-2.6 

Auxin and Auxin Response Factor family  

   

contig23090 IAA14 (INDOLE-3-ACETIC ACID INDUCIBLE 14); protein binding / transcription 
factor/ transcription repressor  

5.7 

contig25326 IAA14 (INDOLE-3-ACETIC ACID INDUCIBLE 14); protein binding / transcription 
factor/ transcription repressor  

2.9 

contig27379 ARF16 (AUXIN RESPONSE FACTOR 16); miRNA binding / transcription factor  1.7 

contig26007 ATAUX2-11 (AUXIN INDUCIBLE 2-11); DNA binding / transcription factor  1.6 

contig24807 ETT (ETTIN); DNA binding / transcription factor  1.2 

contig23429 ARF9 (AUXIN RESPONSE FACTOR 9); transcription factor  1.2 

contig9867 ATAUX2-11 (AUXIN INDUCIBLE 2-11); DNA binding / transcription factor  -1.1 

contig12228 ARF9 (AUXIN RESPONSE FACTOR 9); transcription factor  -1.3 

contig12399 ARF2 (AUXIN RESPONSE FACTOR 2); protein binding / transcription factor  -1.3 

contig13459 ATAUX2-11 (AUXIN INDUCIBLE 2-11); DNA binding / transcription factor  -1.4 

contig15837 ARF10 (AUXIN RESPONSE FACTOR 10); miRNA binding / transcription factor  -1.5 

contig18087 IAA16; transcription factor  -1.8 

contig17971 ARF6 (AUXIN RESPONSE FACTOR 6); transcription factor  -2.3 

Argonaute  

   

contig18494  AGO6 (ARGONAUTE 6); nucleic acid binding  -1.2 

contig17752  AGO2 (argonaute 2); nucleic acid binding  -1.2 



Texas Tech University, Komal Ramesh Kunder, May 2013 

112 

 

Table A4 Continued 

Contig ID Description L2FC 

ARR   

   

contig14528 ARR2 (ARABIDOPSIS RESPONSE REGULATOR 2); transcription factor/ two-
component response regulator  

-1.2 

contig13650 ARR1 (ARABIDOPSIS RESPONSE REGULATOR 1); transcription factor/ two-
component response regulator  

-1.5 

contig14528 ARR2 (ARABIDOPSIS RESPONSE REGULATOR 2); transcription factor/ two-
component response regulator  

-1.2 

AS2,Lateral Organ Boundaries Gene Family  

   

contig28685  LBD39 (LOB DOMAIN-CONTAINING PROTEIN 39)  1.8 

AT-rich interaction domain containing transcription factor family  

   

contig10560  ARID/BRIGHT DNA-binding domain-containing protein  -1.2 

AtSR Transcription Factor family  

   

contig17777  calmodulin-binding protein  -1.1 

bHLH, Basic Helix-Loop-Helix family  

   

contig26646 bHLH093 (beta HLH protein 93); DNA binding / transcription factor  1 

contig24586 LHW (LONESOME HIGHWAY); protein homodimerization/ transcription 
activator/ transcription factor  

1 

contig16492 basic helix-loop-helix (bHLH) family protein  -1.5 

contig17476 DNA binding / transcription factor  -1.9 

Bromodomain proteins  

   

contig17622  HAF01; DNA binding / histone acetyltransferase  -1 

contig14954  DNA-binding bromodomain-containing protein  -1.2 

bZIP transcription factor family  

   

contig23311 AHBP-1B; DNA binding / transcription activator/ transcription factor/ 
transcription repressor  

2.1 

contig18235 bZIP family transcription factor  -1.1 

contig15598 HY5 (ELONGATED HYPOCOTYL 5); DNA binding / double-stranded DNA 
binding / transcription factor  

-1.3 

contig16230 AREB3 (ABA-RESPONSIVE ELEMENT BINDING PROTEIN 3); DNA binding / 
transcription activator/ transcription factor  

-1.4 
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CCAAT box binding factor family, HAP3  

   

contig24672  NF-YB13 (NUCLEAR FACTOR Y, SUBUNIT B13); transcription factor  1.3 

contig13195  NF-YB13 (NUCLEAR FACTOR Y, SUBUNIT B13); transcription factor  -1.4 

Chromatin Remodeling Factors  

   

contig29705 DMT2 (DNA METHYLTRANSFERASE 2); DNA (cytosine-5-)-methyltransferase/ 
DNA binding / protein binding  

1.6 

contig26320 RGD3 (ROOT GROWTH DEFECTIVE 3); ATP binding / DNA binding / binding / 
helicase/ nucleic acid binding  

1.5 

contig28559 SNF2 domain-containing protein / helicase domain-containing protein / RING 
finger domain-containing protein  

1.2 

contig29294 SNF2 domain-containing protein / helicase domain-containing protein / RING 
finger domain-containing protein  

1.2 

contig12518 CHR11 (CHROMATIN-REMODELING PROTEIN 11); ATP binding / DNA binding 
/ DNA-dependent ATPase/ helicase/ hydrolase, acting on acid anhydrides, in 
phosphorus-containing anhydrides / nucleic acid binding / nucleosome 
binding  

-1.3 

contig18451 SNF2 domain-containing protein / helicase domain-containing protein / F-box 
family protein  

-1.3 

contig16574 transcription regulatory protein SNF2, putative  -1.3 

contig17469 transcription regulatory protein SNF2, putative  -1.3 

contig15152 DRD1 (DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1); ATP binding / 
DNA binding / helicase/ nucleic acid binding  

-1.9 

CPP(Zn),CPP1-related transcription factor family  

   

contig11070  TCX2 (TESMIN/TSO1-LIKE CXC 2); transcription factor  -1.3 

E2F/DP transcription factor family  

   

contig24051  DPB; protein binding / protein heterodimerization  1.1 

contig11448  DPB; protein binding / protein heterodimerization  -1.2 

contig11966  DPB; protein binding / protein heterodimerization  -1.3 

General transcription  

   

contig23729  KIWI; DNA binding / protein binding / transcription coactivator  1.4 

contig15752  DNA-directed RNA polymerase III RPC4 family protein  -1.1 

contig14303  transcription factor-related  -1.4 
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Global transcription factor group  

   

contig4783 GTB1; RNA binding / hydrolase, acting on ester bonds / transcription 
elongation regulator  

1.7 

contig28895 SPT16 (global transcription factor C)  1.6 

contig25909 GTB1; RNA binding / hydrolase, acting on ester bonds / transcription 
elongation regulator  

1.1 

contig11706 GTA2 (GLOBAL TRANSCRIPTION FACTOR GROUP A2); structural constituent 
of ribosome / transcription elongation regulator/ transcription factor  

-1.3 

contig12233 GTA2 (GLOBAL TRANSCRIPTION FACTOR GROUP A2); structural constituent 
of ribosome / transcription elongation regulator/ transcription factor  

-2.2 

GRAS transcription factor family  

   

contig13915 scarecrow transcription factor family protein  -1.1 

contig17543 PAT1 (phytochrome a signal transduction 1); signal transducer/ transcription 
factor  

-1.2 

contig16336 scarecrow-like transcription factor 6 (SCL6)  -1.4 

HB,Homeobox transcription factor family  

   

contig28203  ATHB13; DNA binding / sequence-specific DNA binding / transcription factor  2.2 

contig29938  BEL1 (BELL 1); DNA binding / protein binding / transcription factor  1.4 

contig29523  HB-7 (HOMEOBOX-7); DNA binding / transcription factor  1.2 

contig13072  HB-1 (homeobox-1); transcription factor  -1 

contig16984  BEL1 (BELL 1); DNA binding / protein binding / transcription factor  -1.1 

contig2842  HAT3.1; DNA binding / sequence-specific DNA binding / transcription 
activator/ transcription factor  

-1.3 

contig10498 ATHB6; DNA binding / protein binding / sequence-specific DNA binding / 
transcription activator/ transcription factor  

-1.4 

contig14529 homeobox transcription factor, putative  -2.1 

HDA   

   

contig10921 HDA3 (HISTONE DEACETYLASE 3); histone deacetylase/ nucleic acid binding / 
zinc ion binding  

-1.6 

contig16517 HDA9 (HISTONE DEACETYLASE 9); histone deacetylase  -1.8 

Histone acetyltransferases  

   

contig27491 ADA2A (HOMOLOG OF YEAST ADA2 2A); DNA binding / transcription factor/ 
zinc ion binding  

1.3 

contig23283 HAM1 (HISTONE ACETYLTRANSFERASE OF THE MYST FAMILY 1); H3/H4 
histone acetyltransferase/ histone acetyltransferase/ nucleic acid binding / 
zinc ion binding  

1.1 
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HSF,Heat-shock transcription factor family  

   

contig25901  AT-HSFA6B; DNA binding / transcription factor  1.6 

contig27332  AT-HSFA8; DNA binding / transcription factor  1.5 

JUMONJI family  

   

contig25219 transcription factor jumonji (jmjC) domain-containing protein  1.5 

contig17667 REF6 (RELATIVE OF EARLY FLOWERING 6); nucleic acid binding / transcription 
factor/ zinc ion binding  

-1.1 

contig18018 transcription factor jumonji (jmjC) domain-containing protein  -1.6 

MADS box transcription factor family  

   

contig28813  SEP1 (SEPALLATA1); DNA binding / transcription factor  1.6 

contig25663  TT16 (TRANSPARENT TESTA16); transcription factor  1.4 

contig11421  SEP1 (SEPALLATA1); DNA binding / transcription factor  -1.3 

MYB domain transcription factor family  

   

contig29481 MYB3 (MYB DOMAIN PROTEIN 3); DNA binding / transcription factor  2 

contig23029 MYB96 (myb domain protein 96); DNA binding / transcription factor  2 

contig23397 myb family transcription factor  1.6 

contig23170 MYB4; DNA binding / transcription factor  1.3 

contig16588 DNA-binding family protein  -1 

contig13119 myb family transcription factor  -1 

contig14555 ATCDC5 (ARABIDOPSIS THALIANA CELL DIVISION CYCLE 5); DNA binding / 
transcription factor  

-1.1 

contig14753 MYB106 (myb domain protein 106); DNA binding / transcription factor  -1.2 

contig18154 TKI1 (TSL-kinase interacting protein 1); DNA binding / transcription factor  -1.3 

contig17207 myb family transcription factor  -1.3 

contig16335 ATCDC5 (ARABIDOPSIS THALIANA CELL DIVISION CYCLE 5); DNA binding / 
transcription factor  

-1.5 

contig16646 MYB4; DNA binding / transcription factor  -1.6 

contig23954 MYB106 (myb domain protein 106); DNA binding / transcription factor  -1.9 

Nucleosome/chromatin assembly factor group  

   

contig11234 high mobility group (HMG1/2) family protein / ARID/BRIGHT DNA-binding 
domain-containing protein  

-1.1 

PHD finger transcription factor  

   

contig27928  PHD finger transcription factor, putative  1.8 
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Pseudo ARR transcription factor family  

   

contig16810 TOC1 (TIMING OF CAB EXPRESSION 1); transcription regulator/ two-
component response regulator  

-1.4 

contig17320 PRR7 (PSEUDO-RESPONSE REGULATOR 7); transcription regulator/ two-
component response regulator  

-1.7 

contig17320 PRR7 (PSEUDO-RESPONSE REGULATOR 7); transcription regulator/ two-
component response regulator  

-1.7 

Putative transcription regulator  

   

contig24359 transcriptional regulator family protein  3.1 

contig13878 XH/XS domain-containing protein / XS zinc finger domain-containing protein  -1 

contig14024 TRFL6 (TRF-LIKE 6); DNA binding / transcription factor  -1.1 

contig11506 DNA binding  -1.2 

contig17264 SWC2; DNA binding / transcription factor  -1.2 

contig15091 Encodes a protein with similarity to VRN5 and VIN3.Contains both a  
fibronectin III and PHD finger domain..  

-1.2 

contig13161 XH/XS domain-containing protein / XS zinc finger domain-containing protein  -1.6 

contig14390 transcription regulator NOT2/NOT3/NOT5 family protein  -1.8 

contig17367 ERCC1; 5'-flap endonuclease  -1.8 

SBP,Squamosa promoter binding protein family  

   

contig28216 SPL7 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 7); DNA binding / 
transcription factor  

1.7 

contig28193 SPL2 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 2); DNA binding / 
transcription factor  

1.6 

contig14033 SPL9 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9); transcription factor  -1.9 

SET-domain transcriptional regulator family  

   

contig12230 tetratricopeptide repeat (TPR)-containing protein  -1 

contig16393 CLF (CURLY LEAF); transcription factor  -1.1 

contig15815 SUVR1 (ARABIDOPSIS HOMOLOG OF SU(VAR)3-9 1); histone-lysine N-
methyltransferase/ zinc ion binding  

-1.2 

contig17906 SDG37; zinc ion binding  -1.2 

contig17758 SDG26 (SET DOMAIN GROUP 26); histone-lysine N-methyltransferase  -2.4 

Silencing Group  

   

contig15092  ASF1B (ANTI- SILENCING FUNCTION 1B)  -1.2 
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SNF7   

   

contig24237  VPS24.1  1.6 

contig21778  VPS46.2  1.1 

TCP transcription factor family  

   

contig24229  TCP family transcription factor, putative  2.1 

contig20449  TCP family transcription factor, putative  1.3 

contig11010  TCP family transcription factor, putative  -1.4 

Trihelix, Triple-Helix transcription factor family  

   

contig24470  AT-GTL1 (GT2-LIKE 1); DNA binding / transcription factor  1.5 

contig29708  DNA binding protein GT-1  1.2 

contig15508  AT-GTL1 (GT2-LIKE 1); DNA binding / transcription factor  -1.6 

WRKY domain transcription factor family  

   

contig25720  WRKY32 1.7 

contig28891  WRKY15 1.1 

contig16905  WRKY33 -1.6 

contig16997  WRKY32 -2.3 

Unclassified  

   

contig27229 zinc-binding family protein  2 

contig27456 aspartyl protease family protein  1.8 

contig21967 TIP1 (TIP GROWTH DEFECTIVE 1); S-acyltransferase/ acyl binding  1.4 

contig24629 binding / zinc ion binding  1.2 

contig22785 PDF5 (PREFOLDIN 5); unfolded protein binding  1.2 

contig27313 TRAF-type zinc finger-related  1.2 

contig23981 zinc ion binding  1.1 

contig29576 SGS3 (SUPPRESSOR OF GENE SILENCING 3)  1 

contig15738 aspartyl protease family protein  -1.2 

contig18059 mitochondrial transcription termination factor-related / mTERF-related  -1.2 

contig18305 zinc-binding family protein  -1.3 

contig18711 ZIGA4 (ARF GAP-like zinc finger-containing protein ZiGA4); ARF GTPase 
activator/ DNA binding / zinc ion binding  

-1.4 

contig14732 nucleic acid binding / nucleotide binding / zinc ion binding  -1.5 

contig14133 AGD7; ARF GTPase activator/ DNA binding / zinc ion binding  -1.8 
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contig18058 TRAF-type zinc finger-related  -1.8 

contig14915 transcription factor-related  -1.8 
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Contig ID  Description L2FC 

Cytochrome P450  

   

contig29177 CYP735A1; electron carrier/ heme binding / iron ion binding / 
monooxygenase/ oxygen binding  

2.8 

contig24842 CYP706A6; electron carrier/ heme binding / iron ion binding / 
monooxygenase/ oxygen binding  

1.5 

contig23461 ATR2 (ARABIDOPSIS P450 REDUCTASE 2); NADPH-hemoprotein reductase  1.3 

contig21487 CYP97A3 (CYTOCHROME P450-TYPE MONOOXYGENASE 97A3); carotene 
beta-ring hydroxylase/ oxygen binding  

1.1 

contig17304 CYP96A10; electron carrier/ heme binding / iron ion binding / 
monooxygenase  

-1.2 

contig13024 CYP51G1 (CYTOCHROME P450 51G1); oxygen binding / sterol 14-
demethylase  

-1.4 

contig13899 TT7 (TRANSPARENT TESTA 7); flavonoid 3'-monooxygenase/ oxygen binding  -1.4 

Acyl transferases  

   

contig22203  EMB2753 (EMBRYO DEFECTIVE 2753); binding  1.2 

beta-galactosidase  

   

contig18990  BGAL13; beta-galactosidase  1.8 

contig4460  BGAL5 (beta-galactosidase 5) 1.6 

contig22484  BGAL5 (beta-galactosidase 5) 1.5 

Alcohol dehydrogenases 

   

contig11005  alcohol dehydrogenase, putative  -2.3 

contig12673  alcohol dehydrogenase, putative  -2.6 

Peroxidases  

   

contig27580  peroxidase 12 (PER12) (P12) (PRXR6)  2.2 

contig12376  cationic peroxidase, putative  2.1 

contig27144  APX6; L-ascorbate peroxidase/ heme binding / peroxidase  1.2 

contig17993  peroxidase 17 (PER17) (P17)  -1.1 

contig13407  peroxidase, putative  -2.6 

contig14221  peroxidase, putative  -3.4 

Phosphatases  

   

contig25649  acid phosphatase survival protein SurE, putative  2.6 

contig27893  POL (poltergeist); protein serine/threonine phosphatase  1.8 

contig18733  NLI interacting factor (NIF) family protein  -1 
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contig16449  SIT4 phosphatase-associated family protein  -1 

contig15901  calcineurin-like phosphoesterase family protein  -1.1 

contig13946  LPP3 (LIPID PHOSPHATE PHOSPHATASE 3); phosphatidate phosphatase  -1.2 

contig15601  SIT4 phosphatase-associated family protein  -1.3 

contig15729  phosphatidic acid phosphatase-related / PAP2-related  -1.3 

contig15775  POL (poltergeist); protein serine/threonine phosphatase  -1.3 

contig13005  histidine acid phosphatase family protein  -1.8 

contig16959  acid phosphatase survival protein SurE, putative  -1.9 

Oxidases   

   

contig29597  NQR; binding / catalytic/ oxidoreductase/ zinc ion binding  2.7 

contig25886  sks5 (SKU5 Similar 5); copper ion binding / oxidoreductase  2.2 

contig7017  LDL3 (LSD1-LIKE3); amine oxidase/ electron carrier/ oxidoreductase  1.9 

contig21267  oxidoreductase, 2OG-Fe(II) oxygenase family protein  1.8 

contig27980  FAD linked oxidase family protein  1.7 

contig14419  copper amine oxidase, putative  -1.4 

contig13165  oxidoreductase, 2OG-Fe(II) oxygenase family protein  -1.4 

contig13980  FAD linked oxidase family protein  -2.3 

UDP glucosyl and glucoronyl transferases 

   

contig24940 UGT73B2 (UDP-GLUCOSYLTRANSFERASE 73B2) 3.4 

contig3939 LGT8 (GLUCOSYL TRANSFERASE FAMILY 8) 2.2 

contig26478 exostosin family protein  1.7 

contig24991 UDP-glucoronosyl/UDP-glucosyl transferase family protein   

contig26115 XT2 (UDP-XYLOSYLTRANSFERASE 2) 1.5 

contig27279 glycosyltransferase family 14 protein / core-2/I-branching enzyme family 
protein  

1.4 

contig26141 UDP-glucoronosyl/UDP-glucosyl transferase family protein  1.4 

contig26522 GUT2 glucuronoxylan glucuronosyltransferase  1.4 

contig26804 transferase, transferring glycosyl groups  1.2 

contig28563 GAUT10 (GALACTURONOSYLTRANSFERASE 10) 1.1 

contig26531 glycosyltransferase family 14 protein / core-2/I-branching enzyme family 
protein  

1.1 

contig5665 GAUT14 (Galacturonosyltransferase 14) 1.1 

contig1049 exostosin family protein  1 

contig23611 GAUT3 (Galacturonosyltransferase 3) 1 

contig18243 glycosyltransferase family 14 protein / core-2/I-branching enzyme family 
protein  

-1 

contig13740 GAUT6 (Galacturonosyltransferase 6) -1.1 
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contig17629 glycosyltransferase family 14 protein / core-2/I-branching enzyme family 
protein  

-1.1 

contig17170 GATL10 (Galacturonosyltransferase-like 10) -1.4 

O-methyl transferases 

   

contig26087  ATOMT1 (O-METHYLTRANSFERASE 1) 1.6 

contig16390  PRMT6 (PROTEIN ARGININE METHYLTRANSFERASE 6) -1.1 

contig13038  ATOMT1 (O-METHYLTRANSFERASE 1) -2 

Nitrilases   

   

contig27534  glucose-methanol-choline (GMC) oxidoreductase family protein  4.2 

contig26429  glucose-methanol-choline (GMC) oxidoreductase family protein  2.4 

contig29127  alpha-N-acetylglucosaminidase family / NAGLU family  1.1 

contig15111  glutamyl-tRNA(Gln) amidotransferase, putative  -1.5 

Glutathione S transferases 

   

contig8059 ERD9 (EARLY-RESPONSIVE TO DEHYDRATION 9); glutathione transferase  -1.3 

contig14918 ATGSTF6 (GLUTATHIONE S-TRANSFERASE); copper ion binding / glutathione 
binding / glutathione transferase  

-3.9 

GDSL-motif lipase  

   

contig24668  GDSL-motif lipase/hydrolase family protein  1.8 

contig25434  GDSL-motif lipase/hydrolase family protein  1.3 

contig3862  GDSL-motif lipase/hydrolase family protein  1.2 

contig11739  GDSL-motif lipase/hydrolase family protein  -1.1 

contig8843  GDSL-motif lipase/hydrolase family protein  -1.1 

contig13056  family II extracellular lipase 3 (EXL3)  -1.9 

 

 

 

 

 


