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ABSTRACT 

 The identification of genes and regulatory pathways that play a role in abiotic 

stress tolerance could lead to the development of crops with increased yields and 

improved quality under water-limiting production schemes.   In this study, two cotton 

(Gossypium hirsutum) genotypes reported to have contrasting yield response under 

deficit irrigation were chosen to examine transcript and physiological response to water 

deficit stress.  Cotton cultivars Siokra L-23 (tolerant) and CS50 (susceptible) were grown 

in greenhouse and field trials. Initial transcript profiling studies were carried out on 

greenhouse-grown plants (8-leaf stage) exposed to a slow-onset water deficit over 6 

days followed by a recovery period 1 day after re-irrigation.   After irrigation was 

stopped, the plants were monitored daily for photosynthetic response, leaf water 

potential, and decline of chlorophyll fluorescence to characterize the physiological state 

of the plants during the stress.  Leaf and root tissue was collected at 0 day (well-

watered), 3 days after induced stress, 7 days after induced stress, and 1 day after re-

watering to monitor recovery.  Expression profiling revealed distinct differences 

between leaf and root tissues and the timeline in which the magnitude of the stress was 

reflected in those tissues.  Although some differences were identified between the two 

cultivars, the number of genes identified as unique to a particular genotype was 

relatively small.  This research represents one of the initial efforts in examining the 

transcriptome response to water deficit stress in cotton and will serve as the basis for 

future studies in identifying the key pathways responsible for controlling this response 
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and potentially, candidate genes for enhancing stress tolerance through transgenic 

approaches.   
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CHAPTER 1 

INTRODUCTION 

1.1 Issue and Problem 

Increasing plant water use efficiency and the ability of plants to cope with 

drought could bring about huge benefits to production agriculture.  In addition to 

climatic events that result in periodic drought, the industrialization of China and India, 

continued growth in world population, and increased urbanization in the U.S. 

significantly limit available water for irrigation.  The Southern High Plains, like many 

other regions around the world, must deal with these issues and scientists are faced 

with the task of providing applied solutions to satisfy the growing demand for 

agriculture and urban water uses.  The Southern High Plains is a major agricultural 

production region and depends heavily on the Ogallala aquifer for irrigation.  

Unfortunately current water consumption is vastly exceeding the Ogallala’s rate of 

recharge by as much as six times (Galbraith 2010).  Predictions based on pumping 

forecasts have estimated the Ogallala’s volume could drop 52 percent between 2010 

and 2060 (Galbraith 2010).  This drop will lead to restrictions on irrigation farming 

practices on the Southern High Plains as a result of water policy changes and the 

physical lack of water.  
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1.2 History  

Cotton has a long history as a major textile crop around the world.  

Archaeological evidence found in Mehrgarh, Pakistan revealed cotton threads used to 

string beads together dated at 6th millennium B.C. (Moulherat et al. 2002).  Today, 

cotton is grown in over 90 countries around the world, and accounts for approximately 

35 percent of total world fiber use (Isengildina-Massa 2009).  In 2005, the International 

Cotton Advisory Committee estimated 350 million people were engaged in cotton 

production either on-farm or in transportation, ginning, baling, and storage 

(http://unctad.org/infocomm/anglais/cotton/market.htm). 

The cotton industry plays a vital role in the U.S. economy.  The United States is 

the world’s third largest cotton producer behind China and India but is the leading 

exporter, accounting for over one-third of the global trade in raw cotton (Isengildina-

Massa 2009).  The U.S. cotton industry annually brings in more than $25 billion and, 

perhaps, most importantly the cotton industry sectors from farm to textile mill 

generates roughly 200,000 jobs (Isengildina-Massa 2009).  The production, marketing, 

consumption, and trade of cotton-based products further stimulate the economy with 

revenues in excess of $100 billion dollars annually in the United States, making cotton 

the number one value-added crop in the U.S.  Texas is the leading state in U.S. cotton 

production, accounting for 30 percent of the nation’s cotton production (Blair, 2009).  

Cotton generates over $ 1 billion annually in Texas and serves as the economic 

backbone for much of the state (Blair 2009).  Cotton is a renewable resource, and it is 
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used in a wealth of consumer-based products, foodstuffs, livestock feed, cottonseed oil, 

fertilizer, and paper.   More recently, cottonseed oil has grown in popularity as a cooking 

product because it does not contain trans-fatty acids.   

 Cotton’s importance goes beyond economic benefits.  Modern cotton originates 

from wild perennial plants adapted to semi-arid, sub-tropical environments and 

represents a model crop species for stress tolerance studies that can be applied to other 

crops.  However, despite its relative tolerance to abiotic stress, little work has been 

done examining the molecular and genetic controls of this tolerance.  This is likely due 

to the fact that historically, cotton production has occurred under high irrigation 

management schemes.  Furthermore, intensive selection to produce large quantities of 

seed epidermal hairs (fibers) has unintentionally narrowed genetic variability for abiotic 

stress tolerance and water-use-efficiency (Rosenow et al. 1983).  There is a need to 

examine the fundamental biochemical, physiological, and molecular principles of 

cotton’s response to abiotic stress.  Despite the narrow genetic base in cultivated 

cotton, there is considerable diversity in wild accessions and non-cultivated genotypes 

that may be exploited for improvement of yield and stress tolerance (Rosenow et al. 

Brubaker and Wendel, 1994; Small 1999; McCarty et al. 2005).  Decreased availability of 

irrigation water is a major threat to sustainable cotton production threatening the very 

existence of agriculture in many regions of Texas and the U.S., the maintenance of 

Texas’ agricultural economic base, and its overall way of life.  Therefore, it is essential to 

develop new production strategies and stress-tolerant germplasm varieties for 
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continued production in water-limited environments.  One approach to variety 

development is identification and manipulation of molecular regulatory pathways 

controlling plant stress response, development, and fiber quality.  The goal of this 

research is to identify major molecular pathways involved in the water-deficit response 

as an initial step towards understanding the genetic control and limitations of the stress 

response in cotton.    

1.3  Plant Abiotic Stress Response 

Plants have developed complex physiological and molecular responses to 

different stresses (Rizhsky et al. 2004).  In cotton, water deficit stress has a direct effect 

on growth as reflected in decreased vegetative biomass (leaf area index) (Jamieson et al. 

1995), reduced photosynthetic capacity (Jackson and Gerik, 1990; Morrow and Krieg, 

1990), decreases in the number of bolls per unit area and decreased yield (Mohamed et 

al., 1971). Drought stress during boll and fiber development also affects fiber quality 

characteristics- maturity, length, strength, and micronaire (Guinn and Mauney, 1984a,b; 

Antony and Kutty, 1975).  It is estimated that abiotic stress reduces crop yield by as 

much as 50% (Vinocur 2007).   

The plant response to water-deficit stress is complex because it reflects, over 

space and time, the integration of stress effects and responses at all underlying levels of 

organization (Blum 1996).  Under field conditions, the water stress responses can be 

synergistically or antagonistically modified by the superimposition of stresses such as 
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heat, salinity, and biotic factors.  Mild to moderate water-deficit stress induces 

regulation of water loss and uptake allowing maintenance of relative water content 

(RWC) within the limits where photosynthetic capacity and quantum yield show little 

change (Hopkins et al. 2009; Garcia 2007; Ramanjulu 1998).  Severe water stress can 

cause irrevocable damage, when desiccation modifies lipid structure and membrane 

composition beyond recovery or when desiccation modifies photosystem II beyond 

recovery (Yordanov et al. 2003).  

 Plants are continually responding to changes in available water and other abiotic 

factors, and the manner and magnitude of physiological responses vary with the 

severity of the stress (Turnbull et al. 2001).  For example, under mild water-deficit 

stress, shoot growth is restricted while root growth continues (Burke 2007; Sharp and 

Davies 1979; Klein et al. 1986).  The leaf water status changes as water deficit stress 

progresses.  Cells make osmotic adjustments by lowering their osmotic potential to 

maintain turgor pressure and keep water moving from outside to inside the cell.  One 

method of lowering osmotic potential is the accumulation of solutes.  Measuring leaf 

water potential is one way to monitor the leaf water status and progression of water 

deficit stress (Boyer 1995).  Osmotic potential decreases as water deficit stress becomes 

severe in order to maintain water movement throughout the plant.  Changes in osmotic 

potential or turgor pressure might be the physiological cues that trigger biochemical 

signaling and water deficit stress response pathways (Bray 1993).  Under water deficit 

stress, plants close or reduce stomatal aperatures in order to limit water loss.  Limiting 
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transpiration causes leaf temperatures to increase; thus, leaf temperatures have been 

used to evaluate the severity of water-deficit stress (Jackson et al. 1988; Wanjura et al. 

2006).  Stomatal closure also limits CO2 uptake resulting in a reduction in the amount of 

fixed carbon and can lead to a reduction in overall growth (Burke 1985).   

Plants survive environmental stress by adapting and acclimating to the stress 

conditions, and typically this involves activation of specific tolerance mechanisms (Wang 

2007).  Underlying changes at the physiological level, are molecular and cellular changes 

in transcript levels and protein levels and activities.  Dynamic changes at the molecular 

level demonstrate the plasticity of the transcriptome and its ability to modulate its 

response to complex environmental conditions that occur in nature (Ludmila et al. 

2004).  Central to this plasticity is the large network of transcription factors, cell 

signalling mechanisms, and biochemical triggers that regulate the response of plants to 

water-deficit stress (Figure 1) (Shinozaki 1997; Chen et al. 2002; Wang 2003; Sakuma 

2006).  Several abiotic stresses such as drought, salinity, and heat can trigger some of 

the same genes and transcription factors.  Drought, salinity, and extreme temperatures 

can all affect osmoregulation, and have been found to trigger a regulatory network of 

responses via dehydration-responsive elements (DRE) (Jenks 2010).  The DREB family of 

transcription factors and C-repeat binding factors, CBF, are part of this dehydration 

response pathway (Jenks 2010).  Evidence for the role of DREB/CBF in water deficit 

stress tolerance was seen in studies where genes from the DREB/CBF family were 

overexpressed in Arabidopsis.  The transgenic plants exhibited increased cold, salt, and 
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drought tolerance.  The increased tolerance was thought to occur because of increases 

in proline and cytosolic sugars and expression of drought resistance genes such as late 

embryogenesis abundant (LEA) proteins (Gilmour et al. 2004; Kasuga et al. 1999; 

Hundertmark and Hincha, 2008; Gutha and Reddy, 2008).  Genes from the DREB/CBF 

family are likely to have a similar function in cotton and are currently being tested in 

transgenic cotton (R.D. Allen, personal communication).    

Another, well-studied, but poorly understood, effect of water deficit stress is 

enhanced ROS production in cellular compartments, namely in the chloroplasts, the 

peroxisomes, and the mitochondria (de Carvalho 2008).  ROS production is regulated, or 

kept in check, by an antioxidant system.  This antioxidant system reacts to changing ROS 

concentration, and sets the redox-status of the cell (de Carvalho 2008).  ROS scavenging 

mechanisms are activated when ROS levels become too high.  ROS scavengers include 

superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase 

(GR).  ROS enhancement under stress functions as an alarm signal that triggers 

acclimatory/defense responses by specific signal transduction pathways that involve 

H2O2 as secondary messenger (de Carvalho 2008).  Enhancement of ROS was one of the 

first efforts at improving plant stress response through over-expression of these major 

scavenging enzymes. Despite numerous reports of improved stress tolerance in 

glasshouse and chamber studies (Mittler and Zalinskas 1991; Sen Gupta et al. 1993a,b; 

Allen et al. 1997), in cotton over-expression of SOD, APX, and GR had little impact in 
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cotton tolerance to chilling or drought under field conditions (Payton et al. 1997; Payton 

et al. 2001). 

Despite years of study on the physiological and molecular responses to abiotic 

stress and numerous attempts to identify key molecular components controlling these 

responses, the development of drought-tolerant crops has been hindered by our ability 

to integrate precise physiological parameters with molecular and cellular responses that 

reflect genetic potential for improved productivity or genetic limitations under water-

limited and thermally stressful environments. Our ability to now study plant responses 

at the transcriptome level has provided insight into the complex nature of multi-genic 

responses (Bray 2002; Bray 2004; Rizhsky et al. 2004; Mantri et al. 2007; Shinozaki and 

Yamaguchi-Shinozaki, 2007; Taliercio et al 2009; Urano et al 2010).  Recent advances in 

genome research have greatly facilitated further genetic improvement for plants.  Table 

1 from (http://biotech.cas.psu.edu/articles/gmo_crops.htm) contains examples of 

genetically modified plants and the benefits gained from modification (Seetharaman 

2003).   

Genomics research is rapidly advancing as a result of the massive increase in the 

amount of DNA sequence information and the development of technologies to exploit 

its use (Lockhart 2000).  One of the most insightful and versatile tools for genomics are 

DNA microarrays (Figure 2) (Lockhart 2000).  Table 2 is a summary of recent genomic 

studies related to drought.  All of these studies provide insight and valuable information 
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toward a better understanding of the molecular responses of plants to water deficit 

stress, but none are specific to cotton. The goal of this research was to explore the 

drought-stress transcriptomes of cotton leaf and root in order to identify putative 

candidate genes and pathways for further investigation of the mechanisms underlying 

this complex response. Ultimately, the outcome of this research should serve to aid in 

the selection of target pathways for manipulation of these responses with the goal of 

enhancing drought tolerance in cotton. 
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Figure 1  Overview of the plant abiotic stress responses reviewed by Wang et al. (2003). 
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Table 1  Examples of transgenic crops and targeted traits. 

Modified Trait  Crop 

Input Traits 

Herbicide resistance 
Sugarbeet, Soybean, Corn, Canola, Cotton, 

Flax 

Insect/herbicide resistance Corn 

Insect resistance Tomato, Corn, Potato, Cotton 

Virus resistance Squash, Papaya 

Male sterile Corn 

Output Traits 

Modified oil Soybean, Canola 

Modified fruit ripening Tomato 

Provitamin A enriched Rice 

Iron fortification Rice 

Beta-carotene, lycopene enriched Tomato 

Detoxification of mycotoxins Corn 

Detoxification of cyanogens Cassava 

Caffein-free Coffee beans 

Vitamin E enriched Canola 
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Figure 2  Overview of gene expression profiling using DNA microarrays. Messenger RNA 
isolated from tissues of interest are reverse transcribed and labeled with specific 
fluorescent tags. Labeled cDNA from each sample are combined and probed with the 
features on the array representing novel transcripts. Following hybridization, the labeled 
cDNAs that hybridized to array features are detected using laser excitation. The 
quantified signal from each array feature for each specific dye (sample) is expressed as a 
ratio (e.g., cy3:cy5 or irrigated:stressed) and the relative expression level of each specific 
transcript is calculated.  
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Table 2  Summary of functional genomics studies focused on plant response to abiotic 
  stress. 

 

 

 

 

 

 

 

 

 

 

Expression analysis during rehydration using a 
7000 full-length cDNAs

Microarray-based expression analysis of 

21 000 genes in phenotypically divergent accessions 

Proteome analysis of water-deficit stress response

Peanut in leaf and root Kottapalli, et al., 2009

Sugar beet Proteome analysis of drought-stressed leaves Yu and Setter, 2003

Maize

Proteome analysis of the basal portion of growing 

leaves Riccardi, et al.,  2004

Sorghum

A set of unique cDNAs providing a signature of 

drought-responsiveness were identified among a Pratt, et al., 2005

Maize

Transcriptional profiles of endosperm and 

placenta–pedicel tissues in developing kernels Hajheidari, et al., 2005

Rice Hazen, et al., 2005

Rice

589 putative drought-stress responsive genes were 

localized on the physical map and their Markandeya, et al., 2005

Sorghum

12,982 unique cDNA clusters on a microarray were 

used to examine gene expression in roots and Buchanan, et al.,  2005

Species Main features Reference

Arabidopsis Oono, et al., 2003

Arabidopsis

Translational regulation was evaluated for >2000 

genes by measuring the proportion of individual Kawaguchi, et al., 2004
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CHAPTER 2 

EXPERIMENTAL APPROACH 

2.1  Outline  

There is a need to examine the fundamental biochemical, physiological, and 

molecular responses to water deficit stress in cotton.  Cotton is able to acclimate to 

water stress, making it an excellent model for studying water deficit stress in crop plants 

(Voloudakis 2002), and represents a major crop in the semi-arid Southwest and water-

limited regions of the Southeast.  Therefore, I set out to establish a baseline expression 

profile for cotton leaf and root tissues exposed to slow-onset water deficit stress.  I 

selected two cotton genotypes, Siokra L23 and CS50 reported to show contrasting 

drought response phenotypes under field and experimental conditions (Stiller 2004; 

Nepomuceno 1998).  The hypothesis of this project was that the contrasting drought-

response phenotype shown in L23 and CS50 will be reflected in both physiological 

parameters, namely leaf gas-exchange and plant water status, and changes at the 

transcriptome level.  The major underlying assumptions were 1) the stress response 

phenotypes of L23 and CS50 were, indeed, contrasting; 2) the response was detectable 

at the transcript level; and 3) a fraction of the differentially expressed genes were 

controlling or causative factors of the observed physiological response and phenotypes.  

As the initial part of this project, I developed a new cotton oligonucleotide microarray 
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and performed a functional sequence analysis of the genes comprised in this array using 

MapMan software.  During the water-deficit stress experiment, I monitored plant water 

status using leaf water potential and characterized the plant physiological response 

using leaf gas-exchange measurements.  This experiment was designed to model the 

pattern of water deficit stress that occurs during irrigation intervals or between rainfall 

events and the short-term recovery of plant water status that occurs after irrigation or 

rainfall.        
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CHAPTER 3 

MATERIALS AND METHODS 

3.1  Plant Material 

Seeds of Siokra L23 and CS50 were planted in 8L pots containing a 1:1 mixture of 

field soil (Amarillo series collected from the USDA-ARS Cropping Systems Research 

Laboratory field in Lubbock, Texas) and Sunshine Mix #1 potting soil (Sun Gro 

Horticulture Distributors).  Plants grown under greenhouse conditions (28/20 C, 

day/night) and were irrigated 3-4 times per week until the 8-leaf stage (approximately 

30 days).  Subsequently, irrigation was stopped and plants were monitored daily for net 

photosynthetic response, and leaf water potential.  Leaf and root samples were 

collected each day for RNA extraction.  After 1 week of stress, plants were re-watered to 

field capacity.  Photosynthetic recovery, leaf water potential, and leaf and root samples 

were collected 48 h following irrigation.  

3.2  Leaf Gas-exchange   

Leaf gas-exchange measurements were taken on the 4th or 5th apical leaf of at 

least 6 plants on day 0, 3,4,5,6, and 24 h after recovery.  The portable photosynthesis 

system (LI-COR model 6400, Lincoln, NE USA) was used to make leaf gas-exchange 

measurements. Leaves in the Licor 6400 cuvette were maintained and measured under 

the following conditions: 38 Pa CO2, leaf temperature 28 °C, relative humidity 50-60%, 
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and saturating photosynthetic photon flux density (as determined by photosynthetic 

light response curves for three plants of each genotype) provided by a blue-red LED 

external light source on the Licor 6400 cuvette.  Estimates of instantaneous leaf water 

use efficiency (WUE) will be calculated as the ratio of photosynthesis (A) to stomatal 

conductance (gs).  

3.3  Leaf Water Potential   

Simultaneous with tissue collection for ERDB and gas-exchange, early morning 

leaf water potential was measured on at least 3 plants of each genotype using a 

pressure bomb.  A razor blade was used to cut the petiole of the 4th apical leaf.  Then, as 

quickly as possible, the petiole was inserted through the seal in the lid with the leaf 

blade closed inside the pressure chamber.  After sealing the chamber, air pressure was 

increased inside the chamber at roughly 0.3 bars per second.  The cut end of the petiole 

was viewed with a magnifying glass and increasing pressure was stopped as soon as the 

cut end of the petiole glistened with fluid in the xylem.  The amount of pressure 

required to force xylem sap out of the cut end of the petiole was recorded as the 

approximate leaf water potential.           

3.4  Tissue Collection for RNA Isolation   

Leaf and root tissue was collected for RNA isolation and gene expression 

profiling studies immediately following gas-exchange measurements on day 0, 3, 4, 5, 

and 6 of water-deficit stress, and 24 h after re-watering stressed plants.  Whole leaves 
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were harvested from at least 3 plants and flash-frozen in liquid nitrogen. The same 

plants were used to collect root tissue. Briefly, plants were removed from pots and the 

majority of the soil/potting mix was removed by gently shaking the plant.  The root 

tissue was flash-frozen in liquid nitrogen within 60 seconds are removing them from 

pots. The remaining soil was allowed to settle to the bottom of the liquid nitrogen 

dewar and root tissue (both tap and lateral root) was collected with a metal strainer and 

stored at -80 C until extraction.   

3.5  RNA Extraction  

RNA extractions were performed using the Sigma-Aldrich Spectrum Plant Total 

RNA Kit (Protocol B).  Tissue (approximately 100 mg) was ground to a fine powder in 

liquid nitrogen using a mortar and pestle then transferred to a 1.5 ml microfuge tube 

containing 500 µl of lysis/2-ME buffer, vortexed for 30 seconds, and incubated at 35 C 

for 5 minutes.  Lysed cells were centrifuged for 3 minutes and the supernatant 

transferred to a filtration column with 250 µl of binding solution and mixed by 

vortexing. Following purification and washing, RNA was eluted with 50 µl water. RNA 

quantity and quality were determined by spectrophotometry and agarose gel analysis. 

RNA was stored at -80 C. 

3.6  Microarray Design  

A high-density microarray was designed by Agilent Technologies (4X44k design) 

using assembled cotton EST data (Cotton16) described by Udall et al (2005).  The 
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microarray was compiled from over 350,000 ESTs and 67,237 contigs, from the Jonathan 

Wendell Lab at Iowa State, resulting in 43,803 probes. The Gene Ontology functional 

annotation tool Blast2GO was utilized to assign GO ids, enzyme commission numbers, 

and mapping to cotton 16 database.  The Blast2GO tool also enabled statistical analysis 

related to over representation of functional categories based on a Fisher Exact statistic 

methodology.   

MapMan software version 2.20 was used to display expression profiles at the 

pathway level (Thimm et al. 2004; http://gabi.rzpd.de/projects/MapMan/). The 

assembled EST sequences used to generate a mapping file using Mercator tools and log 

ratio expression values from stressed versus well-watered controls were used to 

visualize the cotton transcript expression data.  The graphical representations generated 

from the stressed to control expression ratios of the differentially expressed genes are 

presented as metabolism overview, regulation overview, and transcription overview. 

3.8  Fluorescent labeling of mRNA and Array Hybridization 

             An aliquot of 450 ng of total RNA was used for cDNA synthesis utilizing the Low 

RNA Input Fluorescence Linear Amplification Kit (Agilent Technologies).  Resulting cDNA 

was transcribed into cRNA and labeled with either cyanine 3 or cyanine 5-labeled 

nucleotides (Perkin Elmer, Wellesley, MA) using T7 RNA polymerase (Agilent 

Technologies).  Labeled cRNA was purified with Rneasy Mini columns (Qiagen, Valencia, 

CA).  The cRNA quality and quantity were determined spectrophotometrically using a 

NanoDrop ND-1000 spectrophotometer. 
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Labeled cRNA from leaf and root tissue was hybridized in combination with 

different tissues using the in situ hybridization kit from Agilent Technologies.  A total of 

5 tissue samples were compared in three biological replicates with dyes swaps in the 

second biological replicate.  Arrays were incubated at 65 C for 17 h in a rotating 

hybridization chamber.   Arrays were washed at room temperature under constant 

agitation for 10 minutes in 6X SSC with 0.005% Triton X-102 followed by a 5 minutes in 

cold, 0.1X SSC, 0.005% Triton X-102.  

3.9  Microarray Data Analysis  

Arrays were scanned using a GenePix® 4000B microarray scanner at 5-µm 

resolution and images were saved as uncompressed tagged image files.  For detection of 

statistically significant, differentially expressed genes, each slide image was processed 

using Agilent Feature Extraction software (version 9.1).  This software measured Cy3 

and Cy5 signal intensities of whole probes.  Since dye bias tends to be signal intensity-

dependent, probe sets for dye normalization were selected by rank consistency.  

Normalization was done by locally weighted linear regression (LOWESS).  Ratios were 

log-transformed and significance values (P-value) were calculated based on a propagate 

error model and universal error model.  In this analysis, the threshold of significant 

differentially expressed genes was determined with a p-value < 0.05 (p-value is a 

measure of the confidence that the feature is not differentially expressed).  Low-quality 

spot data generated due to artifacts were eliminated prior to data analysis.  Processed 

intensities from feature extraction analysis were imported into the TIGR 
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Multiexperiment Viewer software (MEV 4.1) and significant genes at a p-value of < 0.05 

and more than two-fold difference in expression were defined as differentially 

expressed.   

3.10  Gene expression analysis using real time-PCR 

Total RNA samples were treated with Turbo DNAfree (Ambion, Inc., Austin, TX) 

prior to cDNA synthesis. One microgram of total RNA was used to synthesize first strand 

cDNA using SuperScript First Strand Synthesis system for RT-PCR (Invitrogren, CA). The 

primers for genes responding to water-deficit stress and tubulin standard were designed 

using Integrated DNA Technologies primer designing tools. The efficiency of the primer 

pairs was determined on cDNA derived from leaf and root tissues from both genotypes 

using a 1:2 serial dilution series. Primer efficiency reactions were performed in triplicate 

in volumes of 25 μL using SuperArray SYBRGreen reaction mix (SuperArray Bioscience 

Corp., MD).  Reactions were subjected to real-time qRT-PCR using the Roche LightCycler 

480 Real-Time PCR System and data analyzed using the LightCycler 480 quantification 

software (Roche Biochemicals, Indianapolis, IN). 

Samples were analyzed in a 25 μL volume using the Roche LightCycler 480 

(Roche Biochemicals, Indianapolis, IN). Reactions were performed in triplicate using 

cDNA templates from five tissues samples for each gene.  A master mix of SYBRGreen 

and primers was prepared for each primer pair.  RT-PCR reactions were performed on 

40 ng total RNA with 400 nM specific primers under the following conditions: one cycle 

of denaturation at 95 C for 10 min followed by 40 cycles of 95 C for 15 sec 
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(denaturation) and 60 C for 15 sec (annealing and elongation).  The PCR reaction was 

followed by a melting curve program (60 – 95°C with a heating rate of 0.1 C per second 

and a continuous fluorescence measurement) and then a cooling program at 40 C.  

Negative controls lacking reverse transcriptase were run with all reactions.  PCR 

products were also run on agarose gels to confirm the formation of a single product at 

the desired size.  Crossing points for each transcript were determined using the 2nd 

derivative maximum analysis with the arithmetic baseline adjustment.  Crossing point 

values for each gene were normalized to the respective crossing point values for the 

reference gene tubulin.  Data are presented as normalized ratios of genes along with 

error standard deviations estimated using the Roche Applied Science E-method. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1  The physiological response to water-deficit stress is similar for CS50 and L23  

Plants were subjected to a slow-onset water deficit stress over the course of 6 

days.  Water-deficit stress was monitored using a pressure bomb to measure leaf water 

potential.  The average leaf water potential was significantly lower than well-watered 

controls in both genotypes after 6 days without irrigation and following re-watering, 

however, there were no significant differences between L23 and CS50 (Figure 3).  Leaf 

water potential decreased from -0.47 Mpa to -1.54 Mpa in L23 and -0.44 Mpa to -1.76 

Mpa in CS50 from Day 0 (watered to field capacity) to Day 6 and increased to -0.93 and -

1.36 Mpa in L23 and CS50, respectively 24 h after re-watering pots to field capacity 

(Figure 3).   Similarly, there was a significant decrease in stomatal conductance (gs) to 

water vapor, transpiration rate (E), and net carbon assimilation (A) over the course of 

the 6-day water deficit (Figures 4-6). The pattern if decline in these parameters and 

increase following the re-watering event were similar for both genotypes. However, 

CS50 showed significantly higher gs, E, and A at treatment Day 3 and interestingly, L23 

plant showed slightly higher rates of gs and E at treatment Day 6 and 24 h after re-

watering (Figures 3-6).  While these differences are statistically significant, overall the 

differences between the genotypes were minimal and no morphological differences 

(wilting, altered leaf angle, etc.) were observed. For both genotypes, the imposed soil 
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moisture deficit resulted in a significant decline in A to approximately 50% of the well-

watered rates. Following re-watering, the plants for both genotypes recovered almost 

80% of their initial, well-watered rates within 24 h (Figure 6).  

The water-deficit treatment applied in this experiment resulted in a slow-onset 

soil water-deficit and subsequent recovery which is reflected in the gradual decrease in 

leaf water potential (Figure 4).  This was done to simulate the dry-down period and 

recovery that occurs in the field under typical center-pivot irrigation. The treatment 

applied here and subsequent tissue samples were collected to look at early transcript 

response to water-deficit, when the decrease in available soil moisture is sensed by the 

plant, but does not result in gross changes at the physiological level.  Additionally, the 

24h recovery period is reflective of the initial response to rehydration. The data shown 

here suggest that the samples collected for transcript profiling represent three stages of 

the water-deficit stress response: 1) mild stress (Day 3) reflected by slightly decreased 

plant water status, but no change in net A; 2) moderate stress (Day 6) resulting in a 

significant decrease in plant water status leading to stomatal closure and consequently 

decreased rates of A; and 3) re-establishment of plant water status and partial recovery 

of pre-stress A. Regarding previous reports of contrasting physiological responses to 

water deficit between CS50 and L23 (Nepomuceno et al. 1998; Nepomuceno et al. 2000; 

Stiller et al. 2005), there were no large differences observed in this study. Furthermore, 

while these observations represent only a small time-frame of growth and 

development, yield data under varying levels of irrigation in 2008 and 2009, showed no 
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significant differences between L23 and CS50 (data not shown) and we conclude that 

under our experimental conditions, the physiological response to water deficit stress 

between these two cultivars is similar with respect to carbon assimilation, growth, and 

plant water status. The previous reported experiments differed from this one in some 

key areas.  The studies conducted by Nepomuceno induced water deficit stress by 

applying polyethylene glycol, as opposed to letting the soil dry naturally by withholding 

water (Nepomuceno et al. 1998).  In my experiment the plants were subjected to a 

gradual change in available water as the soil dries due to withholding water, while in 

Nepoceno’s the plants undergo a rapid change in the osmotic environment with the 

introduction of polyethylene glycol.  This rapid change of environment could account for 

the difference in responses seen in Nepomuceno’s studies and this experiment.  Stiller’s 

studies also differed from this experiment in that drought tolerance and susceptibility 

were determined based on yield stability data from different sites and years. It is 

possible that similar results to Stiller’s would be seen if field studies were conducted at 

different sites and over several years.  Nevertheless, this experiment provided tissue 

samples for insight into the transcript response of cotton to water-deficit and recovery 

from the imposed deficit (discussed below). 

4.2  The Cotton16 microarray represents a robust tool for gene expression profiling 

An oligonucleotide microarray was developed to look at transcript-level changes 

during the water-deficit stress response in leaf and root.  The array was designed using 

cotton EST data assembled using the Program for Assembling and Viewing ESTs (PAVE) 
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similar to the method described by Udall et al. (2005) and the eArray platform from Agilent 

technologies.  The microarray is composed of 43,803 probes representing 38,144 non-

redundant sequences (Table 3).  An initial set of 43,803 high quality probes with a cross-

hybridization potential of zero were selected from 67,237 contigs and singletons in the 

Cotton16 assembly and used for array construction. These 43,803 sequences were used 

to query the non-redundant Swiss-Prot database using the Windows .NET Network 

Distributed Basic Local Alignment Search Toolkit (W.ND-BLAST) described by Dowd et al. 

(2005).  The multiple matches from this query were saved and the best match that was 

better than E-10 was used to annotate each probe. Those probes not meeting the 

criterion for annotation were annotated as having unknown function. Probes annotated 

as “unknown” were binned into two categories: 1) probes not meeting the minimum 

criteria from the BLASTx query, and 2) probes matching a sequence (E-value < -10) 

annotated as unknown in Swiss-Prot, i.e., “known unknowns”.  Functional annotation of 

the contigs by blastx vs. SWISPROT resulted in the annotation of 36,064 sequences.  The 

array platform is described in the Gene Expression Ominbus (GEO) as PP_cotton16-1.  

Functional category enrichment based on Gene Ontology (GO) was performed 

for all 43,803 probes present in the array using Blast2GO (B2G) (Conesa et al. 2005).  

Figure 7 is a summary of the Blast2GO analysis and shows that the array probes 

represent a large number of both molecular and biological functions.  These results 

suggest that the array represents a robust sampling of gene functions and families and 
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most likely is a good tool to use for analyzing the genetic response of cotton, to not only 

water-deficit stress, but most other processes as well.   

The quality of the microarray hybridizations was evaluated using two 

comparisons:  1) two biological replicates of the same tissue-type labeled with the same 

dye and 2) the same tissue from two biological replicates labeled with either Cy3 or Cy5 

dyes.  Reciprocal hybridizations (dye-swaps) were utilized for all tissue comparisons to 

avoid dye bias. The array experiment was designed to examine three tissue 

comparisons: 1) a time-course profile to examine what molecular changes occur as the 

water-deficit stress develops and subsides, 2) a tissue-specific profile to examine the 

differences between leaf and root response, and to see if there is a difference in the 

timing of their response, and 3) a genotype-specific profile to look for differences 

between a putatively tolerant genotype (L23) and putatively susceptible genotype 

(CS50).  The experimental design for the array comparisons is shown as a loop design in 

(Figure 8).  This design was used to maximize the number of comparisons possible in the 

using the fewest number of arrays and samples while allowing for robust statistical 

analysis.  

4.3  Leaf and root transcriptome responses to water deficit in L23 and CS50 are similar 
in timing and magnitude, but involve unique genes 
 

Leaf and root tissue from CS50 and L23 plants were collected at 0 (well-

watered), 3, and 6 days after the cessation of irrigation, and 24 h after re-watering the 

pots to field capacity.  These time-points were selected to capture the transcript 
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response to the transition from well-watered to moderate water deficit and the initial 

stage of recovery of plant water status.  Total RNA was extracted from 3 pooled tissues 

samples from 6 plants and used in a loop design to capture transcript changes as a 

function of time for each genotype, as well as directly compare CS50 to L23 (Figure 8).   

The largest number of differentially expressed transcripts were identified in 

tissues from treatment Day 6 (Figure 9) during the most severe plant water deficit 

(Figure 3).  Table 4 shows a summary for the total number of differentially expressed 

genes between L23 and CS50 leaf and root.  Interestingly, for leaf tissue, the largest 

number of differentially expressed genes was under well-watered conditions, 24 h post-

recovery (PR) and Day 0.  Similarly, large differences between L23 and CS50 were seen 

at these stages in root, in addition to treatment Day 6.  These results correspond to 

physiological responses where the largest differences in A, gs, E, and leaf water 

potential were at Day 6 and PR (Figurues 3-6).  This suggests that for leaf tissue, the 

molecular responses to water deficit and mechanisms controlling that response are 

similar in these genotypes, but other mechanisms may be involved at the root level.  

Furthermore, while the initial response and recovery in terms of the number of 

differential expression occurred over a relatively short period in leaves, there is a lag 

period for roots.  While each genotype does have a unique response, the majority of 

genes are responding and being expressed in a similar manner between the genotypes.  

The greatest number of differentially expressed genes occurs during the post recovery 
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phase.  This could point to differences in recovery mechanisms and timing between the 

two genotypes.   

4.4  L23 and CS50 respond in a similar manner over the duration of the time-course of 

water-deficit stress 

The onset of drought cues morphological, physiological, and metabolic 

modifications in all plant organs to prevent or minimize cellular damage or correlate to 

adaptive processes that often include decreased and altered growth (Cellier et al. 1998).  

Plant response to water deficit stress is complex with many pathways and processes 

working together.  Many water deficit induced genes have been identified, but the 

molecular basis for drought tolerance in plants is far from being completely understood 

(Cellier et al. 1998).  Disruption of osmotic and ionic homeostasis can lead to different 

signals that trigger the activation or deactivation of genes (Wang 2007).  This in turn 

affects the production of proteins that can lead to the re-establishment of cellular 

homeostasis through structural and functional cellular modifications (Wang 2007).   

Tables 5 and 6 highlight the complexity of molecular response showing number of 

transcripts responding to stress at a given time point is significant. For both genotypes, 

the largest differences were identified between treatment Day 6 and fully or nearly 

fully-hydrated tissues (Day 0 and PR). Not surprisingly, the most contrasting comparison 

was between leaf and root tissue, showing that the tissue-specific nature of the 

response.  The response in root was also larger in both timing and the number of 

transcripts. There were almost twice as many genes responding to water deficit in root 

compared to leaf at treatment day 6 in L23, 4690 genes in root compared to 2871 in leaf 
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(Table 5).  Interestingly, the numbers of genes in leaf and root for CS50 were similar 

(Table 6).  These comparisons reveal that thousands of genes are being differentially 

expressed between leaf and root tissues at each time point.  The leaves and roots are 

different plant organs that perform different functions.  Since the tissues come from 

different organs responsible for differing functions, then different genes are likely to be 

involved in root occurring functions than leaf.  The most difficult task in elucidating the 

roles of specific genes and pathways will be identifying the mechanisms involved in 

integrating the responses in the root and leaf. This work will, in part, lay the foundation 

toward that goal. 

4.5  Identification of pathway-level responses using MapMan highlights differences 

between leaf and root, as well as the timing of the response to water deficit 

MapMan software was used as an initial step towards identifying pathways or 

cellular processes, as opposed to single genes, that are controlling the water-deficit 

stress response. Figures 10-12 show the metabolic overview of the stress response in 

L23 leaf.  This overview provides insight into specific fuctions, e.g. cell wall structure and 

metabolism (upper left corner of Figures 10-12), and allow for higher order analysis of 

gene expression. Using the “cell wall” category, one can see the significant shift in up-

regulation (transition from white to red) of several genes involved in cell wall plasticity 

and synthesis over the course of the stress period (Figures 10-11) and then a down-

regulation of these genes after re-watering (Figure 12).  Similarly, this analysis using the 

“cellular response” overview, showed a significant up-regulation of genes known to be 
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involved in both biotic and abiotic stress responses at Day 3 (Figure 13) and Day 6 

(Figure 14), followed by a down-regulation of many of these genes after re-watering 

(Figure 15).  Additionally, the “cellular respnonse” overview shows that many genes 

known to play a role in cold, heat, and salt stress have similar patterns of expression 

under water-deficit stress.  This is similar to other findings and is most likely related to 

the fact that all of these stresses affect cellular osmotic potential (Rhizhsky et al. 2004).  

Based on the functional pathway analysis, I have binned the genes into additional 

categories of based on their response to plant water status.  Group 1 represents genes 

the show a transient response to plant water status, that is, when water deficit occurs, 

these genes are differentially expressed (either up- or down-regulated) and when plant 

water status returns to more optimal theoretically “non-stress” conditions, return to the 

pre-stress transcript levels.  Group 2 represents genes that show a putatively 

constitutive response to water-deficit stress, that is, these genes are differentially 

expressed in response to water-deficit and remain so even after plant water status 

returns to “non-stress” levels.  For this study, I only sampled plants 24 h after re-

watering, so Group 2 likely includes genes whose expression may return to non-stress 

levels at a later time.  Nevertheless, compared to Group 1, whose expression response is 

very rapid, the Group 2 genes are clearly remaining in the response state for a longer 

period of time.  It remains to be seen whether these two groups are related to specific 

pathways or not, but one could imagine that genes involved in cellular repair processes 

that may take long periods of time or genes involved in acclimation to abiotic stress 
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would remain in the “stress-response”state for long periods of time or even for the 

remainder of the the life of the tissue.  These aspects of the response need further 

investigation and are part of the future work for this study.  

4.6  Quantitative real time PCR confirmed differential gene expression measured by 

the microarray experiment 

Quantitative real time PCR is widely used to study gene expression and generally 

used for validation of microarray results.  In order to validate the microarray data from 

our study, quantitative real time PCR (qRT-PCR) analyses were performed on the same 

mRNA samples used for the microarray experiments.  Four differentially-expressed 

transcripts in both genotypes and tissue types, and the standard, tubulin, were selected 

for qRT-PCR analysis.  The relative expression pattern of all four selected genes 

resembled respective microarray expression patterns, and suggested that microarray 

analyses utilizing the current array were reliable and accurate. 

Figure 16 displays the results for quantitative PCR conducted on the candidate 

gene COT01393 Aquaporin TIP1-1.  The top graph shows the results in leaf tissue and 

the bottom graph for root tissue.  The pink line refers to the CS50 genotype and the blue 

line refers to the L23 genotype.  The change in expression is shown at each time point 

across the course of water deficit treatment.  In both tissues and genotypes Aquaporin 

TIP1-1 is down regulated as water deficit stress progresses, and then during the 

recovery shows little or no change in transcript levels occurred from the well watered 
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samples on 0 day.  The patterns match the microarray.  The patterns of expression 

suggest that, as water deficit stress develops, aquaporin activity is decreased to restrict 

movement and loss of water.  This restriction could help maintain turgor pressure 

despite the inability to take up more water.   

Figure 17 displays the results for quantitative PCR conducted on the candidate 

gene COT14939: AX6B_SOYBN, Auxin-induced protein 6B.  The top graph shows the results 

in leaf tissue and the bottom graph for root tissue.  The pink line refers to the CS50 

genotype and the blue line refers to the L23 genotype.  The change in expression is 

shown at each time point across the course of water deficit treatment.  In the leaf 

AX6B_SOYBN transcript levels decrease as water-deficit stress progresses.  In the root 

AX6B_SOYBN transcript levels increase slightly as water-deficit stress progresses, and 

then increase even more during post recovery.  The patterns match the microarray.   

Auxin is an important plant hormone for stimulating cell division and growth.  The 

patterns suggest that as water stress progresses auxin production is limited, because the 

plant lacks the proper resources for increasing cell division and growth.  In root, auxin 

expression increases after re-watering, suggesting that the root cells resumed growing 

and dividing once water was available again. 

Figure 18 displays the results for quantitative PCR conducted on the candidate 

gene COT31854:  P5CS:  Delta-1-pyrroline-5-carboxylate synthetase.  The top graph shows the 

results in leaf tissue and the bottom graph for root tissue.  The pink line refers to the 

CS50 genotype and the blue line refers to the L23 genotype.  The change in expression is 
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shown at each time point across the course of the water deficit treatment.  In leaf 

tissue, there is a difference in genotypic expression of P5CS in response to water-deficit 

stress.  P5CS is up-regulated in L23 in response to water-deficit stress, and is down 

regulated in CS50.  In root tissue P5CS is up regulated in both genotypes in response to 

water-deficit stress.  Recovery shows P5CS levels returning to the well watered day 0 

levels.  The patterns match the microarray.  The patterns suggest that P5CS plays a role 

in water deficit stress tolerance.  P5CS is necessary for proline production.  Proline is an 

osmoprotectant.  Increased levels of P5CS likely correlate to increased levels of proline, 

which helps plants withstand water deficit stress.  

Figure 19 displays the results for quantitative PCR conducted on the candidate 

gene COT07460: WRKY transcription factor 18.  The top graph shows the results in leaf 

tissue and the bottom graph for root tissue.  The pink line refers to the CS50 genotype 

and the blue line refers to the L23 genotype.  The change in expression is shown at each 

time point across the course of the water deficit treatment.  In both tissues and 

genotypes WRKY transcription factor 18 is up regulated as water-deficit stress increases, 

and then during recovery little or no change in transcript levels from the well watered 

samples on 0 day occurred.  The patterns match the microarray.  The patterns suggest 

WRKY TF 18 plays a role in water deficit stress tolerance.  Water stress triggered 

expression level increases.  WRKY proteins are important for plant immunity responses, 

but they might also have an unknown benefit corresponding to water deficit stress 

tolerance.            
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Figure 3  Mean (n=6) leaf water potential for CS50 and L23 genotypes the time-course of 

water-deficit stress.  Measurements were made on the 4th apical leaf using a pressure 

bomb, or pressure chamber. Leaf water potential differed significantly (p < 0.05) at each 

stage of water deficit and during recovery. However, no statistical differences were 

measured between L23 and CS50 over the course of the experiment.  
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Figure 4  Mean (n=6) stomatal conductance (gs) of water vapor (mol H20 m-2 s-1) in L23 

and CS50 over the water-deficit time course.  Measurements were made on the 4th 

apical leaf using a Licor 6400 portable gas-exchange system. L23 showed significantly 

lower gs at Day 3 of the water deficit treatment, but similar gs  at all other timepoints 

measured. Overall, only Day 6 and the 24 h recovery point were significantly different 

than the well-watered control (Day 0) or Day 3 stress timepoints.   
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Figure 5  Mean (n=6) transpiration rates for CS50 and L23 over the time course of water-
deficit treatment and recovery.   
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Figure 6  Mean (n=6) rates of net carbon assimilation in L23 and CS50 over the time 
course of the water-deficit treatment and in response to irrigation (24 h recovery).  
Tissue samples for leaf and root gene expression profiling were harvested immediately 
following gas-exchange measurements. 

 

  

0

5

10

15

20

25

30

35

Day 0 Day 3 Day 6 24hr Recovery

μ
m

o
l C

O
2

m
-2

s-
1

Time Period

Net Carbon Assimilation

L23

CS50

p=.025 p=.0001

p=.87

p=.25



Texas Tech University, Travis Adams December 2010 
 

39 
 

Table 3.  Summary of the cotton oligonucleotide microarray features.  Agilent 

Technologies eArray software was used to identify an initial set of 43,803 high quality probes 

with a cross hybridization potential of zero. This initial set of sequences was queried against 

SWISPROT with BLASTx to annotate the gene set.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Travis Adams December 2010 
 

40 
 

                                   

 

Figure 7  GO enrichment analysis for putative homologies assigned by BLASTx query vs 
SWISPROT.  Functional annotation of the contigs resulted in the annotation of 36,064 
sequences with putative functions, including unknown functions. Functional category 
enrichment based on Gene Ontology was performed for all 36,064 annotated sequences 
present in the array using the Blast2GO search tool. The probes represent a large 
number of gene families and gene functions, ranging from protein binding to 
transcription factor activity.   
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Figure 8  Loop design used for the expression profiling experiments comparing the L23 
and CS50 control and stressed tissues. The same design was used for both leaf and root.   
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Number of Differentially Expressed Genes for Entire Study 

 

Figure 9  Comparison of the temporal response of gene expression to water-deficit 
stress in CS50 and L23 leaf and root tissues at 3 and 6 days after the cessation of 
irrigation and 24 h after re-watering. Bars represent the total number of differentially 
expressed genes compared to well-watered control tissues. 
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Table 4  Comparison of the number of differentially expressed transcripts in the L23 vs 
CS50 comparison for leaf and root tissues. Differential expression is defined as > 2 fold 
change in expression at p < 0.05.  

L23 vs CS50 Profile Stats  

Treatment Tissue L23 Significant CS50 Significant Total 

Day 0 vs Day 0 Leaf  155 258 413 

Day 3 vs Day 3 Leaf 87 244 331 

Day 6 vs Day 6 Leaf 129 163 292 

PR vs PR Leaf 435 154 589 

     

Day 0 vs Day 0 Root 277 134 411 

Day 3 vs Day 3 Root 181 49 230 

Day 6 vs Day 6 Root 210 479 689 

PR vs PR Root 540 166 706 

     

 

Table 5  Comparison of the number of differentially expressed transcripts in the L23 leaf 
and root tissues exposed to slow-onset water deficit stress. Differential expression is 
defined as > 2 fold change in expression at p < 0.05.  

L23 Profile Stats 

Treatment  Tissue Up-regulated Down Regulated Total 

Day 0 vs Day 3 Leaf 701 295 996 

Day 0 vs Day 6 Leaf 2051 820 2871 

Day 3 vs Day 6 Leaf 255 409 664 

Day 0 vs PR Leaf 434 946 1380 

Day 3 vs PR Leaf 347 574 921 

Day 6 vs PR Leaf 1642 576 2218 

     

Day 0 vs Day 3  Root 136 247 383 

Day 0 vs Day 6 Root 3404 1286 4690 

Day 3 vs Day 6 Root 800 2964 3764 

Day 0 vs PR Root 212 362 574 

Day 3 vs PR Root 442 442 725 

Day 6 vs PR Root 1899 523 2422 

     

Day 0 vs Day 0  Leaf vs Root 9374 5494 14868 

Day 3 vs Day 3 Leaf vs Root 8476 5145 13621 

Day 6 vs Day 6 Leaf vs Root 7616 3896 11512 

PR vs PR Leaf vs Root 9773 4912 14685 
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Table 6  Comparison of the number of differentially expressed transcripts in the L23 leaf 
and root tissues exposed to slow-onset water deficit stress. Differential expression is 
defined as > 2 fold change in expression at p < 0.05.  

CS50 Profile Stats 

Treatment Tissue Up-regulated Down Regulated Total 

Day 0 vs Day 3 Leaf 414 568 982 

Day 0 vs Day 6 Leaf  3971 1101 5072 

Day 3 vs Day 6 Leaf  1125 3241 4366 

Day 0 vs PR Leaf 673 395 1068 

Day 3 vs PR Leaf 825 556 1381 

Day 6 vs PR Leaf 1045 1042 2087 

     

Day 0 vs Day 3 Root  277 182 459 

Day 0 vs Day 6 Root 2920 1749 46669 

Day 3 vs Day 6 Root 761 1009 1770 

Day 0 vs PR Root 822 335 1157 

Day 3 vs PR Root 900 489 1389 

Day 6 vs PR Root 1418 1068 2486 

     

Day 0 vs Day 0 Leaf vs Root 10770 4962 15732 

Day 3 vs Day 3 Leaf vs Root 11367 4605 15972 

Day 6 vs Day 6 Leaf vs Root 7989 4759 12748 

PR vs PR Leaf vs Root 10749 4145 14894 
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 Table 7  Water-deficit stress candidate genes.  Genes were chosen using data from the 

microarray results along with information from previous literature.  These genes were 

highly differentially expressed and likely play an important role in the drought response 

pathway and are currently considered as candidates for ectopic expression studies. 

Non-exhaustive Candidate Gene List 

COT ID Gene Name 

COT30179 ERD10_ARATH RecName: Full=Dehydrin ERD10 

COT01393 TIP11_ARATH RecName: Full=Aquaporin TIP1-1 

COT07460 WRK18_ARATH RecName: Full=WRKY transcription factor 18 

COT19946 REHY_MEDTR RecName: Full=1-Cys peroxiredoxin; 

COT04086 PROD_ARATH RecName: Full=Proline oxidase, mitochondrial 

COT10941 LEA5D_GOSHI RecName: Full=Late embryogenesis abundant protein Lea5-D 

COT21373 ABAH1_ARATH RecName: Full=Abscisic acid 8'-hydroxylase 1; Short=ABA 8'-
hydroxylase 1 

COT11939 ERF76_ARATH RecName: Full=Ethylene-responsive transcription factor 11; 
Short=AtERF11 

COT59195 HSFB4_ARATH RecName: Full=Heat stress transcription factor B-4; 
Short=AtHsfB4 

COT14939 AX6B_SOYBN RecName: Full=Auxin-induced protein 6B 

COT17043 FRRS1_XENLA RecName: Full=Putative ferric-chelate reductase 1 

COT42797 RSN1_YEAST RecName: Full=Uncharacterized protein RSN1 

COT31854 P5CS_ACTDE RecName: Full=Delta-1-pyrroline-5-carboxylate synthetase; 
Short=P5CS 

COT04320 cell wall -No Hit 

COT01618 FLA8_ARATH RecName: Full=Fasciclin-like arabinogalactan protein 8; 
Short=AtAGP8 

COT53302 cell response abiotic stress drought dehydration related: No Hit  

COT08064 TI11B_ARATH RecName: Full=Protein TIFY 11B 

COT12081 FLA3_ARATH RecName: Full=Fasciclin-like arabinogalactan protein 3 

COT54738 RF2A_ORYSJ Transcription factor RF2a 
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L23 Leaf
Day 0 vs Day 3

Down-regulation
Up-regulation

 

Figure 10  MapMan Metabolism overview diagrams showing differences in transcript 

levels between two different time points (day 0 and day 3) of water deficit treatment in 

leaf tissue from L23.  Log2 ratios for average transcript abundance based on the 

microarray data were calculated.  The resulting file was loaded into the MapMan Image 

Annotator module to generate the metabolism overview map.  The logarithmic color 

scale ranges from –1 to 1.  Dark red represents at least 2-fold higher gene expression on 

day 3 compared to day 0 of the water deficit treatment.  Dark green represents at least 

2-fold lower gene expression on day 3 compared to day 0 of the water deficit treatment.  

Extremely light coloration, grey, and white boxes represent genes experiencing little or 

no change of expression on day 3 compared to day 0 of the water deficit treatment.   
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L23 Leaf
Day 0 vs Day 6

Down-regulation
Up-regulation

 

Figure 11  MapMan Metabolism overview diagrams showing differences in transcript 

levels between two different time points (day 0 and day 6) of water deficit treatment in 

leaf tissue from L23.  Log2 ratios for average transcript abundance based on the 

microarray data were calculated.  The resulting file was loaded into the MapMan Image 

Annotator module to generate the metabolism overview map.  The logarithmic color 

scale ranges from –1 to 1.  Dark red represents at least 2-fold higher gene expression on 

day 6 compared to day 0 of the water deficit treatment.  Dark green represents at least 

2-fold lower gene expression on day 6 compared to day 0 of the water deficit treatment.  

Extremely light coloration, grey, and white boxes represent genes experiencing little or 

no change of expression on day 3 compared to day 0 of the water deficit treatment.   
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L23 Leaf
Day 0 vs PR

Down-regulation
Up-regulation

 

Figure 12  MapMan Metabolism overview diagrams showing differences in transcript 

levels between two different time points (day 0 and post recovery) of water deficit 

treatment in leaf tissue from L23.  Log2 ratios for average transcript abundance based 

on the microarray data were calculated.  The resulting file was loaded into the MapMan 

Image Annotator module to generate the metabolism overview map.  The logarithmic 

color scale ranges from –1 to 1.  Dark red represents at least 2-fold higher gene 

expression on day 3 compared to day 0 of the water deficit treatment.  Dark green 

represents at least 2-fold lower gene expression during post recovery compared to day 

0 of the water deficit treatment.  Extremely light coloration, grey, and white boxes 

represent genes experiencing little or no change of expression during post recovery 

compared to day 0 of the water deficit treatment.   



Texas Tech University, Travis Adams December 2010 
 

49 
 

                                      Cell Response L23 leaf day 0 vs. day 3 

 

 

Figure 13  MapMan Cellular Response overview diagrams showing differences in 

transcript levels between two different time points (day 0 and day 3) of water deficit 

treatment in leaf tissue from L23.  Log2 ratios for average transcript abundance based 

on the microarray data were calculated.  The resulting file was loaded into the MapMan 

Image Annotator module to generate the cellular response overview map.  The 

logarithmic color scale ranges from –1 to 1.  Dark red represents at least 2-fold higher 

gene expression on day 3 compared to day 0 of the water deficit treatment.  Dark blue 

represents at least 2-fold lower gene expression on day 3 compared to day 0 of the 

water deficit treatment.  Extremely light coloration, grey, and white boxes represent 

genes experiencing little or no change of expression on day 3 compared to day 0 of the 

water deficit treatment.   

 



Texas Tech University, Travis Adams December 2010 
 

50 
 

                                 Cell response L23 leaf day 0 vs. day 6 

 

 

Figure 14  MapMan Cellular Response overview diagrams showing differences in 

transcript levels between two different time points (day 0 and day 6) of water deficit 

treatment in leaf tissue from L23.  Log2 ratios for average transcript abundance based 

on the microarray data were calculated.  The resulting file was loaded into the MapMan 

Image Annotator module to generate the cellular response overview map.  The 

logarithmic color scale ranges from –1 to 1.  Dark red represents at least 2-fold higher 

gene expression on day 6 compared to day 0 of the water deficit treatment.  Dark blue 

represents at least 2-fold lower gene expression on day 6 compared to day 0 of the 

water deficit treatment.  Extremely light coloration, grey, and white boxes represent 

genes experiencing little or no change of expression on day 6 compared to day 0 of the 

water deficit treatment.   
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                                      Cell Response L23 leaf day 0 vs. PR 

 

 

Figure 15  MapMan Cellular Response overview diagrams showing differences in 

transcript levels between two different time points (day 0 and post recovery) of water 

deficit treatment in leaf tissue from L23.  Log2 ratios for average transcript abundance 

based on the microarray data were calculated.  The resulting file was loaded into the 

MapMan Image Annotator module to generate the cellular response overview map.  

The logarithmic color scale ranges from –1 to 1.  Dark red represents at least 2-fold 

higher gene expression during post recovery compared to day 0 of the water deficit 

treatment.  Dark blue represents at least 2-fold lower gene expression during post 

recovery compared to day 0 of the water deficit treatment.  Extremely light coloration, 

grey, and white boxes represent genes experiencing little or no change of expression 

during post recovery compared to day 0 of the water deficit treatment. 
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QRT PCR :   

 

 

Figure 16  The graphs above show the results for quantitative PCR conducted on the 
candidate gene COT01393 Aquaporin TIP1-1.  The top graph shows the results in leaf 
tissue and the bottom graph for root tissue.  The pink line refers the CS50 genotype and 
the blue line refers the L23 genotype.  The change in expression is shown at each time 
point across the course of water deficit treatment.  In both tissues and genotypes 
Aquaporin TIP1-1 is down regulated as water deficit stress progresses, and then post 
recovery shows little or no change in transcript levels from the well watered samples on 
0 day.  The patterns match the microarray.   
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Figure 17  The graphs above show the results for quantitative PCR conducted on the 
candidate gene COT14939: AX6B_SOYBN, Auxin-induced protein 6B.  The top graph shows 
the results in leaf tissue and the bottom graph for root tissue.  The pink line refers the 
CS50 genotype and the blue line refers the L23 genotype.  The change in expression is 
shown at each time point across the course of water deficit treatment.  In the leaf 
AX6B_SOYBN transcript levels decrease as water-deficit stress progresses.  In the root 
AX6B_SOYBN transcript levels increase as water-deficit stress progresses.  The patterns 
match the microarray. 
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Figure 18  The graphs above show the results for quantitative PCR conducted on the 

candidate gene COT31854:  P5CS:  Delta-1-pyrroline-5-carboxylate synthetase.  The top graph 

shows the results in leaf tissue and the bottom graph for root tissue.  The pink line 

refers the CS50 genotype and the blue line refers the L23 genotype.  The change in 

expression is shown at each time point across the course of water deficit treatment.  In 

leaf tissue there is a difference in genotypic expression of P5CS in response to water-

deficit stress.  P5CS is up-regulated in L23 in response to water-deficit stress, and is 

down regulated in CS50.  In root tissue P5CS is up regulated in both genotypes in 

response to water-deficit stress.  Post recovery shows P5CS levels returning to the well 

watered day 0 levels.  The patterns match the microarray. 
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Figure 19  The graphs above show the results for quantitative PCR conducted on the 

candidate gene COT07460: WRKY transcription factor 18.  The top graph shows the results 

in leaf tissue and the bottom graph for root tissue.  The pink line refers the CS50 

genotype and the blue line refers the L23 genotype.  The change in expression is shown 

at each time point across the course of water deficit treatment.  In both tissues and 

genotypes WRKY transcription factor 18 is up regulated as water-deficit stress increases, 

and then post recovery shows little or no change in transcript levels from the well 

watered samples on 0 day.  The patterns match the microarray.   
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CHAPTER 5 

CONCLUSION 

 The cotton oligonucleotide array represents the majority of publicly available 

cotton ESTs and can be used as a tool for expression profiling studies in cotton leaf and 

root tissues.  After studying the transcript expression response in cotton, two patterns 

became evident.  The genes can be separated into two categories:  (1) those that 

exhibited a transient response; (2) and genes that exhibited a constitutive response to 

water-deficit stress.  The term transient response refers to genes that are differentially 

expressed as plant water status (RWC or plant water potential) decreases, but return to 

“pre-stress” levels upon re-watering.  The constitutive response refers to genes that are 

differentially expressed during the onset of stress and remain so, even when the plant 

water status and physiology have recovered to “pre-stress” levels.  This suggests 

diversity in genetic response to water-deficit stress.  The timing of the response of genes 

varies.  Multiple genes could be involved in different response pathways.  These 

pathways can be active early or late during water-deficit stress, and likewise can be 

affected early or late during recovery.    

 Gene expression analysis revealed a large number candidate transcription 

factors differentially expressed under water-deficit condition, in leaf and/or root, are 

involved in a network that coordinates the response to adverse environmental 

conditions.  These functional groups include WRKY transcription factors and ethylene 

and auxin-responsive factors, as well as transcription factors associated with ABA-
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mediated stomatal movement and plant water balance, heat shock, and transcriptional 

activation (zinc finger-like protein).  In addition to known stress-responsive genes, I have 

identified a number of novel, uncharacterized transcripts that show tissue-specific 

expression patterns.  The fact that a significant number of stress responsive gene 

families show tissue- and time-specific expression, implies cross-talk between several 

pathways and mechanisms and the fact that the largest number of stress-responsive 

transcripts in both leaf and root have unknown functions highlights the complexity of 

abiotic stress responses in plants and the need for functional analysis to determine the 

underlying regulatory mechanisms involved in this response.  The identification of viable 

candidate genes and pathways is the primary challenge for enhancing abiotic stress 

tolerance in crop plants and will continue to be so for the near future.  In this study, 

candidate genes that may influence water deficit stress response in cotton have been 

identified and should provide additional information regarding the water-deficit stress 

response in cotton.  Further study is necessary to determine the importance and specific 

roles these genes play in the water deficit stress response of cotton.    
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