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Abstract 

Cotton fiber is one of the leading natural textile fibers and is the leading value added crop 

in the USA. The annual business revenue from the cotton industry exceeds $120 billion. 

The growth of the cotton fiber is divided into four unique, yet overlapping stages; 

initiation, elongation, secondary wall biosynthesis and maturation. The quality of the 

cotton fiber quality is measured in terms of length and strength, which are primarily 

determined during the elongation and secondary wall biosynthesis stages of growth. 

Here, we analyzed cotton fiber from Upland cotton cv. TM-1 (Gossypium hirsutum) at 11 

and 17 days post-anthesis (DPA). Paired-end sequencing (Illumina MiSeq) generated 15 

million reads from these two libraries and a unique cotton transcriptome database was 

created using the sequencing data from six stages fiber development (3, 5, 11, 17, 21, and 

24 DPA), cotton community transcriptome and cotton D-genome. RNA-Seq analysis of 

11 and 17 DPA tissues revealed 3391 differentially expressed transcripts. Annotation and 

putative gene functions were assigned to the contigs and known functions were mapped 

onto pathways using MapMan. Analysis showed differential expression of known marker 

genes for elongation (primarily down-regulated) and maturation (primarily up-regulated) 

along with a number of unknown genes. The molecular mechanisms of the pathways 

involved in elongation and maturation are investigated.                                                                                             
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Chapter 1 

Introduction 

1.1 History  

The first signs of domesticated Cotton dates back to early 4500 BCE (Lisa, 1993). The 

cotton genus (Gossypium L) as a whole has 45 diploid and 5 allotetraploid species. The 

allotetraploid species originated from a ploidy event occurring at 1-2My (Wendel & 

Albert, 1992; Wendell & Cronn, 2003) and carried A and D genomes, which were 

derived from their old-world A-genome and new-world D-genome diploid progenitors 

(Wendel & Cronn, 2003). Out of these five allotetraploid species, two were domesticated 

on a large scale since 4500 BCE. The G.hirsutum (upland cotton) and G.barbadense 

(Pima or Egyptian cotton) were domesticated to harvest their single-celled epidermal 

outgrowths, now known as cotton fibers. G.hirsutum represents over 95% of the 

cultivated cotton worldwide (Smith & Cothren, 1999). Cultivars derived from the 

G.hirsutum and G.barbadense species now dominate the cotton industry (Wendel, 1995; 

Dillehay, Rossen, Andres & Williams,  2007). The focus for this study is the G.hirsutum 

species and the Texas marker-1 (Tm-1) cultivar. 

1.2 Structure and Growth 
The cotton fiber, the most widely used part of the cotton plant is composed of concentric 

layers. There are four major layers which make up the cotton fiber (Figure 1.2) (Hegde, 

Dahiya, Kamath, Gao & Jungala, 2004). The outermost cuticle layer of the fiber is 

composed of wax and pectin and can be removed from the fiber, if needed. The primary 

wall lying below the cuticle is the most peripheral layer and contains crystalline fibrils 

composed of cellulose. Underneath the primary wall is the secondary wall; this is 

comprised of three distinct layers which are closely packed. These parallel fibrils have a 

spiral orientation of 25-35˚ around the axis to which they are bound. The innermost part, 

and the core of the cotton fiber, is the lumen which houses the remaining components of 

the cell (Duckett, 1975; Hegde et al., 2004). The growth of the cotton fiber is dispersed 

over four distinct but overlapping stages, initiation, elongation, secondary cell wall 

biosynthesis and fiber maturation (Basra & Saha, 1999). The fiber cell enlargement and 
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initiation occurs from -3 to 1 day post anthesis (DPA) followed by the elongation of the 

fiber which occurs until the 25th day post anthesis. The next phase of development, 

secondary cell wall biosynthesis, is initiated during the fiber elongation phase from 15 

DPA to 50 DPA. The last phase, fiber cell maturation, also overlaps the secondary wall 

biosynthesis starting at around 40 DPA. The development of the primary wall and the 

secondary wall in the cotton fiber are two separate events, this unique character makes 

the cotton fiber a suitable model to study cell wall synthesis (Basra & Malik, 1984). The 

cotton fiber (G.hirsutum) has the ability to elongate rapidly (3 to 5 cm) after initiation, 

which makes it one of the most rapidly growing cells in the entire plant kingdom (Ruan, 

Xu, White & Furbank, 2004). The cotton fiber elongates as a single cell devoid of any 

cell division processes; enabling the ease of studying cell elongation and development. 

These features accompanied by its wide availability making it an excellent model to 

study cell elongation, development and cellulose biosynthesis in plants (Li, Yuan, Zhang, 

Lin & Zhang, 2013; Kim & Triplett, 2001).  

 

Figure 1.1: Concentric Layers of the Cotton Fiber  

1.3 Phenotypic Traits and Importance 

 The natural textile industry is the largest consumer of cotton fibers. The cotton fibers 

used in the textile industry need to be of the highest quality. Quality in cotton fibers is 

measured in terms of number, length, uniformity, strength and micronaire (Hegde et al., 

2004). Micronaire is a measure of the fiber fineness. The average length of the fibers on a 

seed from a particular cultivar is called staple length. The Tm-1, or upland cotton, has a 
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staple fiber length of 22 to 28mm. Length of the cotton fiber is directly related to the rate 

at which the fiber elongates per day and the total period of elongation. The length of the 

fiber plays a determining role in the fiber and thread quality. Hence, the elongation phase 

of fiber development is crucial in determining the quality (Basra & Malik, 1984). 

Another important trait which governs fiber quality is micronaire which measures the 

fiber fineness and maturity (Gordon, 2007). The acceptable micronaire values in the 

textile industry range between 3.5 and 4.9 (Benedict, Kohel & Lewis, 1999). Studies have 

shown that the fiber quality (number, length and fineness) is molded during the initiation 

and elongation phases (Zhang et al., 2011; Basra & Malik, 1984).  

The cotton fiber initiation occurs from the ovule in the form of a protrusion, though all 

epidermal cells are capable of developing into mature fibers, only 30% grow into cotton 

fibers (Ji et al., 2003). During the fiber elongation process, there is a deposition of a thin 

and expandable primary cell wall; this cell wall is believed to be made up of a mixture of 

carbohydrate polymers (Meinert & Delmer, 1977). Cotton elongation occurs due to cell 

turgor leading to cell wall extensibility (Lacape et al., 2012; Cosgrove, 2005). As 

mentioned earlier, elongation occurs over a long period of time (up to the 20th day post 

anthesis). It would be a hard task to monitor the changes occurring during the entire 

period. Hence, two points were chosen to best capture the majority of the changes which 

take place in the elongating cotton fiber. Lacape et al. (2012) reported that the majority of 

the elongation occurs between 10-12 DPA, and there is a transition to secondary cell wall 

deposition around 16-20 DPA. Other studies (Chaudhary et al., 2008; Meinert & Delmer, 

1977) also report that elongation and primary cell wall synthesis are most prominent 

during 10-12 DPA and that there is a significant transition towards the secondary cell 

wall development around 16-18 DPA. Hence to investigate the molecular mechanisms 

occurring during elongation and how these mechanisms change during the transition to 

secondary wall deposition, 11 DPA and 17 DPA were chosen as the two time points for 

this investigation.  
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1.4 Functional Genomics of Cotton Fiber Development  

 Numerous previous studies on transcriptomics have been carried out using microarrays. 

Traditionally, microarrays were widely used for quantifying gene expression between 

samples and this methodology had a lot of advantages. The fundamental principle of a 

microarray is "Hybridization", where the mRNA binds to DNA probes which are present 

on the microarray slide. There are 2 types of microarrays, spotted and oligonucleotide. 

One of the main drawbacks of using microarrays is that there is a huge reliance on 

present knowledge about the organism’s genome sequence. This restricts the ability of 

the microarray to identify novel transcripts; splice junctions (Deyholos, 2010). Cross-

hybridization between samples causes background noise which affects the detection. 

These faulty detection levels lead to inaccurate quantification of the transcripts (Wang, 

Gerstein & Synder, 2009). Another drawback of the high background noise is that the 

coverage obtained is in the range of a few hundred folds which is low as compared to the 

levels that can be obtained using Next Generation Sequencing (Deyholos, 2010). The 

microarray data captures all the mRNA, most of which might not have taken part in the 

particular event under investigation and hence quantifying such mRNA will not give us 

an accurate picture of the events occurring in the cell. But with RNA seq we look at only 

the steady state mRNA which is actively being transcribed and migrating towards the 

ribosome's. This type of quantification is highly accurate and reflects the exact events 

occurring at the molecular level. 

RNA-Seq  

Next Generation Sequencing (NGS) or Ultra-High-Throughput sequencing (Wang et al., 

2011) or Whole Transcriptome Shotgun sequencing (Morin et al., 2008) or Deep 

Sequencing technology, is the latest tool in the field of functional genomics. This 

technology carries out a massively parallel sequencing of cDNA (reverse transcribed 

from mRNA) to get information about the whole transcriptome at superior time frames. 

Next Generation Sequencing has different applications: 1) whole genome de novo 

sequencing, 2) RNA sequencing (RNA-seq), 3) Chromatin immuno-precipitation-

sequencing (Chip-seq). For our investigation we used the Illumina MiSeq (Illumina, San 



Texas Tech University, Abhishek Dass, May 2013 
 
 

5 
 

Diego, CA, USA) NGS sequencer to perform the RNA-seq experiment to study 

differential gene expression between the two chosen time points of Cotton fiber 

development. The MiSeq works on the principle of Sequencing by Synthesis (SBS) 

technology. Unlike microarray, RNA-Seq uses a direct sequence-based detection method. 

The advantage of the sequenced-based detection is that it does not depend on the probe 

set (spotted on the microarray), allowing the identification of unique transcripts, splice 

junctions (Wang et al., 2011). RNA seq is capable of revealing the exact position of the 

transcript boundaries (single base resolution). It produces short reads which can be easily 

mapped on the reference genome/de-novo mapping and be used to mine information 

regarding how two exons are connected. RNA seq data is highly reproducible and has 

very little to zero background noise when compared to microarrays (Wang et al., 2010). 

Gene expression level measurements obtained by RNA seq experiments were shown to 

be extremely accurate when compared with quantitative PCR results (Nagalakshmi et al., 

2008).  

Numerous studies have been carried out in the past to identify and characterize candidate 

genes involved in the fiber development process (Gou, Wang, Chen, Hu & Chen, 2007; 

Hovav et al., 2008; Haigler, Betancur, Stiff & Tuttle, 2012; Ji et al., 2003; Meinert & 

Delmer, 1977, etc). Most of the studies till date utilized microarrays to identify 

differentially expressed genes. All of these studies have discovered numerous candidate 

genes being involved in metabolic pathways involved in the fiber development process. 

The purpose of this study was to understand the molecular mechanisms of fiber 

development at 17 DPA in comparison with 11 DPA. The mapping of the identified 

differentially expressed genes onto the biological pathways will enable us to study the 

changes that are taking place as the fiber transitions from elongation to the secondary cell 

wall deposition 
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Chapter 2 

Materials and Methods 

Upland cotton cultivar Texas marker-1 (Tm1) (Gossypium hirsutum) was the sample 

under investigation in this project. It was grown under greenhouse conditions at the 

USDA, Lubbock Texas over a span of two years (2011 and 2012). The Cotton plants 

were grown in 2-liter pots containing the Sunshine Mix #1 potting soil (Sun Gro 

Horticulture, Bellevue, Washington). The plants were watered via drip irrigation (12 

watering events/day) which contained Peters EXCEL 21-5-20 multipurpose no boron 

water soluble fertilizer (Everris, Summerville, SC, USA). Cotton flowers were tagged on 

the day of anthesis (DPA), and five or more bolls were collected at the two chosen time 

points (11 and 17 DPA). After harvesting the bolls, the fibers were separated from the 

seeds and immediately put in liquid nitrogen to freeze their development. These fibers 

were then stored at -80c until further use.  

2.1 RNA Extraction 

 The fibers stored at -80˚C were taken out and kept in liquid nitrogen to prevent thawing.  

The fibers were ground to a fine powder in a chilled mortar and pestle using liquid 

nitrogen. Care was taken to make sure that the fibers and the ground powder were not 

allowed to thaw at any point during the grinding process. The ground fiber was stored in 

50ml falcon tubes at -80˚C.  

RNA was extracted from the ground fibers using the Sigma Spectrum™ Plant Total RNA 

kit. This methodology employs a simple wash-bind-elute formula. The Lysis buffer 

provided with the kit had to be mixed with 10µl of 2-Mercaptoehtanol (2-ME) for every 

1ml of Lysis buffer used. Three spatulas of ground cotton fiber were taken in a 2ml test 

tube and mixed with 540µl of the freshly prepared lysis buffer plus 2-ME. The tube was 

vortexed hard until the fiber was completely dissolved in the lysis buffer plus 2-ME. The 

tubes were kept in a water bath for 5 minutes at 56˚C followed by centrifugation at 13300 

revolutions per minute (rpm) for one minute to pellet the cell debris. The supernatant was 

collected and transferred to a fresh tube with a filtration column (provided in the kit). The 
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supernatant was centrifuged again for one minute at 13300 rpm to remove any fine 

cellular debris. The clear filtered lysate was then mixed with 500µl of binding solution.  

This mixture was transferred to a fresh 2ml tube with a binding column (provided in the 

kit) and centrifuged for one minute at 13300 rpm. The flow through was discarded and 

the binding column was washed three times with the two wash solutions provided. This 

ensured that everything apart from the RNA was washed off the column. The bound 

RNA was then eluted using 54µl of warm Diethylpyrocarbonate (DEPC) water and 

centrifuged at 13300 rpm for one minute. The flow-through contained purified RNA 

which was stored at -80˚C until further use. 

The extracted RNA had to be validated before proceeding to the library preparation. The 

Illumina protocol required the starting RNA material to have a RIN
e
 (RNA integrity 

number equivalent) value of 8 or higher. Agilent 2200 Tapestation (Agilent 

Technologies, Inc. Santa Clara, CA) was used to measure the RIN
E
 value. One µl of the 

extracted RNA was mixed with 4µl of the R6K (Agilent, Santa Clara, CA, USA) sample 

buffer (provided in the kit). The samples were denatured (72˚C for 3 minutes) with the 

PTC-200 thermocycler (Peltier Thermal Cycler, MJ Research, Reno, NV, USA) and 

placed on ice for 2 minutes. The tubes were then placed in the Tapestation and analyzed. 

The library preparation requires 4µg starting RNA, hence; the extracted RNA was 

quantified using the Nanodrop 1000 Spectrophotometer (Thermo Scientific, Waltham, 

MA, USA). 1.5µl of the extracted RNA was used for quantification. The results of both 

the Tapestation and the Nanodrop are given in Table 2.1. 
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Table 2.1: RNA Validation 

Sl.No Sample Date Concentration(ng/µl) RIN
E
 

1 11--1 5.1.12 402.4 8.8 

2 11--2 5.1.12 375.9 8.7 

3 11--3 5.1.12 545.8 8.9 

4 17--1 5.1.12 224.6 8.8 

5 17--2 5.1.12 160.9 

No 

Value 

6 17--3 5.1.12 221.9 7 

  

The RNA extraction was carried out in triplicates; when we proceeded to the library 

preparation, two of three replicates where chosen. The samples with the highest RIN
E
 

values were selected. The total starting material for the library preparation was 4µg; 

therefore, we took 2µg from each of the two selected samples. The pooled sample of 4µg 

was made upto 50µl using distilled water. 

2.2 Illumina® TruSeq® RNA Library Preparation 

We followed the LS protocol which is optimized for a sample set having 48 or fewer 

samples. The TruSeq RNA Sample Prep v2 LS protocol has 9 major steps, each having 

numerous sub-steps to be performed. The four selected samples were pooled to make 2 

final samples (11 DPA and 17 DPA) each having 4ug of total RNA and diluted in 

nuclease-free ultra pure water. 0.3ml PCR tubes were used to hold the samples and carry 

out the library preparation. All the reagents used for the library preparation were provided 

in the TruSeq RNA Sample Prep LS kit (Illumina, San Diego, CA, USA).  

Purify and Fragment mRNA 

The 50µl of nuclease-free ultra pure water containing 4µg of total RNA is mixed 

thoroughly with 50µl of RNA purification beads. The samples were incubated in a 

thermocycler at 65˚C for 5 minutes to denature the total RNA. The PCR tubes were 

removed once the thermocycler reached 4˚C. The samples were kept at room temperature 
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for 5 minutes to allow efficient binding of mRNA to the beads. This was followed by 5 

minute incubation on a magnetic stand to ensure a separation of mRNA bound beads 

from the solution. The residual supernatant was discarded and the tubes were removed 

from the magnetic plate. The Purification beads were now washed with 200µl of Bead 

Washing Buffer. Care should be taken to make sure all the beads were uniformly 

dissolved in the buffer. These samples were incubated for 5 minutes on the magnetic 

stand (Life Technologies, Carlsbad, California, USA). The supernatant was discarded and 

the purification beads were mixed with 50µl of Elution Buffer. The samples were then 

incubated on the thermocycler at 80˚C for 2 minutes and the tubes were removed when 

the temperature reached 25˚C. The samples were brought back to room temperature and 

50µl of Bead Binding Buffer was added to the tubes, mixed thoroughly and incubated for 

5 minutes at room temperature followed by 5 minute incubation on the magnetic stand. 

The clear supernatant was discarded, removed from the magnetic stand and the bound 

beads were washed with 200µl of the Bead Washing Buffer. This mixture was incubated 

for 5 minutes on the magnetic stand, the clear supernatant formed was discarded and the 

samples were taken off the magnetic stand. The beads bearing the mRNA were then 

mixed with 19.5µl of Elute, Prime and fragment mix and incubated on the thermocycler 

for 8 minutes at 94˚C and removed once the temperature reached 4˚C.  

Synthesize First Strand cDNA  

The samples are briefly centrifuged and incubated at room temperature for 5 minutes on 

the magnetic stand. Transfer 17µl of the supernatant containing the fragmented and 

primed mRNA to fresh 0.3ml PCR tubes. First Strand Master Mix was centrifuged and 

mixed with SuperScript II. For 1µl of SuperScript II we add 9µl of the First Stand Master 

Mix. 20µl of this mixture is prepared and 8µl was added to each of the samples and 

mixed thoroughly using a pipette. The thermal cycler was programmed to have the 

following 4 cycles, 25˚C for 10 minutes, 42˚C for 50 minutes, 70˚C for 15 minutes and 

hold at 4˚C forever. The samples were incubated on the thermocycler programmed with 

the above mentioned steps. 
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Synthesize Second Strand cDNA 

The samples were removed from the thermal cycler once it had reached 4˚C. 25µl of the 

thawed Second Strand Master Mix was added and thoroughly mixed via pipetting and 

placed on a pre-heated thermal cycler at 16˚C for 1 hour. The samples were brought to 

room temperature after the incubation and purified. 

 AMPure XP beads (Beckman Coulter, Inc.) was vortexed to ensure uniform dispersion 

before adding 90µl to each of the tubes. The entire 140µl was mixed thoroughly via 

pipetting and incubated for 15 minutes at room temperature followed by 5 minute 

incubation on the magnetic stand. The clear separated supernatant was discarded with 

care taken not to disturb the beads bound to sides of the tube. The beads bound to the 

walls were washed (without disturbing the beads) twice with 80% freshly prepared 

ethanol with 30 second incubation for each wash. Following the ethanol wash, the beads 

were dried for 5.5 minutes at room temperature and then removed from the magnetic 

stand. 52.5ul of thawed, centrifuged Resuspension Buffer was added to the two tubes, 

followed by 2 minute incubation at room temperature. The tubes were then placed on a 

magnetic stand for 5 minute incubation. The clear separated supernatant (50µl) which 

was the ds cDNA was transferred to fresh labeled tubes and we moved on to End Repair. 

Perform End Repair 

The 50µl of the synthesized ds cDNA was mixed with 10µl of the Resuspension Buffer, 

40µl of the End Repair Mix and 10µl of End Repair Control. The entire 100µl volume 

was mixed thoroughly and kept for incubation on a preheated thermal cycler for 30 

minutes at 30˚C. Post incubation, the samples were transferred to 0.5ml tubes to perform 

the PCR cleanup.  

AMPure beads were dispersed uniformly by vortexing and 160µl was added to the 

samples containing 100µl of the End Repair Mix. The entire volume (100+160) was 

mixed thoroughly by pipetting and incubated for 15 minutes at room temperature. The 

samples were then transferred to a magnetic stand for 5 minute incubation at room 

temperature. The clear liquid separated from the beads were discarded and the beads 

bound to the walls of the tubes were washed (without disturbing the beads) twice with 
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80% freshly prepared ethanol with a 30 second incubation after each wash. The bound 

beads were dried at room temperature for 5.5 minutes and then removed from the 

magnetic stand. The dried pellet was resuspended in 17.5µl of thawed and centrifuged 

Resuspension Buffer and mixed thoroughly to ensure all the beads were in solution. This 

mixture was incubated for 2 minutes at room temperature, and then the tubes were placed 

on a magnetic stand for 5 minute incubation again at room temperature. The clear 

separated liquid contained the end repaired (3' to 5' exonuclease activity of the End 

Repair Mix removes the 3' overhangs and replaces it with 5' blunt overhangs) ds cDNA, 

15µl of this was transferred to fresh labeled tubes.  

Adenylate 3' Ends 

 The fresh labeled tubes containing 15µl of the End Repaired ds cDNA, was mixed with 

2.5µl of the Resuspension Buffer and 12.5µl of the thawed, centrifuged A-Tailing Mix. 

The Entire mixture was mixed thoroughly mixed using a pipette and incubated for 30 

minutes at 37˚C on a preheated thermocycler. Post incubation, the ds cDNA have a single 

'A' nucleotide added to the 3' blunt ended fragment. The addition of the 'A' nucleotide 

serves as a binding site for the adapters which have a complementary single 'T' nucleotide 

present on the 3' end. 

Ligate Adapters The 30µl of sample which have the adneylated 3' ends were then 

ligated with corresponding compatible adapters. Since we were dealing with two 

samples, we had to choose two unique and compatible adapters. The Illumina TruSeq 

RNA Sample Prep v2 LS Protocol gives a list of combination of adapters which can be 

used. The samples were added with 2.5µl of Resuspension Buffer, 2.5µl of adapters 

AR006, AR012 and 2.5µl of Ligation Mix (added in the end and always kept cooled in a 

strata cooler). Care was taken to mix the solution uniformly by pipetting thoroughly and 

incubated for 10 minutes on a preheated thermocycler at 30˚C. Post incubation, the 

ligation reaction was stopped by adding 5µl of the Stop Ligation Buffer to each sample. 

The samples were then subjected to PCR cleanup. 

AMPure beads were dispersed uniformly by vortexing and 42µl was added to each tube 

and the entire volume (37.5+42) was mixed thoroughly and incubated for 15 minutes at 

room temperature. The samples were then transferred to the magnetic stand for 5 minute 
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incubation at room temperature. The clear liquid separated from the beads were discarded 

and the beads bound to the walls of the tubes were washed (without disturbing the beads) 

twice with 80% freshly prepared ethanol with a 30 second incubation after each wash. 

The bound beads were dried at room temperature for 5.5 minutes and then removed from 

the magnetic stand. The dried pellet was resuspended in 52.5µl of thawed and centrifuged 

Resuspension Buffer and mixed thoroughly to ensure all the beads were in solution. This 

mixture was incubated for 2 minutes at room temperature, and then the tubes were placed 

on a magnetic stand for 5 minute incubation at room temperature. 50µl of the clear 

supernatant was transferred to fresh 0.3ml PCR tubes and mixed thoroughly with 50µl of 

well dispersed AMPure beads. The samples were incubated for 15 minutes at room 

temperature followed by 5 minute incubation on a magnetic stand. The clear supernatant 

was discarded and the beads were washed (without disturbing the beads) twice with 

freshly prepared 80% ethanol with 30 second incubation after each wash. The beads were 

kept for drying for 5.5 minutes and then removed from the magnetic stand. The dried 

pellet was resuspended in 22.5µl of the Resuspension Buffer and mixed to ensure all the 

beads were in solution. This mixture was incubated for 2 minutes at room temperature, 

and then the tubes were placed on a magnetic stand for 5 minute incubation at room 

temperature. The clear supernatant had the ds cDNA attached with the unique adapters; 

20µl of this supernatant was transferred to a fresh 0.3ml PCR tube for the DNA 

enrichment step.  

Enrich DNA Fragments  

The ds cDNA now have the adapters ligated and need to be amplified to use in the 

library. Not all the ds cDNA will have the adapters ligated and we want to enrich only 

those which have the adapters ligated. Hence, we use custom primers designed by 

Illumina which anneals to the end of the adapters and amplifies only the adapter bound ds 

cDNA. The samples were mixed with 5µl of the thawed PCR Primer Cocktail, 25µl PCR 

Primer Master Mix and mixed thoroughly. The thermocycler was programmed with the 

following steps 

Choose the pre-heat lid option and set to 100°C 

1. 98°C for 30 seconds 
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2. 15 cycles of: 

a. 98°C for 10 seconds 

b. 60°C for 30 seconds 

c. 72°C for 30 seconds 

3. 72°C for 5 minutes 

4. Hold at 10°C 

The samples were placed on the thermocycler with a preheated lid and programmed as 

above. Once the thermocycler reached 10˚C, the samples were taken out and proceed to 

PCR cleanup. 

AMPure beads were dispersed uniformly by vortexing and 50µl was added to each tube 

and the entire volume (50+50) was mixed thoroughly and incubated for 15 minutes at 

room temperature. The samples were then transferred to the magnetic stand for 5 minute 

incubation at room temperature. The clear liquid separated from the beads were discarded 

and the beads bound to the walls of the tubes were washed (without disturbing the beads) 

twice with 80% freshly prepared ethanol with a 30 second incubation after each wash. 

The bound beads were dried at room temperature for 5.5 minutes and then removed from 

the magnetic stand. The dried pellet was resuspended in 32.5µl of thawed and centrifuged 

Resuspension Buffer and mixed thoroughly to ensure all the beads were in solution. This 

mixture was incubated for 2 minutes at room temperature, and then the tubes were placed 

on a magnetic stand for 5 minute incubation at room temperature. The clear supernatant 

(libraries) now contained amplified cDNA fragments with the adapters; 30µl of this was 

transferred to new 0.3ml PCR tubes. The samples were stored in 8 aliquots of 3µl and 1 

aliquot of 6µl at -80c. Aliquots were made to prevent repeated free thawing of the entire 

volume of the sample, which might cause the sample to degrade and result in poor cluster 

formation during sequencing. By storing in aliquots this problem is alleviated and sample 

integrity is maintained.  

Validate Library 

The prepared libraries were subjected to a quality control analysis as recommended by 

Illumina. The libraries were checked for both quality and quantity. The Agilent 2200 
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Tapestation was used to the check the quality of the prepared libraries and The Qubit® 

Fluorometer 2.0 (Invitrogen, Life Technologies, Grand Island, NY, USA) was used to 

quantify the libraries. The 6µl aliquot stored at -80˚C was taken out to perform the 

validation steps. 

Quality Control 

 The Agilent 2200 Tapestation has two major applications both of which are used during 

the TruSeq RNA Sample Prep v2 LS Protocol. Earlier in the protocol, we used the R6K 

RNA tapes to measure to quality of the total RNA extracted from the Cotton Fiber. The 

2200 Tapestation is also used to run a D1K DNA tape, which was used to for QC analysis 

of the prepared libraries. TruSeq sample preparation projects the libraries to have a 

median size of 260-3 00bp. To perform the QC, we need to use 1µl of the prepared 

library. The samples were taken in an 8 well PCR tubes provided only for Tapestation use 

and mixed with 3µl of the sample buffer (provided by Agilent with the D1K kit). The 

samples were vortexed for 5 seconds to ensure uniform mixing and centrifuged briefly to 

bring the sample to the bottom of the tube. The tube was then placed inside the 

instrument and the analysis was started.  

 Library Quantification  

The Libraries prepared need to be quantified so that the right amount was added to the 

sequencing run. This plays a very important role in generating optimum cluster density 

and hence high quality data on the Illumina MiSeq. Like the Tapestation 2200, the 

Qubit™ Fluorometer has numerous applications. To quantify our library we used the 

dsDNA HS Assay, the other options available are dsDNA BR Assay, ss DNA Assay, 

RNA Assay, RNA BR Assay and Protein Assay. 

The quantification was done using 5 replicates of the library; hence we needed 5µl total 

of each sample. The 6µl aliquot taken out was used for quantification, each replicate used 

1µl of the sample. The first step was to prepare a Qubit™ Working Solution; 199µl of the 

Qubit™ Buffer was mixed with 1µl of the Qubit™ Reagent (dsDNA HS Assay). The 

above mixture was for one replicate; since we had a total of 10 replicates (5 from each 

sample) we had to add 1990µl of the Qubit™ Buffer and 10ul of the Qubit™ Reagent 

(dsDNA HS Assay). Once the working solution was ready we had to prepare the 



Texas Tech University, Abhishek Dass, May 2013 
 
 

15 
 

Working Standards, the dsDNA HS Assay had 2 standards. 190µl of the Working 

solution was mixed with 10µl of the respective standard. This was followed by sample 

preparation; 199µl of the Working solution was mixed with 1ul of each sample to make 5 

replicates. All these tubes (2 standards and 10 replicates) were vortexed for 5 seconds and 

incubated for exactly 2 minutes at room temperature. The standards were measured 

initially and recorded, followed by the 5 replicates of each sample. The readings were 

measured in ng/ml and the stock solution was read at ng/µl for 1µl of input sample. The 

results of the Tapestation and The Qubit™ are mentioned in Table 2.2.1. 

Table 2.2: Library Validation 

  Qubit™ 2.0 Tapestation 2200 

Sample  Concentration(ng/µL) Base Pairs  

11--1 48.4 

261 

11--2 50.5 

11--3 51.8 

11--4 44.6 

11--5 36.6 

17--1 50.8 

258 

17--2 48.4 

17--3 47.4 

17--4 60.6 

17--5 37.6 

 

Library Normalization  

Out of the 5 replicates of the Qubit™ reading, three were selected, discarding the outliers. 

The average of the values measured using the Qubit® 2.0 Fluorometer; the 

concentrations of the libraries were converted from ng/µL to nM using the following 

calculation:                 
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Table 2.3: Library Normalization 
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The 10nM cDNA libraries were further diluted to 4nM using 10mM Tris-Cl (pH 8.5 with 

0.1% Tween 20). Two µl of the 10nM cDNA libraries were mixed with 3µl of the 10mM 

Tris-Cl (pH 8.5 with 0.1% Tween 20). The diluted 4nM cDNA libraries were denatured 

using freshly prepared 0.2N NaOH. Equal volumes of the 4nM cDNA libraries (2µl) 

were mixed with 0.2N NaOH (2µl). The addition of 2µl of 0.2N NaOH diluted the 4nM 

cDNA libraries further to 2nM. The 2nM cDNA libraries were vortexed briefly, 

centrifuged for 1minute and incubated for 5 minutes to ensure the libraries were 

denatured to single strands. The single stranded 2nM cDNA was then diluted to 20pM 

using pre-chilled HT1 buffer (included in the kit). 10µl of the denatured cDNA library 

was mixed with 990µl of the pre-chilled HT1 buffer to achieve the desired dilution. The 

final dilution was made to 18pM, by mixing 202.5µl of the HT buffer with 396.5µl of the 

20pM single stranded cDNA libraries. This final 600µl is loaded onto the cartridge for 

sequencing.  

Note: The final dilution of 18pM was not a part of the Illumina protocol, we had to 

optimize the normalization process to get to 18pM. The acceptable final dilution values 

range from 8pM to 20pM. An optimum value was chosen based on the cluster density 

obtained on the MiSeq. The optimum acceptable cluster density is 1000 to 1300 k/mm
2
, 

with 18pM we achieved a cluster density of 1018k/mm
2
.  

2.3 Sequencing (MiSeq) 

Once we have the single stranded cDNA (600µl) libraries, we have to start preparing the 

MiSeq machine for the sequencing run. Initially if the machine was on standby mode, it 

requires a Maintenance wash which has 3 individual washes and the entire wash lasts 

around 90 minutes. The MiSeq was washed with 25µl of freshly prepared 0.1% Tween-

20 solution in 500µl of distilled water, and this solution was prepared fresh for each of 

the 3 washes. While the wash is being performed, we take out the sequencing cartridge 

(add product details) from -20˚C and bring it to room temperature by incubating it for one 

hour in a water bath set to room temperature. The flow cell on which the actual 

sequencing occurs was taken out from 4˚C, washed carefully with distilled water and the 

surfaces are dried down using alcohol swabs.  
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Illumina Experiment Manager (IEM) was the software used to generate a sample plate 

and a sample sheet. The sample sheet contains all the information regarding the particular 

experiment which is being executed. Some of the information entered were the name of 

the project, name of the investigator, which protocol was used to develop the libraries, 

type of sequencing to be performed (single end/paired end), etc. Prior to creating the 

sample sheet, a sample plate has to be created with all the sample names, description and 

the respective adapters which were ligated to the samples. If the adapters used were not 

compatible then the sample sheet would not be created and an error message would be 

displayed. This usually serves as an additional verification step to ensure all the adapters 

used were compatible with each other. The sample sheet is uploaded into the MiSeq 

before starting the sequencing run. 

2.4 Data Assembly 

The MiSeq produced data in the .gz format. All the data assemblers need data to be in the 

.fastq format. 7-Zip (Open source software-http://www.7-zip.org/) was used to convert 

the .gz files to .fastq. Each sample had 2 data files, as it was a paired end run. The .fastq 

data files were then assembled twice; following which the data ready was to be used to 

perform the RNA-Seq analysis.  

SeqMan N-Gen from DNASTAR (DNASTAR, Inc., Madison, WI) is a short read 

aligner which used the de-bruijn algorithm. The fastq reads from MiSeq are assembled 

using N-gen. The N-Gen assembly software is very user friendly. We selected the de-

novo transcriptome assembly option as there was no reference cotton transcriptome 

database available. The adapter trimming option was selected as the reads generated had 

the adapter sequences attached to them. This would hamper further data analysis, hence, 

it was trimmed and the trim length was set to 20. The other parameters changed were 

minimum match percentage (90%), minimum sequences in a contig (30) and minimum 

length of a contig (500). The reads were assembled in five hours. The short reads were 

assembled into contigs. These contigs were reassembled using CAP3 (Huang & Madan, 

1999). CAP3 performs contig assembly and employs the Overlap-Consensus-Layout 

algorithm (Flicek & Birney, 2009). CAP3 algorithm runs on the supercomputer 

http://www.7-zip.org/
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(Hrothgar) which is located at the High Performance Computing Centre at Texas Tech 

University. The CAP3 output was read to be used as the reference database for future 

analysis. 

This entire data assembly process was performed on 11 and 17 DPA reads to generate a 

middle-cotton fiber transcriptome; which was used as the reference file for differential 

gene expression in QSeq (DNASTAR, Inc., Madison, WI). Six stages of cotton fiber (3, 

5, 11, 17, 21 and 24 DPA) were sequenced to generate a fiber exclusive transcriptome. 

The reads from all six stages were assembles twice as mentioned above. The resulting 

contig assembly from the CAP3 assembler was the final cotton fiber transcriptome. Six-

frame translation using an in-house Perl script converted the cotton fiber transcriptome to 

its respective proteome. The resulting cotton fiber proteome database was uploaded into 

the GPM for protein identification.  

A whole cotton transcriptome was created by assembling the EST's from Cotton 46 and 

Cotton D-genomes with the six stages cotton fiber transcriptome. This was achieved by 

carrying out the same assembly process used for creating the middle-cotton fiber 

transcriptome and cotton fiber transcriptome. The whole cotton transcriptome was six-

frame translated with the in-house Perl-script to generate the whole cotton proteome 

database. This was uploaded into GPM as the whole cotton proteome database.  

2.5 QSeq-RNA-Seq Analyses  

 QSeq is a software tool provided by DNASTAR (DNASTAR, Inc., Madison, WI) to 

perform RNA-Seq analysis. It accepts the input files in the .fastq format. The reference 

file should be in the FASTA format. The output from the Cap3 assembly of 11 and 17 

DPA had two output files. The contigs and singlets file produced from the assembly were 

combined. This forms the reference for the RNA-Seq analysis. The raw files (.fastq) from 

the sequencing run are the input for QSeq. 11 DPA was chosen as the control and 17 

DPA as the experimental sample. The MiSeq generated different number of reads for 11 

and 17 DPA; therefore a normalization step had to be introduced in the QSeq protocol. 

Reads per kilobase per million reads (RPKM) was the chosen normalization method.  
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2.6 Protein Extraction 

The fibers extracted from the cotton bolls were stored at -80˚C. The 11 and 17 DPA 

fibers were taken out in liquid nitrogen to prevent thawing. The fibers were transferred to 

a chilled mortar and pestle containing liquid nitrogen. The fibers were ground until they 

reached a fine consistency. The ground powder was then stored in 50ml falcon tubes at    

-80ºc for further use. Before we could start the actual extraction process, the Extraction 

Buffer (EB) and Tris-buffered phenol had to be prepared.  

Extraction Buffer (EB-100ml): 

The buffer contains the following reagents;  

1. 0.9M sucrose,  

2. 0.1M Tris-HCl (Tris (hydroxymethyl) aminomethane-Hydrochloric acid; pH 8.8),  

3. 10mM EDTA (EthyleneDiamineTetraAcetic acid; pH 8.0)  

4. 0.4% 2-Mercaptoethanol.  

The 0.1M Tris-HCl, 0.9M Sucrose and 10mM EDTA were mixed with 50 ml distilled 

water, mixed uniformly and the volume was made up to 100ml using distilled water. The 

solution has to be autoclaved before using it.  

 Tris-buffered Phenol (100ml)  

 The buffer contains the following reagents;  

1. Phenol Crystals 

2. 1M stock Tris-HCl (Tris (hydroxymethyl) aminomethane-Hydrochloric acid; pH 

8.8) 

The Phenol crystals were melted by placing them in a bottle at 68˚C. Once the crystals 

were in a liquid state, 100ml of diluted 0.1M Tris-HCl (pH 8.8) was added. A magnetic 

stirrer (autoclaved) was added to the bottle and placed on a stirrer for 15 minutes. The 

bottle was then placed at 4˚C overnight. The next morning, two distinct phases could be 

seen. The upper phase was discarded and to the lower phase equal volume of 0.1M Tris-
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HCl (pH 8.8) was added. The mixture was then kept on a magnetic stirrer for 15 minutes 

followed by incubation at 4˚C overnight. The Tris-buffered phenol was in the lower 

phase and needs to be autoclaved before use.  

Protein Extraction Protocol 

The total protein extraction protocol was adopted from Kottapalli et al. (2008). The 

ground cotton fiber was taken out from -80˚C and care was taken to prevent thawing of 

the fiber powder. Three spatulas of ground cotton fiber were transferred to a 2ml tube 

containing 500µl of EB. Since the extraction was carried out in triplicates, we had a total 

of six tubes for the two samples. The ground fiber was mixed with the EB by vortexing 

for a minute. 500µl of Tris-buffered Phenol (pH 8.8) was added and the contents were 

kept for 30 minute incubation at room temperature on an orbital shaker. This was 

followed by a 30 minute centrifugation (13,000 rpm) at 4˚C. The mixture was separated 

into two layers, the aqueous phase was transferred to a fresh tube and the bottom phase 

was retained. This bottom phase was re-extracted by mixing 400µl EB, 400ul of Tris-

buffered phenol (pH 8.8) and incubated for 5 minutes on the orbital shaker. This was 

followed by a 30 minute centrifugation (13,000 rpm) at 4˚C. The aqueous phase was 

pooled with the first aqueous phase and mixed well by inversion. The aqueous phases 

were split into 2 equal parts and each part was mixed with five volumes of 0.1M 

ammonium acetate in methanol. The solution was mixed by vortexing and incubated 

overnight at -20˚C. The samples were taken out of the -20˚C and centrifuged (13000rpm) 

for 30 minutes at 4˚C. The supernatant was discarded and the pellet was resuspended in 

1ml ammonium acetate in methanol by vortexing. When the pellet was not going back 

into solution, we sonicated the samples for 5 minute intervals followed by vortexing. This 

was repeated until the pellet was completely dissolved. The resuspended pellet was 

incubated for 30 minutes at -20˚C. Post incubation, the entire process from centrifugation 

(13000rpm) to incubation for 30 minutes at -20˚C was repeated. The samples were taken 

out from -20˚C, supernatant discarded and this time the pellet was resuspended in 1ml of 

ice-cold 80% acetone. The resuspended pellet was incubated for 30 minutes at -20˚C and 

centrifuged (13000rpm) for 30minutes at 4˚C. The supernatant was discarded and the 
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pellet was resuspended in 1ml of ice-cold 80% acetone and incubated for 30 minutes at -

20˚C. The samples were centrifuged (13000rpm) for 30 minutes at 4˚C and the 

supernatant was discarded. The pellet was resuspended in 1ml of ice-cold 70% ethanol 

for the final wash. The resuspended pellet was incubated for 30 minutes at -20˚C, 

centrifuged (13000rpm) for 30minutes at 4˚C. The supernatant was discarded and the 

pellet was dried down in a speedvac for about 10-15 minutes. The dried pellet was 

resuspended for the final time in 63µl of lysis buffer containing DTT (LB-TT) and stored 

in -80˚C.   

Protein Quantification  

The extracted protein had to be quantified before proceeding to fractionation. The 

proteins were quantified using the BSA standards and the OD was measured at 580nm on 

the Beckman DU530 Life Science UV/VIS spectrophotometer. 

Reagents needed: 

1. Bio-Rad Protein Assay Dye reagent concentrate (Catalog#: 500-0006) 

2. LB-TT (Lysis buffer with DTT) 

3. BSA-Bovine Serum Albumin  

The samples were taken out of the -80˚C freezer and brought to room temperature. The 

BSA standards and the samples were prepared using BSA, LB-TT, Water and Dye with 

the total volume at 1ml for each standard. Five standards, 4 samples along with a blank 

were prepared. The standards were incubated for 10minutes at room temperature, 

vortexed and spun down. The measurements were made on the spectrophotometer by 

transferring them to a clean, transparent cuvette.  

2.7 Acetone Precipitation  

100µg of proteins were used as starting material for fractionation. All the proteins were 

resuspended in LB-TT which was composed of 7M Urea, 2M Thiourea, 0.2% Triton X-

100 and 50mM DTT. These detergents were thought to disrupt the fractionation 

procedures; hence, samples were acetone precipitated to reduce the detergent 
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concentrations and also to reduce the volume in which the proteins were resuspended to 

15µl.  

The samples (100ug) were taken out of -80˚C and thawed at room temperature. The 

protein volume was measured and four equal volumes of acetone was added to it. This 

mixture was incubated for one hour at -20˚C. Post incubation, the samples were 

centrifuged (maximum rpm) for 10 minutes at 4˚C. The supernatant was dumped and the 

pellet was dried in a speedvac for 5 minutes. The dried pellet was resuspended in 15µL of 

LB-TT. 

2.8 1-D SDS PAGE  

The 100µg protein samples were in 15µL of LB-TT. These were fractionated on a 10% 

Mini-Protean® TGX™ gels with 10 wells each of 50µL capacity. The 15µL of protein 

samples were mixed with 10µL of industrial grade loading buffer (Fermentas, Thermo 

Scientific, Waltham, MA, USA), 2µL of 100mM DTT, 13µL of 10mM Tris. This ensures 

that the total volume is at 40µL/well and there is no cross contamination between 

adjacent wells. The final protein mixtures were denatured by incubating at 95˚C for 10 

minutes. This was followed by a brief centrifugation (13300 rpm) at 4˚C to pellet any 

debris that might be present in the mixture.  

The protean gel stand was setup and filled with 800ml of 1X TGX running buffer; the 

buffer dam was placed on the other end of the setup and checked for leaks. 5µl of the EZ-

Run™ Pre-Stained Rec Protein Ladder (Thermo, Waltham, MA, USA) was loaded on the 

first well to monitor how far the samples run. Both 11 and 17 DPA were run on the same 

gel. The three triplicates of each sample were loaded on three adjacent wells with a space 

in between the two different samples. After all the samples were loaded the gel was at a 

constant voltage of 70 volts for approximately two hours until the dye front starts 

dispersing into the running buffer. The gel was removed from the cast and kept for 20 

minutes in a fixing solution (50% ethanol, 10% acetic acid and 40% distilled water) on an 

orbital shaker. During this step, the commassie blue staining solution was mixed 

thoroughly for 20 minutes on a magnetic shaker. The fixing solution was drained off and 
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the commassie blue staining solution was added (enough to cover the entire gel surface). 

The gel was kept in the commassie blue staining solution overnight on an orbital shaker.  

2.9 In-Gel Digestion 

The stained gel was taken off the shaker and placed on an illuminated white board for 

cutting. Each lane of the gel was cut into 12 fractions and each fraction was chopped into 

smaller pieces. The fractions were transferred to a 96-well plate for further steps. The 

fractions were de-stained using 50% ACN in 100mM Ammonium Bicarbonate. 100ml 

was added to each well of the 96-well plate and kept on the shaker (600rpm) for 15 

minutes at 37ºc. This step was repeated five times until the protein bands are completely 

de-stained. 100mM Ammonium Bicarbonate was added to the 50% ACN to prevent the 

protein fractions from dehydrating during the repeated de-staining steps. The de-stained 

fractions were now reduced, alkylated and digested with trypsin.   

Reduction of the protein bands was performed by adding 50µl of 10mM DTT and 

incubated for one hour on a shaker (600rpm) at 56˚C. The DTT was removed and the 

protein bands were washed with 50% ACN on a shaker (600rpm) for five minutes at 

37˚C. This was followed by the alkylation step where 55mM of Iodoacetic acid (IA) in 

40mM Ammonium Bicarbonate was added to the protein bands and incubated for one 

hour in a dark place at room temperature. The alkylation solution was discarded and 

washed with 50% ACN on a shaker (600rpm) for five minutes at 37˚C. The protein bands 

were dehydrated in 100% ACN for 10 minutes at room temperature and left to air dry for 

15 minutes. The proteins were now digested in 30µL of trypsin (12.5ng/µL) in 25mM 

Ammonium Bicarbonate. Care was taken to see that all the protein bands were 

completely immersed and kept for overnight (16 hours) incubation at 37˚C. The digested 

peptide solution was collected. Further, the peptides obtained from the digested protein 

bands were concentrated. The digested protein bands were treated with 50% ACN in 

0.1% formic acid and incubated on the shaker (600rpm) for 15 minutes at 37˚C. The 

liquid present in each well contains the peptides and was transferred to the fresh tube. 

This entire step is repeated again and the peptides were pooled together. The digested 

fractions were washed for the last time in 100% ACN to dehydrate and leech any 
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peptides that might be left (Shevchenko, Thomas, Havalis, Olsen & Mann, 2006). The 

peptides were pooled and the gel pieces were discarded. The fresh tube containing the 

peptides had a volume of 200µL (approx.). These were dried down in a speedvac and the 

dried peptides were stored in -20˚C until further use.  

2.10 Nano-LC-MS/MS 

 The dried peptides were taken out from the -20˚C freezer; mixed with 22µL of 0.1% 

Formic acid, vortexed hard and centrifuged (13200 rpm) for 15 minutes at 4˚C. The 

peptides were analyzed by Nano-flow liquid tandem mass spectrometry (Nano-LC-

MS/MS) using an LTQ-XL ion trap mass spectrometer (Thermo, CA, USA). 10µl of the 

peptides were loaded onto the Nano-LC-MS/MS for analysis. Chromatographic 

separation of the cotton fiber peptides was performed using a Dionex Nano-HPLC 

(Ultimate 3000) with a trapping column (C18, 3µm, 100 Å, 75µm × 2cm) followed by a 

reverse phase column (C18, 2µm, 100 Å, 75µm × 2cm, Nano Viper). Peptides were first 

injected onto 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 5µl/min. 

After washing, the trapping column was switched to the reverse-phase analytical column 

and the bound peptides were eluted from the column using solvent A (2% ACN, 0.1% 

formic acid in water) and solvent B (98% ACN, 2% water, 0.1% formic acid). Solvent A 

was kept constant and B was increased. The gradient of solvent B was maintained as 

mentioned in the following Table 2.10. 
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Table 2.4: Solvent-B Gradient 

 

 

 

 

 

 

The separated/eluted peptides were directed into the ionization source of the LTQ-XL 

with a capillary voltage of 2kV (approx). The collected spectra were scanned over a mass 

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

choose the six most intense ions with dynamic exclusion list size of 100, exclusion 

duration of 30 seconds, and 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%.   

2.11 Global Proteome Machine (GPM) 

The data analysis was performed using the Global Proteome Machine (GPM) as the 

search engine. The data files (mass spectra) from the Mass Spectrometer had the .raw file 

extension. The GPM accepts files in the .mzxml extension; hence, the .raw files had to be 

converted to .mzxml. We used M2M converter software to perform the conversion. An 

in-house proteome database was created and added onto the search engine as the 

reference database. This would be used for all the searches. Few parameters were 

changed from the default settings. Since we needed reversed sequences to calculate the 

false discovery rate (FDR) of the proteins, the option was selected. Carbamidomethyl and 

oxidation modifications were expected due to the reduction of Cysteine, alkylation of 

Gradient (% B) Time (minutes) 

4% 10 

4 to 11% 5 

11 to 40% 35 

40 to 60% 12 

60 to 95% 3 

95% 3 

95 to 4% 2 

4% 3 
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Methionine during in-gel digestion; hence, they were selected along with ion-trap as the 

mode of detection.  

2.12 Quantitative Proteomic Analysis  

The 1% FDR proteins identified from 11 and 17 DPA along with their respective number 

of spectra (rI) values was compared to filter out the common list of protein present in 

both the stages. Based on the average rI values, the common proteins were classified as 

up/down regulated and assigned a fold change value. This crude method of analysis was 

employed to gain an overview of the proteomic data and use to compare it with the 

transcriptome. The list of differential protein sequences (FASTA format) were uploaded 

into Mercator software (MapMen Site of Analysis, Max Planck Institute for Molecular 

Plant Physiology, Munich, Germany, http://mapman.gabipd.org/web/guest/app/mercator) 

for functional annotation and categorization. The differential proteins, along with their 

Mercator annotation and fold change were used for mapping onto their respective 

biological pathways (MapMan software, MapMen Site of Analysis, Max Planck Institute 

for Molecular Plant Physiology, Munich, Germany.  

 

 

 

 

 

 

 

 

 

 

http://mapman.gabipd.org/web/guest/app/mercator
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Chapter 3 

Results 

3.1 Sequencing  

The prepared cDNA libraries (18pM) were sequenced using the Illumina MiSeq 

sequencer. A single run usually lasts for 24 hours. The success of the run is analyzed by 

observing two parameters; cluster density and cluster passing filter. Cluster density is the 

number of clusters generated per mm
2 

on the flow cell surface. Each cluster is generated 

by bridge amplification of the adapters ligated and pooled DNA libraries. For optimum 

data generation, the cluster density should be 1000 to 1200k/mm
2
. The cluster passing 

filter is a score to measure how many of the clusters were able to be captured by the 

optical devices. If a region of the flow-cell were over-populated generating high cluster 

density, the passing filter drops. The sequencing of samples 11 DPA and 17 DPA 

generated 1018k/mm
2 

clusters and had an 85% cluster passing filter score. Four data files 

were generated from the two samples which would be used for further downstream 

analysis. Table 3.1 gives the number of reads generated from each sample.  

Table 3.1: Sequencing Reads 

    

 

 

3.2 Data Assembly 

 As mentioned earlier, we used two software tools for assembling the reads obtained from 

sequencing. The raw files were first assembled using SeqMan N-gen from DNASTAR 

(Madison, Wisconsin USA). This tool uses the de-bruijn algorithm for assembling the 

reads. The de-bruijn algorithm is known for accurate assembly of short reads. The short 

reads were assembled de-novo as there was no previously available cotton transcriptome 

to be used as a reference. The results from the N-Gen assembly are presented in Table 

3.2.  

 

Samples Reads Obtained 

11 DPA 8501774 

17 DPA 6460378 
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Table 3.2: N-Gen results 

Parameters 11 DPA 17 DPA 

Total no. of Reads 8501774 6460378 

Assembled Reads 6458039 4603873 

Total no. of Contigs 25426 21829 

Contigs > 2K 2146 1278 

Reads/Contig 253 210 

Average Contig Length 1148 1078 

 

As mentioned in Table 3.2, we obtained 25426 and 21829 assembled contigs from the 

two samples. The assembled contigs were re-assembled again using a CAP3 assembler, 

which works on the overlap-consensus-layout algorithm. CAP3 is a contig (long reads) 

assembler whereas N-Gen is a short read assembler. The assembly was run on Hrothgar 

(supercomputer) located in the High Performance Computing Center at Texas Tech 

University. The CAP3 assembly output produced contigs and singlets files. The singlets 

file was combined with the contigs and this combined file served as the reference 

transcriptome file for the RNA-Seq analysis. The combined 11vs17 DPA reference file 

had 35445 contigs.   

3.3 QSeq Analysis  

The samples 11 and 17 DPA were analyzed using the QSeq module of the Lasergene 

Genomics suite from DNASTAR. 11 DPA was used as the control and 17 DPA was the 

experimental subject. The fastq files of 11 and 17 DPA obtained from the MiSeq were 

used as the input files. The reference file was the combined 11vs17 DPA created earlier. 

Since the two samples did not have the same number of reads, we used a normalization 

factor to account for the difference between the two samples. The reads per kilobase per 

million reads (RPKM) was used for normalization. We selected 99% confidence and 

greater than two-fold change as the parameters to get the final list of 3391 differentially 

expressed genes between the two stages (11 vs. 17 DPA). Figure 3.3.1 shows a scatter 

plot of the differentially expressed genes with >2-fold change and 99% confidence.  
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Figure 3.1: Scatter plot of differentially expressed genes (11vs17 DPA) 

The nucleotide sequences for the 3391 differentially expressed genes were obtained from 

the input reference file (11vs17) by performing a V-Lookup in excel. The nucleotide 

sequences for these 3391 differentially expressed genes were used to perform a functional 

annotation using the Mercator tool from MapMan (http://mapman.gabipd.org/web/guest). 

Mercator annotated the 3391 genes into 35 functional categories as shown in Figure 

3.3.2. 

http://mapman.gabipd.org/web/guest
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Figure 3.2: Functional Categorization 

The functionally categorized differentially expressed genes were mapped into their 

respective pathways using the MapMan mapping software. This software is freely 

available on the MapMan site at (http://mapman.gabipd.org/web/guest/mapman) which 

can be downloaded and used. The tool requires two input files. The Mercator functional 

annotation file called the mapping file and the experiment file containing the contig id's 

of the differentially expressed genes with their respective fold changes. The software 

maps the genes onto different biological pathways. For further analysis, we selected few 

important pathways which are known to be important in the fiber development process 

(Haigler & Betancur, 2012). The metabolism overview of the pathway (Figure 3.3.3) 

shows the pathways chosen for further analysis. A total of 10 groups were selected, 

which belonged to six major categories namely Cell wall, Lipids, Major CHO 

metabolism, Secondary Metabolism, Signaling and Transcription factors. The importance 

of each of these groups and the six major categories are explained later in the discussions 

section. 

http://mapman.gabipd.org/web/guest/mapman


Texas Tech University, Abhishek Dass, May 2013 
 
 

32 
 

 

Figure 3.3: Metabolism Overview 

3.4 Protein Analysis 

 The spectra obtained from the mass spectrometer were analyzed using the GPM 

software. The database search yielded a large number of proteins for each replicate. Only 

the proteins with less than 1% False Discovery Rate (FDR) was chosen for further study. 

The 1% FDR search was calculated as the number of reverse identified divided by total 

proteins identified (for example, 15 reversed proteins in the first 1500 proteins). The 

GPM search was performed twice with two different databases, In-House cotton fiber 

proteome and global cotton proteome. Higher numbers of proteins were identified using 

the fiber specific proteome (Table 3.4). The quantitative analysis of the identified 

proteins did not produce significant differentially expressed proteins and the results were 

not included in this study. 
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 Table 3.3: GPM Identification 

 

3.5 Functional Categories of Differentially Expressed Genes 

The differentially expressed genes related to the cell wall structure and development was 

crucial to this study as we were investigating the transition from elongation to SCW 

biosynthesis. We investigate pathways which are known to induce fiber elongation 

(possible markers) to investigate their regulation levels at 17 DPA. The mechanisms 

related fiber elongation and cellulose deposition are investigated to see if the two stages 

are overlapping as mentioned in numerous previous studies (Gou et al., 2007; Ghazi, 

Bourot, Arioli, Dennis & Llewellyn, 2009; Lee, Woodward & Chen, 2007).  

The secondary cell wall of the fiber cell is composed of 95% cellulose and the primary 

cell wall has a cellulose composition of around 30%. The onset of secondary cell wall 

biosynthesis  should be a strong trigger for genes encoding cellulose to be activated. This 

group contained 34 differentially expressed genes belonging to two major gene families; 

cellulose synthase and COBRA. Majority of the genes were up-regulated indicating 

higher rates of cellulose deposition at 17 DPA. The cellulose synthase family had two 

major groups; cellulose synthase A-type (CESA) and cellulose synthase-like (CSL) 

(Roberts & Bushoven 2007). Out of the 13 CESA transcripts, 12 were up-regulated. 

Numerous of the down regulated genes have a fold change below -2 whereas most of the 

up-regulated genes have a very high fold change (highest of 9.4). This indicates that the 

cellulose synthesis pathway is highly up-regulated. Table 3.5.1 gives the list of 34 

differentially regulated cellulose synthesis genes. Along with cellulose, the secondary 

Protein 

Replicates 

Cotton Fiber Proteome Whole Cotton Proteome % Change  

11-1 1894 1653 14.57 

11-2 1578 1447 9.05 

11-3 1675 1491 12.30 

17-1 1710 1597 7.07 

17-2 1692 1490 13.55 

17-3 1565 1443 8.45 
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wall is composed of hemicellulose and lignin. The hemicellulose group had eight 

differentially expressed genes with six being up-regulated and two down-regulated (Table 

3.5.2). This indicates that along with cellulose there is an up-regulation of hemicellulose, 

the second major component of the secondary cell wall.  

The cell wall degrading enzymes are known to play an important role in fiber elongation. 

Pectate lyases and Polygalactouronases are the two main cell wall degrading enzymes 

identified. 30 cell wall degrading enzymes were identified; majority were down regulated 

(Table 3.5.4). Pectate lyase and Polygalactouronases belong to the glycoside hydrolase 28 

family.  Pectin is a non-cellulosic polysaccharide present in the primary cell wall. Pectin 

is known to be involved in cell elongation (Vaughn & Turley, 1999). Pectate lyases 

primarily degrade de-esterified pectin enabling fiber elongation. Polygalactouronases 

cleaves homogalactouronan; which is a component of pectin. Arabinogalactan proteins 

(AGP's) encoding transcripts showed high levels of up-regulation. The Fasciclin-like 

Arabinogalactan proteins (FLA's); belong to the AGP family. Majority FLA transcripts 

were up-regulated (Table 3.5.3). These are, in general, structural proteins present in the 

cell wall and involved in fiber development (Ji et al., 2003). Five of the 11 up-regulated 

genes had 12-fold to 24-fold up-regulation indicating they were playing a crucial role in 

fiber elongation/transition process. AGP proteins identified are in Table 3.5.3 and the cell 

wall degradation genes in Table 3.5.4. The final group of genes analyzed belonged cell 

modifications. Two major genes belonged to this group; Expansins and Xyloglucan 

endotransglycosylase (XET). These genes have been extensively studied in the past for 

their role in fiber elongation; Expansins are marker genes used for identification of rapid 

elongation (Mason & Cosgrove, 2005; Ruan, Llewellyn & Furbank, 2001). These genes 

are believed to be involved in loosening of the cell wall and hence facilitate cell 

expansion. 22 genes belonging to the cell modifications group were identified and 

majority were down regulated (Table 3.5.5). This is an indication that fiber elongation 

process has slowed down from 11 DPA. The role of the two gene families are studied 

later in the discussion section. 
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Lipid metabolism is the second most regulated pathway in the fiber elongation process 

(Qin et al., 2007); we studied the fatty acid synthesis and elongation pathway. The Fatty 

acid elongation pathway showed the highest number of differentially expressed genes 

under the lipid metabolism category. Shi et al. (2006) reported the up-regulation of lipids 

in their study of elongating fiber cells. Our study identified 27 differentially expressed 

transcripts; majority of which were down-regulated. Ten transcripts encoding KCS were 

identified (Table 3.5.6). KCS transcripts are the rate limiting factors for the productions 

of VLCFA's (Shi et al., 2006). 

Sucrose degradation encoding transcripts formed the majority of the carbohydrate 

metabolism category. Vacuolar Invertases (VIN) and Sucrose Synthase (SuSy) were the 

two major sucrose degrading families. The degradation of sucrose yields UDP-Glc which 

is substrate to cellulose synthesis (Ruan, Llewellyn & Furbank, 2003). The functioning of 

these two genes varies in their effect of fiber development. The gene families showed 

different patterns of regulation; VIN's were down-regulated whereas SuSy encoding 

transcripts were up-regulated (Table 3.5.7). The role of SuSy is dynamic throughout the 

fiber development process, regulating different mechanisms throughout. Callose 

biosynthesis belongs to the minor CHO metabolism category and plays a crucial role in 

fiber elongation (Ruan, 2007). Six callose synthesizing transcripts were identified; all of 

them were down-regulated. The callose down-regulation is correlated by the presence 

large number of transcripts encoding β-1-3 glucanases. This hydrolyzing enzyme belongs 

to the glycoside hydrolase family 17 and is known to degrade β-1-3 glucans, which are 

the building blocks of callose. Reduction in callose molecules is hypothesized to be a 

major player in the reduction of fiber elongation (Ruan et al., 2003).  

Lignin being a component of the secondary cell wall should be synthesized or have its 

precursors up-regulated during the initiation of SCW synthesis. The lignins are a 

component of plant cell phenolics which play a crucial role in protecting the cellulose 

fibers from degradation during secondary wall biosynthesis (Fan et al., 2009; Vanholme, 

Demedts, Morreel, Raplh & Boerjan, 2010). Hence the phenylpropanoid synthesis 

pathway was investigated and found that many genes involved in the lignin were 
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identified. The exact role of these genes and their regulation were explored. Out of the 35 

genes identified, majority were down-regulated (Table 3.5.8). 

Signaling transcripts play an important role in the fiber development. The cascades of 

activities taking place are regulated by these signaling events. Fiber elongation is a 

complex event requiring the activities of numerous components of the cell compared to 

cellulose deposition. Therefore, Signaling would be highly regulated during former event 

as compared with the latter. Abscisic acid (ABA), Ethylene, Brassinosteroids (BR), 

Gibberellin (GA) and calcium signaling are studied for their role in fiber development. 

Data regarding this gene is in Table 3.5.9. ABA is up-regulated, whereas ethylene is 

down-regulated. Ethylene biosynthesis is highly induced pathway during fiber elongation 

(Shi et al., 2006). Ethylene biosynthesis is known to regulate other fiber elongation 

pathways. Ethylene and BR's are known to induce the synthesis of each other. Majority 

of the Calcium signaling transcripts were down-regulated.  

 All genes are regulated by some DNA binding domains which regulate their activity; 

these domains are called transcription factors. A handful of transcription factors involved 

in cotton fiber development have been identified in the recent past. We identified 

numerous transcripts belonging to those previously identified (Table 3.5.10). MYB, 

WRKY, TCP, and EREF are some of the major transcription factors identified. A total of 

274 transcription factors were identified out of which 97 were up-regulated and 177 were 

down regulated. Almost two-thirds of the transcripts are down regulated.  
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Table 3.4: Cellulose Synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contig id Gene Description 

Fold 

Change 

contig16584 ATCSLA09; mannan synthase -4.5 

contig3607 CSLD2 (CELLULOSE-SYNTHASE LIKE D2) -2.1 

contig11367 CESA2 (CELLULOSE SYNTHASE A2) -1.9 

contig20659 ATCSLC5 (CELLULOSE-SYNTHASE LIKE C5) -1.8 

contig20371 ATCSLD5 cellulose synthase -1.7 

contig30948 ATCSLA02; mannan synthase -1.5 

contig29245 ATCSLC04 (CELLULOSE-SYNTHASE LIKE C4) -1.5 

contig16693 ATCSLC12 (CELLULOSE-SYNTHASE LIKE C12) -1.4 

contig862 CSLD3 (CELLULOSE SYNTHASE-LIKE D3) -1.4 

contig22134 COBL7 (COBRA-LIKE 7) -1.4 

contig10537 COBL1 (COBRA-LIKE PROTEIN 1 PRECURSOR) -1.3 

contig12806 COBL7 (COBRA-LIKE 7) -1.1 

contig35357 cellulose synthase/ transferase 1.2 

contig8600 ATCSLA02; mannan synthase 1.4 

contig24768 

TOM2A (TOBAMOVIRUS MULTIPLICATION 

2A) 1.5 

contig25233 COBL8 (COBRA-LIKE PROTEIN 8 PRECURSOR) 1.8 

contig25020 CEV1 cellulose synthase 3.1 

contig24500 IRX3 ; cellulose synthase 4 

contig29505 IRX1;  cellulose synthase 4.6 

contig24665 CESA4 (CELLULOSE SYNTHASE A4) 5.6 

contig25574 CESA4 (CELLULOSE SYNTHASE A4) 5.8 

contig20717 CEV1 cellulose synthase 6.4 

contig4119 IRX1; cellulose synthase 6.5 

contig29625 IRX6 6.6 

contig4469 IRX6 6.6 

contig24181 CESA4 (CELLULOSE SYNTHASE A4) 6.9 

contig24547 CESA4 (CELLULOSE SYNTHASE A4) 7 

contig24947 IRX6 7 

contig24172 IRX1  cellulose synthase 7.1 

contig26128 IRX6 7.8 

contig24069 CEV1 ; cellulose synthase 7.9 

contig24875 IRX6; cellulose synthase 7.9 

contig24116 IRX3 ; cellulose synthase 9.1 
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Table 3.5: Hemicellulose Synthesis 

 
 

 

 

Table 3.6: Cell Wall Proteins 

 
 
 
 
 
 
 

Contig id Gene Description Fold Change 

contig19292  FT1 (FUCOSYLTRANSFERASE 1) -1.8 

contig14454 

 PGSIP2 (PLANT GLYCOGENIN-LIKE STARCH INITIATION 

PROTEIN 2)  -1.1 

contig29731 

 PGSIP2 (PLANT GLYCOGENIN-LIKE STARCH INITIATION 

PROTEIN 2) 1.9 

contig30831 

 PGSIP2 (PLANT GLYCOGENIN-LIKE STARCH INITIATION 

PROTEIN 2) 2.1 

contig10513  FRA8 (FRAGILE FIBER 8) 2.2 

contig25668 

 PGSIP1 (PLANT GLYCOGENIN-LIKE STARCH INITIATION 

PROTEIN 1) 3.3 

contig6005  transferase, transferring glycosyl groups  4.6 

contig25651  transferase, transferring glycosyl groups  4.7 

Contig id Gene Description  

Fold 

 Change 

contig10694  FLA8 (FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 8)  -3.3 

contig8981  FLA11  1.2 

contig4128  FLA12  1.2 

contig17387  FLA7 (FASCICLIN-LIKE ARABINOOGALACTAN 7)  1.4 

contig8898  FLA11  1.5 

contig24086  FLA9 (FASCICLIN-LIKE ARABINOOGALACTAN 9)  2.3 

contig25713  FLA7 (FASCICLIN-LIKE ARABINOOGALACTAN 7)  3.9 

contig24068  FLA11  5.8 

contig24184  zinc finger (C3HC4-type RING finger) family protein  7.4 

contig24104  FLA7 (FASCICLIN-LIKE ARABINOOGALACTAN 7)  10.5 

contig24075  FLA12  10.8 

contig4137  FLA7 (FASCICLIN-LIKE ARABINOOGALACTAN 7)  11.9 
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 Table 3.7: Cell Wall Degradation 

 

 

 

 

 

 

 

 

 

Contig id Gene Description 

Fold 

Change 

contig9448  pectate lyase family protein  -4.9 

contig12496  BURP domain-containing protein  -4 

contig21769  pectate lyase family protein  -3.9 

contig2853  glycoside hydrolase family 28 protein  -2.9 

contig16735  glycoside hydrolase family 28 protein -2.8 

contig26031  pectate lyase family protein  -2.7 

contig20586  polygalacturonase  -2.6 

contig24693  pectate lyase family protein  -2.1 

contig352  JP630; polygalacturonase  -2.1 

contig18706  BURP domain-containing protein -2 

contig8850  RD22; nutrient reservoir  -2 

contig28340  BURP domain-containing protein -1.7 

contig9  RD22; nutrient reservoir  -1.7 

contig8847  pectate lyase family protein  -1.6 

contig15892  pectate lyase family protein  -1.6 

contig16759  glycoside hydrolase family 28 protein -1.5 

contig24305  BURP domain-containing protein -1.1 

contig20509  pectate lyase family protein  -1.1 

contig16734  glycoside hydrolase family 28 protein  3.2 

contig26324  glycoside hydrolase family 28 protein 3.4 

contig34795  RD22; nutrient reservoir  3.4 

contig27060  PGAZAT;polygalacturonase  4 

contig24803  glycoside hydrolase family 28 protein  4.8 

contig26131  pectate lyase family protein  5.5 
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Table 3.8: Cell Wall Modifications 

Contig id Gene Description 

Fold 

Change 

contig17861  xyloglucan:xyloglucosyl transferase,  -3.9 

contig412  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  -3.2 

contig16560  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  -3 

contig13141 

 XTH9 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 

9) -3 

contig4121  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  -2.9 

contig14957  ATEXPA6 (ARABIDOPSIS THALIANA EXPANSIN A6)  -2.8 

contig8816  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  -2.5 

contig14027  cell division cycle protein 48, putative / CDC48, putative  -2.2 

contig12058  SUB1; calcium ion binding  -1.7 

contig12537  xyloglucan:xyloglucosyl transferase -1.6 

contig16146  TCH4 (Touch 4); hydrolase -1.5 

contig3617  ATEXPA6 (ARABIDOPSIS THALIANA EXPANSIN A6)  -1.2 

contig16964  ATEXPA8 (ARABIDOPSIS THALIANA EXPANSIN A8)  -1.1 

contig29474  ATEXPA4 (ARABIDOPSIS THALIANA EXPANSIN A4)  -1 

contig29399  XTR4 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 4) 1.3 

contig27814  xyloglucan:xyloglucosyl transferase 1.4 

contig28819  TCH4 (Touch 4); hydrolase 1.5 

contig34981  ATEXLA2 (ARABIDOPSIS THALIANA EXPANSIN-LIKE A2)  1.7 

contig24740  XTR2 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE RELATED 2)  2 

contig16229  ATEXLA2 (ARABIDOPSIS THALIANA EXPANSIN-LIKE A2)  2.5 

contig24582  XTR2 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE RELATED 2) 2.6 

contig28284  XTR8 (XYLOGLUCAN ENDO-TRANSGLYCOSYLASE-RELATED 8) 2.6 

contig5373  ATEXLA3 (arabidopsis thaliana expansin-like a3)  3.5 
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Table 3.9: FA Synthesis and Elongation 

Contig id Gene Description 

Fold 

Change 

contig17040  KCS20 (3-KETOACYL-COA SYNTHASE 20) -5.3 

contig10765  KCS19 (3-KETOACYL-COA SYNTHASE 19) -5.2 

contig18326  SSI2; acyl-[acyl-carrier-protein]  -4.3 

contig23520  AMP-dependent synthetase and ligase family protein  -3.7 

contig16103  KCS2 (3-KETOACYL-COA SYNTHASE 2) -3.7 

contig277  KCS12 (3-KETOACYL-COA SYNTHASE 12) -3 

contig13526  KCS1 (3-KETOACYL-COA SYNTHASE 1) -2.9 

contig230  ACC2 (ACETYL-COA CARBOXYLASE 2) -2.2 

contig31349 

 ACC1 (ACETYL-COENZYME A CARBOXYLASE 

1) -1.9 

contig18506  FATB (fatty acyl-ACP thioesterases B) -1.9 

contig8803  KCS6 (3-KETOACYL-COA SYNTHASE 6) -1.9 

contig8932  KCS6 (3-KETOACYL-COA SYNTHASE 6) -1.8 

contig10096  CAC2; acetyl-CoA carboxylase/ biotin carboxylase  -1.6 

contig8870  ACBP6 (acyl-CoA-binding protein 6) -1.6 

contig8861  KCS6 (3-KETOACYL-COA SYNTHASE 6)  -1.5 

contig9523  binding / catalytic/ transferase  -1.4 

contig25715  KCS12 (3-KETOACYL-COA SYNTHASE 12) -1.4 

contig14955  AMP-binding protein, putative  -1.3 

contig17679  KCS11 (3-KETOACYL-COA SYNTHASE 11) -1.3 

contig8948  KCS11 (3-KETOACYL-COA SYNTHASE 11) -1.3 

contig10098  acyl-activating enzyme 13 (AAE13)  -1.2 

contig20073  kelch repeat-containing protein  -1.2 

contig19693  CAC1 -1.1 

contig11375  SSI2; acyl-[acyl-carrier-protein]  -1.1 

contig24470  FATB (fatty acyl-ACP thioesterases B) 1.6 

contig29861  ACBP3 (ACYL-COA-BINDING DOMAIN 3) 2.9 

contig29785  acyl-(acyl-carrier-protein)  2.9 
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Table 3.10: Sucrose Degradation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contig id Gene Description Fold Change 

contig18431  ATBFRUCT1; beta-fructofuranosidase/ hydrolase -5.9 

contig11828  ATBETAFRUCT4; beta-fructofuranosidase/ hydrolase -3.8 

contig3867  HXK1 (HEXOKINASE 1) -3.6 

contig26095  ATBETAFRUCT4; beta-fructofuranosidase/ hydrolase -3 

contig26095  ATBETAFRUCT4; beta-fructofuranosidase/ hydrolase  -3 

contig17633  beta-fructofuranosidase -2.2 

contig12738  ATBETAFRUCT4; beta-fructofuranosidase  -2 

contig12738  ATBETAFRUCT4; beta-fructofuranosidase -2 

contig17119  beta-fructofuranosidase -1 

contig30532  pfkB-type carbohydrate kinase family protein  1.1 

contig25655  SUS3 (sucrose synthase 3) 1.1 

contig26130  SUS4 1.5 

contig26372  beta-fructofuranosidase 2 

contig4148  SUS1 (SUCROSE SYNTHASE 1) 2.1 

contig11414  SUS4 2.4 

contig31097  pfkB-type carbohydrate kinase family protein  2.7 
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Table 3.11: Phenylpropanoid and Lignin Synthesis 
 

Contig id  Gene Description Fold Change  

contig15080  ATOMT1 (O-METHYLTRANSFERASE 1) -5.1 

contig9759  pal1 (Phe ammonia lyase 1) -4.9 

contig9547  EMB3009 (embryo defective 3009) -4.5 

contig20863  transferase family protein  -3.7 

contig11911  cinnamoyl-CoA reductase-related  -3.7 

contig30630  pal1 (Phe ammonia lyase 1) -3.2 

contig8835  CAD9 (CINNAMYL ALCOHOL DEHYDROGENASE 9) -3.2 

contig8964  EMB3009 (embryo defective 3009) -2.9 

contig19252  PAL2; phenylalanine ammonia-lyase  -2.8 

contig19166  HCT  -2.6 

contig10671  cinnamoyl-CoA reductase-related  -2.6 

contig14376  transferase family protein  -2.3 

contig15220  HCT  -2 

contig17515  pal1 (Phe ammonia lyase 1) -1.4 

contig19151  PAL2; phenylalanine ammonia-lyase  -1.2 

contig15434  pal1 (Phe ammonia lyase 1) -1.2 

contig32339  4-coumarate--CoA ligase family protein  1 

contig30343  ATR2 (ARABIDOPSIS P450 REDUCTASE 2)  1.2 

contig9751  ATCAD4; cinnamyl-alcohol dehydrogenase  1.3 

contig18937  transferase family protein  1.7 

contig25420  4-coumarate--CoA ligase family protein  1.8 

contig27191  transferase family protein  2 

contig34183  caffeoyl-CoA 3-O-methyltransferase 2.2 

contig24209  HCT 2.3 

contig22827  4CL1 (4-COUMARATE:COA LIGASE 1) 2.5 

contig14212  HCT  2.6 

contig21759  pal1 (Phe ammonia lyase 1) 3.1 

contig24463  ATCAD5 (CINNAMYL ALCOHOL DEHYDROGENASE 5) 3.4 

contig5040  pal1 (Phe ammonia lyase 1) 4.2 

contig29485  4CL1 (4-COUMARATE:COA LIGASE 1)  4.4 

contig25761  4CL1 (4-COUMARATE:COA LIGASE 1) 4.4 

contig24869  caffeoyl-CoA 3-O-methyltransferase 4.6 

contig25585  transferase family protein  5 

contig25387  caffeoyl-CoA 3-O-methyltransferase 5.6 

contig25886  CCoAMT; caffeoyl-CoA O-methyltransferase  6.2 
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Table 3.12: Signaling Pathways 

Contig id Gene Description 

Fold 

Change 

Abscisic acid  

contig23497  NCED3 (NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3) -1.5 

contig20183  ABA-responsive protein-related  -1 

contig28653 

 AREB3 (ABA-RESPONSIVE ELEMENT BINDING PROTEIN 

3) 1 

contig32702  AAO4 (ARABIDOPSIS ALDEHYDE OXIDASE 4) 2.4 

contig33749  NCED3 (NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3) 3.3 

contig33829  ABI3 (ABA INSENSITIVE 3) 5.6 

Brassinosteriods 

contig12005  DET2 (DE-ETIOLATED 2) -2.9 

contig18341  steroid 5-alpha-reductase family protein  -2.6 

contig10474  SMT2 (STEROL METHYLTRANSFERASE 2) -2 

contig23707  BIM1; DNA binding   -1.5 

contig9810  DWF1 (DWARF 1)  -1.4 

contig11265  DWF1 (DWARF 1)  -1 

Ethylene 

contig9656  F3H (FLAVANONE 3-HYDROXYLASE) -4.6 

contig19286  2-oxoglutarate-dependent dioxygenase, putative  -4.2 

contig13061  ACS6  -2.7 

contig28487  LDOX (LEUCOANTHOCYANIDIN DIOXYGENASE) -2.5 

contig16696  ACS6  -1.5 

contig12178  aminotransferase class I and II family protein  -1.3 

contig22272  EIN4 (ETHYLENE INSENSITIVE 4); ethylene binding  -1.3 

contig24835  EFE (ETHYLENE-FORMING ENZYME) -1.1 

contig14754  ERS1 (ETHYLENE RESPONSE SENSOR 1) 1.3 

contig31948  ACO1 (ACC OXIDASE 1)  1.7 

contig32372  ethylene-responsive protein -related  2.4 

contig24793  F3H (FLAVANONE 3-HYDROXYLASE) 3.2 

contig25925  2-oxoglutarate-dependent dioxygenase 6.4 
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Table 3.13: Transcription Factors 

Contig id Gene description Fold Change 

contig10384  MYB60 (myb domain protein 60); DNA binding -4.3 

contig19967  SHN3 (shine3); DNA binding / transcription factor  -4.1 

contig19949  MYB77; DNA binding / transcription factor  -3.7 

contig19728  AP2 domain-containing transcription factor family protein  -2.7 

contig10027  AtTCP14 (TEOSINTE BRANCHED1, CYCLOIDEA -2.7 

contig13696  MYB4; DNA binding / transcription factor  -2.5 

contig23708  MYB106 (myb domain protein 106); DNA binding -2.4 

contig21206  WRKY6; transcription factor  -2.3 

contig23561  WRKY17; calmodulin binding / transcription factor  -2.3 

contig23634  AT-TCP20; transcription factor  -2.2 

contig15158  MYB106 (myb domain protein 106); DNA binding  -2.1 

contig13937  ATMYB16 (MYB DOMAIN PROTEIN 16); DNA binding -1.9 

contig8608  TCP family transcription factor, putative  -1.9 

contig13647  WRKY32; transcription factor  -1.9 

contig16779  AP2 domain-containing transcription factor, putative  -1.9 

contig13106  MYB3 (MYB DOMAIN PROTEIN 3); DNA binding -1.8 

contig15953  ERF4 (Ethylene responsive element binding factor 4) -1.7 

contig21288  MYB33 (MYB DOMAIN PROTEIN 33); DNA binding -1.4 

contig1043  WRKY20; transcription factor  -1.4 

contig22201  ERF9 (ERF DOMAIN PROTEIN 9) -1.4 

contig10040  myb family transcription factor  -1.3 

contig14221  MYB30 (MYB DOMAIN PROTEIN 30); DNA binding -1.3 

contig21177  PTF1 (PLASTID TRANSCRIPTION FACTOR 1) -1.3 

contig18958  ATMYB66 (MYB DOMAIN PROTEIN 66) -1.2 

contig22226  WRKY33; transcription factor  -1.2 

contig22574  SHN2 (shine2); DNA binding / transcription factor  -1.2 

contig31392  ATMYB94 (MYB DOMAIN PROTEIN 94); DNA binding -1.1 

contig13824  ATRL6 (ARABIDOPSIS RAD-LIKE 6); transcription factor  -1.1 

contig13381  ATMYB26 (MYB DOMAIN PROTEIN 26); DNA binding -1 

contig21442  MYB88 (myb domain protein 88); DNA binding -1 

contig19228  TCP family transcription factor, putative  -1 

contig30921  WRKY47; transcription factor  1.1 

contig34342  myb family transcription factor  1.3 

contig32394  WRKY20; transcription factor  1.3 
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Table 3.13: Transcription Factors Continued 

Contig id Gene description Fold Change 

contig3921  MYB55 (myb domain protein 55); DNA binding 1.8 

contig3921  MYB55 (myb domain protein 55); DNA binding  1.8 

contig32303  WRKY3; transcription factor  1.8 

contig31650  WRKY47; transcription factor  2.1 

contig27305  MYB73 (MYB DOMAIN PROTEIN 73); DNA binding 2.3 

contig34913  MYB42 (myb domain protein 42); transcription factor  2.3 

contig31960  MYB64 (myb domain protein 64); DNA binding  2.5 

contig34982  TKI1 (TSL-kinase interacting protein 1); DNA binding 2.9 

contig33903  MYB118; DNA binding / transcription activator 2.9 

contig29103  ATRL1 (ARABIDOPSIS RAD-LIKE 1); DNA binding 3.7 

contig32851  myb family transcription factor  3.8 

contig33094  MYB83 (myb domain protein 83); DNA binding 4.3 

contig27241  MYB46 (MYB DOMAIN PROTEIN 46); DNA binding  5 
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Chapter 4 

Discussion 

Our investigation compared genes/transcripts from 17 DPA with genes/transcripts from 

11 DPA. Numerous previous studies (Ghazi et al., 2009; Gou et al., 2007; Haigler et al., 

2012) reported that SCW synthesis starts at 16-17 DPA. It is also a very well known fact 

(Gou et al., 2007; Hovav et al., 2008) that 11 DPA falls in the rapid elongation phase. 

The 11 DPA stage is the control in our investigation compared with 17 DPA. Hence we 

intend to study the changes taking place in the elongating cotton fiber as it transitions into 

the next phase (SCW biosynthesis) of development. The elongation phase as we know 

does not end until 20 DPA (Kim & Triplett, 2001); therefore, we can also see many 

elongation mechanisms which were rapidly occurring earlier were down regulated 

significantly. As mentioned earlier, we identified 3391differentially expressed genes in 

17 DPA against 11 DPA. These genes were functionally characterized and those playing 

a major role in the elongation process and those which indicate the transition process to 

secondary cell wall biosynthesis, are discussed here.  

4.1 Cell Wall Synthesis 

The secondary cell wall is primarily composed of cellulose, hemicellulose and lignin. 

Cellulose synthesis occurs throughout fiber development. A total of 34 genes which 

regulate cellulose synthesis were identified, and majority was up regulated (Table 3.5.1). 

Majority of the putatively identified genes belonged to two families; COBRA and 

Cellulose Synthase (CESA; CSL). The Cellulose synthase superfamily consists of 10 

CES-A type genes and 41 CSL genes. The CSL (Cellulose synthase-like genes) have 6 

sub-families among which CSL-C sub-family was identified in our research. The CSL 

genes have been known to encode β-glycosyltrnasferases, which are known to have a 

great influence on the plant cell wall polysaccharide structure. Roberts & Bushoven, 2007 

proposed that the CSL genes encode non-cellulosic cell wall polysaccharides. The 

majority of the CSL genes were down regulated indicating that the non-cellulosic 

polysaccharides do not form a major component of the secondary cell wall. The cellulose 

synthase genes on the other hand have been well documented and their occurrence during 



Texas Tech University, Abhishek Dass, May 2013 
 
 

48 
 

the initiation of the secondary cell wall is very well known (Delmer, 1999; Pear, 

Kawagoe, Schreckengost, Delmer & Stalker, 1996). 

 CESA possess a highly conserved N-terminal Zn binding domain which differentiates 

them from the CSL genes (Doblin, Kurek, Wilk & Delmer, 2002; Richmond & 

Somerville, 2000). Cellulose is composed of long parallel linear β-1-4-D-glucan chains 

which are assembled into cellulosic microfibrils by hydrogen bonding. The CESA genes 

catalyze the reaction which produces the β-1-4-D-glucan polymers. Studies in 

Arabidopsis have shown that the CESA transcripts are actively involved in both primary 

and secondary wall synthesis (Fagard et al., 2000; Holland et al., 2000; Scheible et al., 

2001; Taylor et al., 1999). Further studies have shown that AtCESA4, AtCESA7 and 

AtCESA8 were primarily involved in cellulose deposition in the secondary wall 

development of Arabidopsis (Roberts & Bushoven, 2007). Nine of the 12 up-regulated 

CESA genes were AtCESA4, AtCESA7 and AtCESA8 indicating higher rate of cellulose 

deposition. Three transcripts of CESA3 was up-regulated was identified in Arabidopsis 

and found to be involved in fiber elongation (Roberts & Bushoven, 2007). The COB 

(COBRA) transcripts belong to a multigene family having 12 members; all of them are 

predicted to encode a glycosylphosphatidylinositol (GPI)-protein. The GPI-protein is 

located along the longitudinal sides of the expanding Arabidopsis root cell which led 

Roudier, Schindelman, DeSalle & Benfey (2012) to believe that it is involved in the 

regulation of cell expansion by directing the orientation of cellulose microfibrils 

deposited. The elongation of the cotton fiber continues until 20 DPA. This is crucial, as it 

determines the final length of the fiber. Cotton fiber growth has overlapping 

developmental stages; the secondary cell wall biosynthesis is initiated at 15 to 17 DPA. 

The cellulose deposition which occurs due to secondary cell wall biosynthesis might 

hamper the elongation process as it tends to make the cell wall rigid resulting in the loss 

of expandability. Since, the COB genes are known to regulate the orientation of cellulose 

deposition in expanding cells they might direct the cellulose deposition to expansion 

resistant areas to prevent the disruption of fiber elongation. COB genes identified here 

show up-regulation in order of 8-fold to 16-fold while the three down regulated genes 

have only a 4-fold change.  
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The second major component of the secondary cell wall is Hemicellulose; Xylan subunits 

are the building blocks of hemicellulose. The Xylan subunits are predominantly made up 

of glucuronoxylan (GX) and has a linear backbone β-(1-4)-linked Xyl subunits (Wu et 

al., 2010). Hemicellulose is known to intercalate with cellulose forming hydrogen bonds 

which provides the cell wall with mechanical strength and stability. The development of 

GX requires the action of numerous glycosyltransferases. Four transcripts encoding for 

glycosyltransferase family 8 genes were up-regulated which shows the formation of GX. 

Along with this, we also found three transcripts encoding protein transferase, which 

encodes the transfer of glycosyl groups (Table 3.5.2). The glycosyl groups play a role in 

the expansion of the GX chain by catalyzing the addition of xylose subunits to the GX 

chain. FRA8, one of the genes which is up-regulated, encoding GX  is known to be 

specifically expressed in cell undergoing secondary wall thickening (Peria et al,. 2007). 

The up-regulation of these seven transcripts shows that there is definite synthesis of GX, 

hence hemicellulose at 17 DPA.  

4.2 Cell Wall Degradation and Modification 

Pectate Lyases and Polygalactouronases: Pectin is a heteropolysaccharide composed of 

homogalactouronan, rhamnogalactournonan and xylogalactouronan (Vincken et al., 

2003). The main function of this family of genes is the depolymerization of de-esterified 

pectin present in the primary cell wall of the cotton fiber. The de-esterified pectin is 

present in blocks of polygalacturonic acid (PGA) as a sheath around the primary cell 

wall. This sheath confers a unique ability to the cell wall enabling it to loosen and 

elongate. The other components of the primary cotton fiber cell wall do not have this 

ability (Vaughn & Turley, 1999). When this sheath is broken down, it confers 

expandability on the cell and the fiber is capable of elongation. The pectate deposition in 

the primary cell wall is around 20% and this number decreases as the fiber elongates; 

indicating that there is rapid depolymerization of the de-esterified pectin during fiber 

elongation (Anderson & Kerr, 1938; Meinert & Delmer, 1977; Weis et al., 1999; Wang et 

al., 2009). The exact role of the pectate lyase gene in fiber elongation was examined by 

creating transgenic plants with an antisense pectate lyase gene which repressed the 
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depolymerization of pectin (Wang et al., 2009) and they found that the transgenics 

produced shorter fibers. In our investigation, we found 8 transcripts belonging to the 

pectate lyase family out of which seven were down-regulated and one was up-regulated. 

Out of the seven down regulated genes, four had a fold-change of less than 2 and the up-

regulated gene had a 5-fold change (Table 3.5.4). The second gene found in our list was 

Polygalactouronase (PG); this gene has two variations endo-polygalactouronase and exo-

polygalactouronase. The endo-polygalactouronase is known to hydrolyze the backbone of 

the homogalactouronan and the exo-polygalactouronase cleaves it terminally. These two 

enzymes are known to play an important role in the degradation of acidic polymers in 

plant cell walls (Vincken et al., 2003). Pectate lyases and PG belong to the glucoside 

hydrolase 28 family which is known for degrading pectin polymers. We observed that 18 

differentially expressed genes were down regulated and 15 of them belonged to the 

glucoside hydrolase family. This indicates that the pectin levels in cotton fiber at 17 DPA 

are drastically reduced and might not play a role in fiber elongation. The increased 

glucoside hydrolase transcripts resulting in lowered pectin content in the cell wall is 

crucial molecular event which has been previously documented as an indicator of the 

transition between elongation to secondary cell wall synthesis (Haigler et al., 2012).  

Another important factor during fiber elongation is the role of the expansin gene family. 

This category had 23 differentially expressed genes, 14 were down-regulated and 9 were 

up -regulated. The 23 genes mainly belonged to two gene families; Expansins and 

Xyloglucan endotransglycosylase (XET). Eleven expansin genes were identified; seven 

were down-regulated (α-expansin 4/6/8) and four up-regulated (α-expansin 2/3) (Table 

3.5.5). The expansin gene family has two major types of genes; α-expansin and β-

expansin. Both these genes have been implicated in fiber elongation (Arpat et al., 2004; 

Cosgrove et al., 2002; Vogler, Caderas, Mandel & Kuhlemeier, 2003). The expansin 

genes are believed to be involved in cell wall loosening and hence facilitating cell 

expansion. The cell expansion is driven by turgor pressure which is built by the uptake of 

sugars, K
+ 

and malate; this constitutes the majority of the osmotic fiber sap. The transfer 

of the fiber sap occurs through the plasmodesmata. The transcripts encoding transporters 

of the fiber sap are all highly up-regulated at 10 DPA. The plasmodesmata are then shut 
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off and this creates the high turgor pressure inside the cell which induces expansins; cell 

wall loosening genes (Ruan et al., 2001). The expansin genes modulate the organization 

of the cellulose microfibrils in the wall to enable them to yield to the tension created by 

the turgor pressure (Cosgrove, 1998). The expansin genes are believed to break the 

hydrogen bonds crosslinking the cellulose and hemicellulose, thereby allowing the 

polymers to move, hence loosening the cell wall structure (Mason & Cosgrove, 2005). 

The other genes identified were Xyloglucan endotransglycosylase (XET). The function of 

the XET gene has been attributed to a larger gene family, Xyloglucan 

endotransglycosylase (XTH). The XTH genes are located in the apoplast and facilitate 

cell expansion by cleaving the xyloglucan polymers present in the cell wall and reconnect 

the reducing ends of the cleaved polymers to other non-reducing xyloglucan polymers 

(Lee et al., 2010; Cosgrove, 2005). Xyloglucans are non-cellulosic polymers present in 

the primary cell wall along with pectin. They have β-(1-4)-linked D-Glycosyl backbone 

which can be replaced by xylosyl, galactosyl and L-fucosyl residues. The xyloglucans 

interact with the cellulosic fibrils by forming hydrogen bonds (Minic & Jouanin, 2005). 

Seven XET genes were identified, out of which five were up-regulated and two were 

down-regulated. The up-regulation seen here does not support previous studies which 

have identified the down regulation of xyloglucan as a marker for the transition process. 

XET's are known to be involved in fiber elongation and induce cell wall loosening along 

with expansins (Arpat et al., 2004; Cosgrove, 2005; Ghazi et al., 2009;  Haigler et al, 

2012; Ji et al., 2003).   

4.3 Cell Wall Proteins 

Another subgroup under the cell wall category is the Cell wall proteins-Arabinogalactan 

proteins (AGPs). 12 transcripts encoding AGP's were identified out of which 11 were up-

regulated and one was down-regulated (Table 3.5.3). The AGPs belong to a class of high 

molecular mass proteoglycans; and are widespread in the plant kingdom. Other members 

of this family are extensins, proline rich glycoproteins and solanaceous lectins. The 

Arabinogalactan proteins are composed of 90% carbohydrate and 10% protein. The 

carbohydrate component is made up of arabinose and galalctose; the protein backbone 
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consists of Proline, Alanine, Serine and Threonine. Based on the composition of the 

protein backbone the AGPs are divided into two groups; classical and non-classical. The 

Fasciclin-like Arabinogalactan proteins (FLA's) belong to the AGP family, which contain 

one or possibly two AGP-like domains and the same number of fasciclin-like domains 

(Liu et al., 2008). The exact role/functioning of AGP's or the FLA's in particular have not 

been elucidated as yet. Zhang, Yuan, Yu, Gou & Kohel (2003) reported the presence of 

these AGP's in numerous tissues and as components of the cell wall and plasma 

membrane with possible involvement in cell expansion, differentiation and proliferation. 

Recent studies have shown the involvement of AGP's in the cell expansion by facilitating 

the cell adhesion processes (Shi et al., 2003). Their role in cotton fiber development is 

largely unknown, but studies have shown that the AGP proteins are highly expressed in 

cotton fibers up to 20 DPA (Ji et al., 2003).They are believed to be involved in both fiber 

elongation as well as secondary wall biosynthesis (Liu et al., 2008). Huang et al. (2008) 

identified seven differentially expressed GhFLA genes in cotton fibers. Three genes 

(GhFLA1/2/4) were specifically expressed at 10 DPA and the transcripts of the other four 

genes (GhFLA6/14/15/18) were accumulated at relatively high levels in cotton fibers at 

20 DPA. These genes did not exactly match the differentially expressed genes in our 

genelist. We identified 10 transcripts of GhFLA7/8/9/11/12 .FLA11 was the only 

common transcript between both the studies; Huang et al. (2008) reported GhFLA11 to 

be highly expressed at 5 DPA and 18 DPA. The other identified transcripts from our list 

might be unique to the stage and taking part in the late phase of elongation of the fiber 

cell.  

4.4 Lipid Metabolism 

Lipid metabolism pathway is highly regulated during cotton fiber development (Qin et 

al., 2007; Shi et al., 2006). Of the 71 differentially expressed genes in this category, 48 

were down-regulated and 23 up-regulated (Table 3.5.6). The 71 genes were divided into 

seven functional groups with majority belonging to the Fatty acid (FA) synthesis and 

fatty acid elongation group. The rapidly elongating cotton fibers require the synthesis of 

large macromolecules such as lipids which are needed to support the developing vacuoles 
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and plasma membranes (Wanjie et al., 2005). FA synthesis formed in the plastids are 

either cleaved by transferases and transported to the endoplasmic reticulum (ER) to form 

glycerolipids, or transformed into plastidial glycerolipids by acyl-ACP (Wanjie et al., 

2005). The synthesis of FA is regulated by many genes encoding enzymes which regulate 

the following components: acetyl-CoA carboxylase, acyl carrier protein (ACP), β-

ketoacyl-ASP synthase I (KAS I), and stearoyl-ACP desaturase. Very long chain fatty 

acids (VLCFA) are known to be synthesized in the endoplasmic reticulum (ER) and play 

a major role in the cotton fiber elongation process (Qin et al., 2007; Wanjie et al., 2005). 

The biosynthesis of VFLCAs is composed of four reactions:  condensation of malonyl-

CoA with a long-chain acyl-CoA to yield 3-ketoacyl- CoA by 3-ketoacyl-CoA synthase 

(KCS); reduction of 3-ketoacyl- CoA to 3-hydroxyacyl-CoA by 3-ketoacyl-CoA 

reductase; dehydration of 3-hydroxyacyl-CoA to trans-2-enoyl-CoA by 3-hydroxy-acyl 

CoA dehydratase and the final step is the formation of elongated acyl-CoA by the 

reduction of trans-2-enoyl-CoA reductase (ECR) (Fehling & Mukherjee, 1991). This 

four-step reaction is controlled by the rate-limiting KCS gene catalyzing the first step of 

the reaction (Lassner, Lardizabal & Metz, 1996; Milner & Kunst, 1997). Ten transcripts 

encoding KCS were identified in our study. All ten transcripts were down-regulated, 

indicating the down-regulation of VLFCAs. The VLFCA's regulate cell elongation by 

inducing ethylene biosynthesis. Qin et al., 2007 reported that high levels of VLFCA 

transcripts induced higher expression of 1-amino-cycloprpapne-1-crboxylic acid oxidase 

(ACO). ACO is one of the two genes regulating the penultimate ethylene biosynthesis 

reactions.   

Other significant genes identified were SS12 (acyl-[acyl-carrier protein] desaturase), 

ACC (acetyl-CoA-carboxylase) and FATB (fatty acyl-ACP thioesterases B) all of which 

were down regulated. SS12 produces SAD (stearoyl-acyl carrier protein desaturase) 

which determines the content of saturated and unsaturated fatty acids occurring in plant 

cells. The chain length of the fatty acids is determined by FATB (Luo et al., 2007). Since 

majority of the VLFCA transcripts are down regulated, they might also induce the down-

regulation of ethylene and its signaling mechanisms. Thereby, we infer that the fiber 

elongation has considerably slowed down at 17 DPA. This data was in accordance with 
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the findings of Gou et al. (2007), where they measured the total FA content from 

different stages of cotton fiber development and found that the FA content rapidly 

increased during the cell elongation but then gradually decreased as the fiber approached 

20 DPA.  

4.5 Carbohydrate Metabolism 

The major mechanism focused in this group was sucrose degradation; this plays a very 

important role in fiber elongation and development. Sucrose cleavage is the starting point 

for numerous carbohydrate metabolic pathways. The cleavage is catalyzed by Sucrose 

synthase and Invertases. The invertase gene family is also called as beta-

fructofuranosidase, which catalyses the degradation of sucrose into fructose and Uridine 

diphospahte glucose (UDP-Glc). The UDP-Glc acts as a precursor and is an immediate 

substrate for cell wall polysaccharides; pectin, cellulose and hemicellulose (Chourey et 

al., 1991; Padmalatha et al., 2012). The cleavage mediated by Sucrose synthase is 

reversible whereas Invertases irreversibly cleave sucrose to fructose and glucose (Wang 

et al., 2010). Along with the nine sucrose Invertases, four Sucrose Synthase (SuSy) genes 

were identified in our study. The majority of the Invertases were down regulated whereas 

the SuSy genes were up-regulated.   

The invertase gene family has three isoforms classified based on their pH and subcellular 

locations. In our data we identified two of these three isoforms; Cell wall Invertases and 

Vacuolar Invertases. These genes were uniformly down-regulated indicating that their 

activity as compared with 11 DPA is not high. This is in accordance with previous studies 

which have showed that Invertases influence the fiber elongation in a great way and the 

activity is maximal between 10 and 15 DPA (Ruan et al., 2001 and Wang et al., 2010). 

Vacuolar Invertases (VIN) are believed to be crucial in fiber elongation. Studies have 

reported high VIN expression in numerous expanding tissues such as maize ovaries, 

sugar beet petioles, carrot taproot (Andersen et al., 2002; Davies & Robinson, 1996). This 

led Gonzalez, Roitsch & Cejudo (2005) to hypothesize the role of VIN in plant cell 

expansion and development. Wang et al. (2010) explored the role of VIN in cotton fiber 

development. They identified GhVIN1; which showed three fold higher expressions at 10 
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DPA compared to 20 DPA. This correlated with the findings from our research, in which 

VIN was down regulated at 17 DPA. 

The other groups of genes found in the major CHO metabolism are SuSY; all of which 

are up-regulated in contrast to VIN. The SuSy genes have been studied and its role in the 

mobilization of sucrose via the phloem into the developing fiber cells has been 

established (Amor, Haigler, Johnson, Wainscott & Delmer, 1995; Ruan et al., 1997). The 

mobilization activity provides sucrose in the fiber cells where it can be degraded and 

converted to UDP-Glc; which can then be used for cellulose biosynthesis. Padmalatha et 

al. (2012) reported that the UDP-Glc derived from the degradation of sucrose by SuSy is 

primarily used for cellulose synthesis. The secondary cell wall deposition mainly 

comprises of cellulose deposition which is much higher than the deposition during 

primary wall synthesis. Therefore theoretically the fiber cells would need more UDP-Glc 

for cellulose production; this supports the up-regulation of SuSy genes at 17 DPA. The 

UDP-Glc obtained from the Invertases were used more for the production of pectin and 

hemicellulose rather than cellulose, hence the Invertase family is down regulated at 17 

DPA.  

Callose is a polysaccharide in the form of β-1-3-glucans present in the primary cell wall 

and plays a significant role in cell expansion. Like the other cell wall polysaccharides 

mentioned above, UDP-Glc acts as a substrate for callose synthesis (Kim & Chen, 2009). 

Callose synthase and Glucan synthase-like genes encode the synthesis of callose. Both 

these genes were previously identified in Arabidopsis (Kim & Chen, 2009). Callose is 

known to play a role in the gating of fiber plasmodesmata and hence is crucial during 

elongation. Ruan et al. (2007) proposed that callose binds to be plasmodesmata and keeps 

it closed during time of rapid fiber elongation. As explained earlier, the fiber elongation 

is driven by turgor pressure which is sustained by the closure of the plasmodesmata once 

the fiber sap has accumulated inside the cell. In our study we identified six differentially 

expressed callose synthesizing transcripts at 17 DPA; all of them were down-regulated. 

Since, the gating of the plasmodesmata was regulated by callose, we hypothesize that the 

loss callose leads to the opening of the plasmodesmata channels. This results in the loss 

of the accumulated fiber sap leading to the loss in turgor pressure and eventual reduction 



Texas Tech University, Abhishek Dass, May 2013 
 
 

56 
 

in fiber elongation. This theory is strengthened by the fact that callose degrading enzymes 

(β-1-3 glucan hydrolases) are highly up-regulated at 17 DPA. The β-1-3 glucan 

hydrolases belong to the glycosyl hydrolase family 17. This corresponds with the down-

regulation of callose synthesizing genes and subsequent decrease in callose at 17 DPA. 

4.6 Secondary Metabolism 

The secondary metabolism pathway of phenylpropanoid leading to the production of 

lignin and many other important secondary metabolites has been subjected to in-depth 

study in the past. The phenolic component of the plant cell is divided into two parts, the 

lignin and hydrocinnamic acids. The cotton fiber lignin is mainly composed of guaicyl 

and syringyl phenylpropanoid subunits (Fan et al., 2009). The cell wall phenolics are 

important to the fiber as they protect the cellulose fibers from chemical and biological 

degradation (Grabber, Ralph, Lapierre & Barrierec, 2004) and also provide the fiber with 

mechanical strength to withstand any biotic or abiotic stress. The phenolic component in 

the cell wall reduces the cell wall extensibility and thereby inhibits cell expansion (Fan et 

al., 2006). This might be one of the reasons why the phenylpropanoid pathway as a whole 

is induced during the secondary wall biosynthesis and not during fiber elongation 

(primary cell wall synthesis). Five specific lignin biosynthesis gene families were 

identified; PAL (phenylalanine ammonia-lyase), CCR (cinnamoyl-CoA reductase-

related), CAD (cinnamyl-alcohol dehydrogenase), 4CL (4-coumarate--CoA ligase 

protein) and CCoAOMT (caffeoyl-CoA 3-O-methyltransferase). Out of these five 

families, the CAD gene family has been extensively studied in the past as it catalyzes the 

conversion of cinnamaldehydes into cinnamyl alcohols, the final step in the formation of 

monolignol subunits (Fan et al., 2009). The study by Fan et al. (2009); reported that the 

CAD gene family is differentially expressed in the secondary wall formation as it was 

exclusively present at 25 DPA. The inference which can be drawn from this is that the 

CAD gene family as a whole is being up-regulated in both the studies and is known to 

play an important role in phenylpropanoid pathway. The phenylpropanoid pathway 

produces monolignol; components of lignin polymer. The lignin polymer belongs to cell 
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wall phenolics category; which, as explained earlier is important to secondary cell wall 

synthesis.  

The following figure taken from Vanholme et al. (2010) shows the Lignin production 

pathway and the various genes regulating each step. The genes identified in our list have 

been highlighted on this pathway. The p-coumaryl alcohol, sinapyl alcohol and coniferyl 

alcohol are converted to p-hydroxyphenyl, guaicyl and syringyl phenylpropanoid 

subunits; these are incorporated in the lignin polymers (Fan et al., 2009). 

This shows that all of the genes identified in our list play a crucial role in the pathway 

and play a role in the final production of monolignol subunits; which are the components 

of cell wall lignin.  

 

Figure 4.4: Phenylpropanoid Biosynthesis Pathway 
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4.7 Hormonal Regulation  

Under this category we will be discussing the regulation of Abscisic Acid (ABA), 

Brassinostriods (BR), Ethylene and Calcium signaling. The signaling of these hormones 

has long been known to take part in the cell elongation (Crozier, Kamiya, Bishop & 

Yokota, 2000; Sun et al, 2006; Shi et al., 2005). Here we will investigate a few major 

genes identified from each list of hormones and elucidate their role in fiber development. 

4.7.1 ABA synthesis 

Abscisic acid is catalyzed by the cleavage of carotenoids which are derived from 

isopentyl diphospahte (IPP). Three genes identified in our gene list; (2) nine-cis-

epoxycarotenoid dioxygenase 3 (NCED3) and Abscisic aldehyde oxidase4 (AAO4) are 

involved in the cleavage of the carotenoids which is the first committed step in the 

synthesis of ABA. NCED catalyzes the conversion 9-cis-violaxanthin and 9'-cis-

neoxanthin to xanthoxin. The AAO gene encodes a protein that catalyzes the conversion 

of abscisic aldehyde to ABA. The NCED3 and the AAO4 have a 3.3 and 2.4 up-regulated 

fold change, indicating ABA is synthesized in the transition phase and most probably 

playing a role in the elongation of the cotton fiber. One NCED3 gene was down-

regulated with a fold change of 1.5 this might indicate that the fiber elongation process is 

not as rapid as it was during 11 DPA (Liao, Zhang, Xu & Peng, 2010). This is supported 

by Lee et al. (2007), which reported that the ABA concentrations were at a peak during 

fiber initiation and elongation upto 10 DPA but showed gradual down-regulation until 20 

DPA. It is possible to infer that ABA does not play a major role during the transition 

process but supports the elongation phase which continues till the 20th DPA. 

4.7.2 BR Biosynthesis 

Campesterol, a sterol is the main precursor for the synthesis of Brassinosteroids. BR is 

known to accelerate the fiber elongation process by regulating the cytoskeletal and cell 

wall structure (Sun et al., 2005).The differentially expressed genelist for BR comprised of 

six genes all of which were down-regulated. This indicated that there is no 

synthesis/regulation of BR's at 17 DPA. This was supported by the findings of Lee et al. 
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(2007) which stated that the BR's synthesis is down-regulated from 10 DPA onwards 

until it reaches 20 DPA. Our experimental sample was taken at 17 DPA, hence our results 

concur with the previous findings. DET2 and SMT2 identified are reported to be involved 

in the biosynthesis pathways of BR whereas BIM1 is known to be involved in the BR 

signal transduction pathway (Table 3.5.9). Previous studies reported that the increase in 

BR synthesis also corresponds with increase in transcripts encoding cell-wall loosening 

enzymes such as Expansins and XTH (Liao, Zhang, Xu & Peng, 2002; Ji et al., 2003). 

Expansins are involved in fiber elongation and the synthesis of Brassinosteroids seems to 

be coordinated with the regulation of these fiber elongating genes. The down-regulation 

of BR is correlated with the down-regulation of the expansin gene family.  

4.7.3 Ethylene Biosynthesis 

Methionine is the main precursor for ethylene production. The ethylene biosynthesis is 

comprised of three main conversions. 1-amino-cycloprpapne-1-carboxylic acid synthase 

(ACS) and 1-amino-cycloprpapne-1-crboxylic acid oxidase (ACO) are two genes which 

govern the penultimate and the final reactions leading to ethylene synthesis. Based on 

their functions, they are classified under the ethylene synthesis enzymes. Shi et al. (2006) 

reported four ACO genes and one ACS gene to be involved in the ethylene synthesis 

pathway and both these genes act as rate-limiting species in their respective reactions. 

These genes were up-regulated by 12 to 15 fold when compared with 3 DPA. The 

ethylene production is crucial for fiber initiation and might have begun as early as -1 

DPA (Liao et al., 2010; Sun et al., 2005).  Both these genes were among the 13 

differentially expressed genes identified. Seven were down-regulated and six were up-

regulated. No definite conclusions can be drawn regarding the expression of ethylene at 

17 DPA of cotton fiber development. The other important genes identified belonged to 

the ethylene signal transduction category; ethylene insensitive 4 (EIN4) and ethylene 

response sensor 1 (ERS1). The ACS genes identified were all down regulated but the two 

ACO genes was up-regulated. The activity of the BR genes is reported to be linked with 

the activity of the ethylene regulation and vice-versa in rapidly elongating fibers (Shi et 

al., 2006). The ethylene synthesis pathway is one of the highly up-regulated pathways 
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during fiber elongation and it also promotes the expression of many processes which 

enhance fiber elongation. The role of ethylene synthesis in secondary wall biosynthesis is 

not reported till date and therefore might not be required henceforth. This could be the 

reason why the regulation of ethylene is intermediate as many previous studies have 

reported than the secondary wall biosynthesis is initiated around 15 DPA. 

4.7.4 Calcium Signaling 

The calcium ions are stored in the endoplasmic reticulum (ER) compartments of the plant 

cell. High levels of calcium in the cytoplasm is known to be degenerative to the cell 

development process hence they are stored in the ER's. Numerous phenomena stimulate 

the efflux of the stored calcium into the cytoplasm where it reacts with calmodulin 

(CaM), calmodulin-dependent protein kinases (CDPK's) and calmodulin-like proteins. 

The interaction between calcium ions and its sensors regulate numerous signal 

transduction pathways related to phytohormone response, light, development and 

different stresses. Previous studies have reported the calcium signaling inducing 

gene/transcripts to be responsible for fiber elongation (Gao et al., 2007; Huang et al., 

2008; Taliercio & Haigler, 2011). We identified 25 of the 35 differentially expressed 

calcium signaling genes to be down-regulated. The majority of the genes/transcripts 

belonged to the families of the CAD, CAD-like proteins and CPDK. The mechanism of 

calcium signaling follows the trends observed in previous pathways explained here. 

Since, at 17 DPA elongation is greatly reduced, the pathways and mechanisms supporting 

elongation are down-regulated.  

Previous studies have linked the expression of numerous elongation supporting genes 

with calcium signaling. Taliercio & Haigler, 2011 reported that the expansin gene family 

was up-regulated along with calcium signaling during fiber elongation (6-15 DPA). At 17 

DPA we observed the down regulation of calcium signaling along with the expansin gene 

family which is known to play a important role in fiber elongation. This supports the fact 

that the fiber is undergoing a transition from elongation to secondary wall biosynthesis. 
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4.7.5 Gibberellin Regulation 

Gibberellins belong to the family of tetracyclic diterpenoids, most of them have intrinsic 

biological activities regulating plant developmental processes (Aleman et al., 2008). 

Their role in cotton fiber elongation has been reported by Beasley & Ting, 1973; Gokani 

& Taker, 2002. We found that eight of the nine differentially expressed transcripts were 

down-regulated. GID1b and GID1c are GA receptors which induce GA mediated fiber 

growth (Aleman et al., 2008) and were observed to be down regulated.  

4.8 Transcription Factors  

Transcription factors basically are proteins which bind to specific DNA sequences and 

regulate the transcription process (DNA to mRNA). The ability to bind to specific DNA 

targets and interact with related proteins enables the transcription factors to regulate gene 

expression and how the gene responds to various stimuli (Schwecheimer et al., 1998). 

4.8.1 MYB Family 

The MYB transcription factors are defined by the helix-turn-helix motif present in their 

DNA-binding domain. MYB proteins present in plants have two repeats R2 and R3. The 

exact role of the MYB family in cotton fiber elongation has not been elucidated yet, 

though previous studies have identified numerous MYB genes which are differentially 

expressed in fiber elongation and development. The ability of MYB factors to play a role 

in the determining the shape of the cell, length of the trichome and its density in 

Arabidopsis encouraged researchers to study its role in cotton fiber elongation. The 

Arabidopsis MYB family has more than 125 genes associated, therefore it was predicted 

that the cotton genome would have around 200 MYB genes due to its polyploid nature 

(Suo, Liang, Pu, Zhang & Xue, 2003). Studies have so far reported the identification of 

MYB genes involved in fiber initiation and elongation (Loguercio et al., 1999; Suo et al., 

2003). Some of the genes which are identified to be involved in fiber development 

process are GhMYB2, GhMYB4, GhMYB6, GhMYB25 and GhMYB109.  GhMYB25 

was reported by Machado et al. (2009); it was proven that the expression of this gene 

induced fiber initiation and elongation. Similarly Gh109 reported by Pu, li, Fan, Yang & 

Xue, (2008) played a crucial role in fiber elongation. The suppression of the gene results 



Texas Tech University, Abhishek Dass, May 2013 
 
 

62 
 

in transgenics which had reduced expression of GhACO1, GhACO2, GhTUB1, and 

GhACT1. These genes are known to be extensively involved in fiber development. Hence 

Pu et al. (2008) claimed that Gh109 was a regulator of fiber growth on cotton. Most of 

the previous studies have been carried out on cotton fibers between -3 DPA to 10 DPA, 

this could be one of the reasons why the 30 differentially expressed MYB genes have not 

been previously examined, and hence not much can be inferred from our genelist (Table 

3.5.10). 18 of these MYB genes are down regulated while the remaining 12 were up-

regulated. This does not provide a clear picture of how these MYB genes are affecting the 

mechanisms occurring at 17 DPA.  

4.8.2 WRKY and TCP Family 

The WRKY transcription factor proteins were first identified in plants (Wu, Gou, Wang 

& Li, 2004). The WRKY transcription factor has a major WRKY domain and hence the 

name. The WRKY gene encodes the regulation of the response to biotic and abiotic 

stresses apart from cell developmental processes such as seed coat and trichome 

development in Arabidopsis, regulation of the gibberellin signaling pathway in rice. 

There has been no direct evidence of WRKY being involved in the regulation of cotton 

fiber developmental pathways. Studies have identified the presence of WRKY 

transcription factors in fiber cell initiation which was supported by high expression levels 

at 0 DPA which decreased with fiber elongation. The TCP transcription factor is known 

to regulate plant developmental processes. These are specific to plants and have two 

classes based on the structure of the DNA binding domain. The GhTCP identified 

belonged to class I and these are known to modulate cell proliferation/expansion. Hao et 

al. (2012) reported that the GhTCP gene was preferentially expressed during 5fiber 

elongation (5 to 15 DPA). The GhTCP was reported to have a significant impact on the 

Jasmonate (JA) biosynthesis. The up-regulation of GhTCP was shown to induce JA and 

thereby activating the numerous downstream genes involved. Among the downstream 

genes, WRKY transcription factors were also found to be modulated by the GhTCP gene. 

The other downstream genes belonged to calcium signaling and ethylene biosynthesis. 

Hao et al. (2012) concluded that GhTCP played an important role in fiber elongation as it 
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regulated the synthesis of JA biosynthesis and other pathways. The data obtained from 

our study follows a similar pattern; six TCP genes identified were all down regulated. 

When the JA genes were compared all three were down regulated, the calcium signaling 

and ethylene pathways also showed a consensus down-regulation which follows the 

hypothesis of Hao et al. (2012).  

4.8.3 Ethylene Responsive Factors (ERF)  

They belong to a large family called Ethylene-Responsive Element-Binding Protein 

(EREBP). Only a few of these EREBP's are regulators of ethylene. Therefore these 

transcription factors have a wide domain and regulate the responses to a variety of 

stresses. The ERF proteins regulated various hormonal signal transductions. This feature 

was studied by Jin, Li and Liu (2010) who reported that GhERF2, GhERF3 and GhERF6 

were specifically induced in response to ABA and ethylene on 15 DPA fibers. Hence 

these genes were classified as components of signaling pathways in response to abiotic 

and biotic stresses. All the ERF genes identified in our list were down-regulated. ERF1 is 

the only gene belonging to this family which is a regulator of ethylene synthesis 

signaling.  
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Chapter 5 

Conclusion and Future Prospects 

Two general trends were observed in the different pathways analyzed in our study. The 

marker genes used to identify fiber elongation were all down-regulated whereas those for 

the transition to SCW were up-regulated. The down-regulation of cell wall degrading 

enzymes (Pectate lyases, Polygalactouronases) which are known to induce fiber 

elongation and also function as cell wall loosening enzymes; transcripts encoding 

Expansins, XTH, VIN; down-regulation of callose, fatty acids and calcium signaling. A 

majority of these enzymes play a role in cell expansion via cell wall loosening and 

sustained turgor pressure. The transition to SCW biosynthesis was identified by the up-

regulation of Cellulose, Lignin and hemicellulose; components of the SCW. The Sucrose 

Synthase (SuSy) encoding transcripts were shown to be providing UDP-Glc primarily for 

SCW cellulose synthesis. β-1-3-glucanases; callose degrading enzymes are highly up-

regulated which indicates the down-regulation of callose polysaccharides. The 

arabinogalactoproteins (AGP's); known to be a major role in fiber elongation were highly 

up-regulated at 17 DPA. These groups of structural proteins are believed to play a role in 

both elongation and secondary wall biosynthesis. Ethylene which has again been reported 

to be very crucial in fiber development shows mixed regulation with equal number of up 

and down regulated genes. The other crucial group of genes belonging to MYB 

transcription factor family which are shown to be involved in fiber elongation show 

mixed regulation. The reason for such inconclusive regulation is maybe because we are 

comparing 17 DPA with 11 DPA which is right in the middle of rapid elongation phase. 

Hence the molecular mechanisms at the peak of elongation might be hard to compare 

with a stage known to be involved in the transition to SCW biosynthesis. Here we 

observed a clear indication of fiber elongation being reduced as compared with 11 DPA 

but also see there is a clear up-regulation of the genes involved in SCW biosynthesis.  To 

better understand these changes taking place between two stages of growth it would be 

helpful to compare 11, 17 and 21 DPA stages together. This would allow us to monitor 

the changes of the important pathways from the peak of fiber elongation through the 
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transition and see how they are established once the SCW synthesis is occurring 

exclusively.  

The proteomics part which could not be finished in time for this thesis, but once 

completed the proteome data would strengthen the transcriptome data. The differentially 

expressed proteins similar to transcriptomic data would be mapped onto the same 

pathways. If both the differentially expressed transcript and the proteins had the same 

regulation then it would be conclusive if a pathway was induced or not. Also not all 

transcripts get converted to proteins, hence having the proteome data would be next step 

in analyzing the cotton fiber development. 
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