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ABSTRACT 

Plants have evolved complex overlapping response pathways for stresses such as drought, 

salt, cold, and hormonal cues like abscisic acid (ABA).  In this study, reverse genetics 

(knockout mutants) and overexpression of RAV (B3 domain) transcription factors 

suggested they could function as positive effectors of ABA response in seeds, roots, and 

leaves and affect flowering time.  RAVs are highly induced at the transcript level by 

drought treatment, and AtRAV overexpression studies in cotton resulted in drought 

resistance due to biomass accumulation in lateral roots, more leaf area, delayed 

flowering, and higher water use efficiency under deficit irrigation in the field.  

Transgenic cotton plants had longer internodes and more stem weight.  Unexpectedly, 

overexpression of RAVs leads to significant increases in cotton fiber length.  Repression 

of Gh Flowering Locus T by RAVs resulted in node positions 10-12 contributing to 

greater mass of cotton fibers than in wild type Coker 312 plants.  Longer, more mature 

and finer fiber of RAVs transgenics resulted in better yarn production that has more 

tensile strength and has significantly fewer imperfections per unit length.  ABI5 a basic 

leucine zipper (bZIP) transcription factor functions in seeds and seedlings as a core 

component of ABA signaling.  ABI5 transgenic cotton had more lateral root biomass that 

improved the water uptake and in conjunction with decreased stomatal conductance 

resulted in improved water use efficiency.  ABI5 overexpression lines had significantly 

higher gin turn out under deficit and well-watered conditions on all the node positions 

studied.  Stacking the B3 RAV and bZIP ABI5 effectors by crossing single transgenic 

lines of RAV1 or RAV2 plus ABI5 had additive or synergistic effects on late flowering, 
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longer internode length, more fruit weight, and more root biomass.  I interpret these 

results in the context of a “less stressed phenotype”.  To test this hypothesis at the 

molecular level, I assayed drought- and reactive oxygen species (ROS)-inducible marker 

gene expression which provided evidence in support of the less stressed phenotype.  
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CHAPTER I 

GENERAL INTRODUCTION 

 Plants have evolved complex overlapping response pathways for stresses such as 

drought, salt, cold, and hormonal cues like abscisic acid (ABA) (Xiong et al., 1999; Chak 

et al., 2000; Ingram et al., 1996; Mantyla et al., 1995; Thomashow et al., 1995; Shinozaki 

et al., 2000 and Chandler et al., 1994) Plants growing in natural environments are unable 

to express their full genetic potential for reproduction and are considered "stressed" ” 

(Boyer 1982).  Abiotic stresses, in particular water deficit, salinity, and temperature 

extremes, are the primary factors contributing to yield penalty (Boyer 1982).  Drought is 

the most important environmental stress affecting agriculture worldwide (Yang 2010).  

Climate change partly due to global warming has increased the regions and durations of 

drought.  For instance, 2011 was the driest year on record for west Texas leading to total 

dryland cotton crop failures.  It is not uncommon for one out of three west Texas dryland 

cotton crops to fail chiefly due to drought.  Increasing global population will require an 

increase in food, feed, and fiber.  Saturation of crop production under irrigated land, large 

areas under dry land farming, and limited and depleting water resources (e.g. Ogallala 

aquifer) are pushing researchers to explore and exploit genetic resources to make crop 

plants more water use efficient (WUE).  Quality and yield improvements in crop plants 

depend on applying new genetic insights from model species, but the time has come to 

translate deep knowledge of molecular mechanisms to crops.  Biotechnology allows 

gene-by-gene analysis and improvement of crops and augments traditional breeding by 

allowing faster, targeted development of performance-enhancing traits.  Drought is a 

perennial environmental issue, affecting over 25% of crops resulting in >$10 billion/yr in 

losses nationally.  Estimated worth of value-added cotton with improved water use 

efficiency and improved seed and fiber quality exceed $200 million/yr in west Texas, and 

$5 billion/yr globally.   

The growth in the world's population is creating an increase in demand for food, 

fiber and sustainable agriculture. It is estimated that the world's population will elevate 

by 80% to 10.8 billion people by 2050, with a simultaneous 20% decrease in arable land.  
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A secure future can only be guaranteed through sustainable agriculture.  Cotton is a major 

agricultural crop. In the United States, cotton fiber and seed economic value accounts for 

more than 5 billion dollars every year (Wallace et al., 2009).  Gossypium hirsutum 

(Upland cotton) and G. barbadense (Pima cotton) accounts for 96.7 and 3.3% of the total 

cotton fiber produced in the United States, annually (USDA 2011).  G. hirsutum and G. 

barbadense are allotetraploid (2n = 4x = 52) species of cotton and are composed of a AT 

(~1,700 Mb) and a DT (~900 Mb) genome.  Publication last year of an assembled “gold 

standard” G. raimondii D  genome reference sequence 

(http://www.phytozome.org/cotton.php) provides the amazing way for discovery of 

functional alleles and SNPs in tetraploid cotton germplasm for agronomically important 

traits (Byers et al., 2012).  Similar to biomedical field enjoying breathtaking advances in 

gene discovery for human health and disease, now is time when agriculture can also 

make a quantum leap by embracing the “phenotype to genotype” challenge to isolate crop 

genes known only by phenotype or homology with model species. 

Genetic erosion by selective cultivation contributes to depletion of genetic 

diversity, including stress responses and adaptation.  The traditional breeding programs 

for traits of interest rely on germplasm repositories of wild relatives of crop plants for 

natural variation; identified useful traits can then be introgressed into commercial 

cultivars (wherever cross pollination is possible).  Moreover these traits of interest may 

not exist in certain species.  Thus, there are limitations in traditional breeding approaches 

including lack of sufficient variation within the gene pool for traits of interest, and being 

limited to species-specific boundaries.  For example, upland cotton has a very shallow 

gene pool.  Polyploid status and a narrow germplasm base are the biggest hurdles in 

developing tools for molecular and genomic characterization among cotton cultivars.  

The 1806 Burling introduction of Mexican Highland stock, carrying white or grayish fuzz 

fiber compared to green, provided the basic germplasm for all subsequent upland cotton 

cultivars in the world (Smith et al., 1999).  Transfer of desirable characters from exotic 

intraspecific sources has been primarily conducted in state and federal breeding 

programs, resulting in many locally adapted upland cultivars.  Unfortunately, many of the 
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programs on cotton qualitative genetics were discontinued or redirected since the 1980s 

(Percy and Kohel, 1999).   

Furthermore, introgression of desirable traits is accompanied by a genetic load 

that can lead to piling up of undesirable traits.  With advances in biotechnology, now it is 

possible to follow a more targeted approach by drawing on deep knowledge of model 

species (such as Arabidopsis) to pick genes of agronomic interest beyond the species-

specific boundaries.  Biotechnology allows gene-by-gene analysis and improvement of 

crops and is helping traditional breeding by enabling faster, targeted development of 

performance-enhancing traits.  Successful examples of commercial utilization of this 

approach includes bollworm-resistant Bt Cotton expressing crystal proteins (cry genes) 

from  soil bacterium Bacillus thuringenesis, the bacterial RNA chaperone cspB 

(Castiglioni et al., 2008), and Roundup-Ready cotton expressing  CP4,5-

enolpyruvylshikimate-3-phosphate synthase protein (CP4 EPSPS) derived from 

Agrobacterium sp. strain CP4.  Conditional antisense downregulation of the α or β 

subunits of protein farnesyl transferase (Cutler et al., 1996; Wang et al., 2005) has proven 

to enhance the drought-tolerance of canola plants and has been commercialized by 

Performance Plants Inc. as “YPT” Yield Protection Technology ® (Devine MD 2009).   

  Tremendous efforts have been made in identifying key regulators of plant drought 

response by genetic, molecular, and biochemical studies in model plant species, 

Arabidopsis thaliana.  Engineered drought tolerance is the #1 agronomic trait being 

pursued currently by the agbiotech industry and has the potential to create a novel 

drought insurance models (e.g. imposing prescribed drought stress on purpose).   

However, only a handful of these regulators have been tested as candidate genes for 

application in developing drought tolerance in crops.  Examples include Drought-

Responsive-Element-Binding (DREB) genes, Cold-Binding-Factor (CBF) regulon, β 

subunit of Arabidopsis farnesyltransferase, and CCAAT-binding transcription factor 

NUCLEAR FACTOR Y, SUBUNIT B (NFYB) genes (Yang 2010; Nelson et al., 2007).  

Systems biology approaches have revealed that plant responses to the environment are 

not comprised of linear pathways like in animals, but rather a network.  The upshot is that 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

4 
 

there is no ‘silver bullet’ for engineering stress responses: The search for genes affecting 

value-added output traits continues.  

Plants are sessile and therefore must adapt in response to their changing 

environment. Plants have evolved complex, integrated, and overlapping signaling 

pathways to maintain a plastic growth habit in response to stresses such as drought, salt, 

cold, and hormonal cues like abscisic acid (ABA).  ABA mediates a multitude of 

processes in growth and development, water use efficiency, and gene expression during 

seed development and in response to various environmental stresses. Even though 

complex multitude of physiological, molecular, genetic, biochemical, and 

pharmacological data that relate ABA to stress responses, the pathways that trigger them, 

are still mysterious. Seed maturation and freezing/drought/salt tolerance might share a 

common protective mechanism, as they involve the common phenomenon of dehydration 

stress. 

Transcriptional profiling studies in Arabidopsis have shown that 8-10% of the 

genes (> 2000) are either induced or repressed by ABA at a single developmental stage 

and many of the same genes are co-regulated by salt, cold, and drought (Matsui et al., 

2008).  Innumerous plant gene products playing role in desiccation tolerance have been 

identified.  The COR genes that are responsive cold-, drought-, salt-, and ABA- have 

structural similarities to the late embryogenesis-abundant (LEA) proteins (Dure 1993).  

LEA homologues largely in wheat, maize, barley, carrot, and the resurrection plant 

(Craterostigma plantagineum) are induced by ABA and dehydration stress (Ingram and 

Bartels 1996). The exact roles of COR and LEA genes in cold and desiccation tolerance 

has not yet been drawn, but there are strong evidences that support their adaptive 

functions in desiccation, freezing, and salt tolerance (Thomashow 1999).  Altered 

expression of ABA signaling components can have miraculous effects on stress 

adaptation of plants (Uno et al., 2000). 

Improvement of crop plants for traits, including disease and pest resistance, 

adaptation to abiotic stresses, and seed quality improvements such as oil, starch or protein 

composition, can be achieved by introducing new or modified transgenes into the genome 

(Holmberg and Bulow, 1998).  The expression of target transgenes and endogenous genes 
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can be modulated by a protein/DNA and protein/protein interactions.  Transcription 

factors (TFs) may interact via direct sequence-specific recognition or by indirect 

sequence-specific binding mediated by interaction of the TF with other proteins.  

Promoters and enhancers are capable of imparting expression pattern that is either 

constitutive or is variable in space (cell and tissue types) and time (developmental stage).  

TFs control virtually all significant plant traits, including yield, disease resistance, cold 

and drought protection, and myriad of consumer products by coordinated regulation of 

multiple target genes of known or unknown functions.  Overexpression of TFs 

responsible for cold- and drought-inducible gene expression (Ottosen et al., 1998) have 

demonstrated the practical benefits of coordinated activation of gene sets that confer non-

specific protection by up-regulation of stress-response pathways.  A heterologous 

transgene system capable of regulating hormone and stress responses can be used to tap 

into the natural defense and seed development processes of crop plants such as cotton, 

increasing yields under stress conditions and enhancing seed qualities. 

Transient gene expression studies in homologous or heterologous systems 

provides a fast approach to characterize the useful effector genes with previously 

unknown or putative functions in response to different treatments e.g. abscisic acid 

(ABA), mannitol (a non-penetrating osmolyte that simulates drought stress), salt, sugar, 

and many more.  The effective genes can be tested in Arabidopsis by expressing them 

under the control of promoter of choice and screening the transgenic plants for 

physiological responses under question.  This approach can provide a proof in principle 

for a candidate gene’s function, provided the expression pattern gives a novel phenotype.  

Availability of T-DNA knock-out mutants for genes of interest are a complementary 

approach to study candidate gene functions (Alonso et al., 2003), provided the single 

gene has a unique function not shared by homologous family members (i.e. no genetic 

redundancy) or constitutes a major effect gene.  One drawback to interpretation of 

transgenic gain-of-function studies is the phenomenon of “squelching,” a biological 

phenomenon in which a transcriptional activator acts to inhibit the expression of another 

gene.  Squelching has been mostly studied in yeast (Freedman 1998) where one potential 

drawback to overexpressing regulatory factors that confer stress tolerance to transgenic 
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crops is reduced yields through pleiotropic "knock on" effects that indeed may be the 

direct consequence of stress adaptation mechanisms triggered by the transgene effector. 

ABA is a stress-associated plant hormone that is synthesized in plastids of plants 

in response to different biotic and abiotic stresses.  It plays a major role in seed dormancy 

leading to embryo maturation, root growth inhibition in adverse conditions, stomatal 

closure in response to water deficit, and several other growth and developmental 

processes.  ABA signaling has been studied since its discovery in the 1960s.  Key 

effectors and regulatory genes in ABA signaling have been found in many genetic 

screens. Recently the discovery of ABA receptors, GTG1 and GTG2 (Pandey et al., 

2009) and PYRABACTIN RESISTANT (PYR) and PYL genes (Park et al., 2009; Ma et 

al., 2009) have elucidated the initial perception process more clearly.  In the case of the 

PYL ABA receptors, their functions have been demonstrated in vitro to couple to known 

effectors ABA-INSENSITIVE1 (ABI1) protein phosphatase clades and ABI5 bZIP 

transcription factor clades to mediate ABA inducible gene expression (Fujii et al., 2009). 

Transcription factors (TFs) are regulatory genes whose protein products bind to 

promoter elements of sets of target genes by recognizing particular conserved motifs to 

activate or repress mRNA expression by interacting with RNA Polymerase II and 

associated activators.  TFs typically have a DNA-binding domain (DBD) and a protein-

binding domain (PDB).  DBD defines the recognition sequence with which a particular 

TF binds to the promoter region of its target gene.  Two such DBDs, APETELA2 (AP2) 

and BASIC3 (B3), are uniquely found in the plant kingdom. 

The AP2- DBD TFs were first characterized by genetic analysis in Arabidopsis of 

homeotic mutants that derange flower pattern formation (Bowman et al., 1989; Yanofsky 

et al., 1990; Sommer et al., 1990; Jofuku et al., 1994).  These TFs play roles in flower 

and seed development and were later characterized in tobacco as ethylene response 

element binding proteins (EREBPs) (Ohme-Takagi et al., 1995).  There are scores of AP2 

domain protein genes in Arabidopsis, involved in various processes including 

development, stress response and hormone signaling.  The ABA-INSENSITIVE-4 gene 

(ABI4) is most closely related to the DREB/CBF subfamily of the AP2-domain family 

(Drought Responsive Element (DRE) Binding factors) that control expression of  many 
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drought-, salinity- and cold-inducible genes.  Ectopic expression confers tolerance to 

environmental stresses in many plants (Dubouzet et al., 2003; Krishnaswamy et al., 

2011).  Recently AP2 domain members have been identified as CEBFs (coupling element 

binding factors), where they control hypersensitive response to ABA and are also 

involved in various sugar responses (Lee et al., 2010). Overexpression of another AP2 

member, RAP2.6, conferred hypersensitivity to exogenous ABA and abiotic stresses 

during seed germination and early seedling growth in Arabidopsis (Zhu et al., 2010).  

ABA-INSENSITIVE4 (ABI4) is involved in ABA response in maturing seeds and 

seedlings (Finkelstein 1994; Arenas-Huertero et al., 2000; Huijser et al., 2000; Laby et 

al., 2000). The SHINE Clade of AP2 TFs confers drought tolerance when overexpressed 

in Arabidopsis by activating wax biosynthesis and altered cuticle properties (Aharoni et 

al., 2004).  Recently, AP2 genome-wide targets have been identified to elucidate roles in 

floral transition (Yant et al., 2010).  

The B3- DBD was first identified in the viviparous1 (VP1) mutant from Zea mays 

(McCarty et al., 1991; Suzuki et al., 1997) and in the orthologous Arabidopsis mutant 

abi3 (ABSCISIC ACIDINSENSITIVE3) (Giraudat et al., 1992), where they play key 

roles in a hierarchical cascade of TF interactions that control seed maturation (McCarty et 

al., 1991; Finkelstein and Sommerville 1990) via ABA signaling.  The ABI3/VP1, 

FUSCA3, and LEC2  B3 genes, known collectively as AFL family genes, activate the 

embryo maturation program while the closely related VP1/ABI3 like B3 genes (also 

called VAL family members)  function to repress the AFL network before germination 

(Suzuki and McCarty, 2008). B3 DNA binding-domain TFs have been classified into five 

gene families: Auxin Response Factor (ARF), Abscisic Acid-Insensitive3 (ABI3), High 

level expression of Sugar Inducible (HSI), Related to ABI3/VP1 (RAV) and 

Reproductive Meristem (REM) (Romanel et al., 2009).  The DNA binding specificity of 

B3s has been studied in three families: ABI3, RAV, and ARF, where the B3 domain of 

each of the three families binds to a different target DNA sequence. Structure/function 

studies with VP1 and PvALF in transient gene expression assays demonstrate that the 

highly conserved N-terminal acidic domain (A1, VP1 amino acids [aa] 51-163) functions 

as a transcriptional activator and acts in synergy with ABA but is not needed for 
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germination-specific alpha-amylase gene repression. The conserved basic B2 region (aa 

508-544 of VP1) is required for transactivation of the ABA-inducible Em promoter and 

for enhancing the in vitro binding of various basic bZIP factors to their cognate targets, 

but not for alpha-amylase gene repression. The B3 domain (aa 632-760) binds 

specifically to promoter sequences required for transactivation but not to ABA-

responsive cis-elements.   

Carrot and Arabidopsis Pv-ALF orthologs can also direct ABA-inducible seed 

storage protein expression in leaves when expressed ectopically. The exact molecular 

mechanisms of ABI3/VP1/Pv-ALF are not known, but the predicted FUS3 and LEAFY 

COTYLEDON-2 class of regulators that control embryo maturation have a continuous 

stretch of more than 100 amino acids showing significant sequence similarity to the 

conserved B3 domains of ABI3/VP1/Pv-ALF.  Taken together with genetic results that 

show FUSCA3 and LEC2 interact with ABI3, these correlations suggest that ABI3, 

LEC2, and FUS3 may act in partially redundant pathways. The Arabidopsis genome 

encodes 43 members of the B3-domain family, 19 of them within the ABI3/VP1-related 

subfamily, and their functions are largely unknown.  Ectopic expression of the ABI3 gene 

in Arabidopsis has been reported to enhance freezing tolerance in response to abscisic 

acid (Tamminen et al., 2001).  Furthermore, the ABI3 transcript is up-regulated in 

MYB15 expressing transgenic Arabidopsis which shows salt and drought stress tolerance 

(Ding et al., 2009).  Thus, the members of B3 domain TFs play role in seed maturation 

and stress and hormone signaling.  

The RAV family of transcription factors contain the N-terminal AP2-like DBD 

that binds 5'-CAACA-3' sequence, and the C-terminal B3-like DBD that binds 5'-

CACCTG-3' sequence (Kagaya et al., 1999).  Six members of RAV TFs family have 

been classified in Arabidopsis (Kagaya et al., 1999). RAV2 and RAV2L (aka) 

ETHYLENE RESPONSE DNA BINDING FACTOR 1) has recently been described to 

control expression of “florigen” gene FLOWERING TIME (FT) (Castillo and Pelaz, 

2008).  A pepper cDNA CaRAV1 (Capsicum annuum RAV protein1) is induced in 

response to pathogens, plant hormones, abiotic elicitors and environmental stresses (Sohn 

et al., 2006).  In addition, ectopic expression of the CaRAV1 gene in transgenic 
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Arabidopsis plants resulted in the induction of some pathogenesis-related (PR) genes, 

enhanced resistance against infection by bacterial pathogens, and tolerance to osmotic 

stresses caused by high salinity and dehydration conditions (Sohn et al., 2006).  Biotic 

and abiotic stresses generate Reactive Oxygen Species (ROS) that causes the 

peroxidation of membrane lipids that if not stopped may cause cell death.  Virus-induced 

gene silencing (VIGS) of CaRAV1 resulted in higher levels of lipid peroxidation, 

supporting that CaRAV1 is involved in ROS scavenging.  Further evidence of ROS 

scavenging activity comes from CaRAV1 physical interaction with CaOX1 (Oxido- 

reductase) in yeast two-hybrid experiments.  Also, the authors created a RNA 

interference (RNAi) lines in pepper for CaRAV1 and/or CaOX1 and the results exhibited 

by single or double gene knockdowns were similar for elevated lipid peroxidation, further 

supporting their proposed roles in stress response (Lee et al., 2010). 

There are 81 predicted Basic leucine zipper (bZIP) factor genes in Arabidopsis, 

but only one bZIP subfamily (ABI5 and its homologues) has been genetically or 

functionally linked to ABA response and includes ABRE Binding Factors (ABFs and 

AREBs), Enhanced Em Level (EEL/AtbZIP12), and AtbZIP13-15, 27, and 67, which 

include the AtDPBFs (Arabidopsis thaliana Dc3 Promoter Binding Factors).  

Homologues of these genes have been characterized in sunflower and rice, where they are 

also correlated with ABA-, seed- or stress-induced gene expression. However, studies of 

bZIPs from other species have shown that in vitro binding of ABREs need not reflect 

action in ABA signaling in vivo.  The bZIP TFs play a major role in ABA-mediated 

responses at seed and seedling stages of development. ABI5 (ABA Insensitive 5) is 

involved in seed-specific responses, whereas the homologous family members ABFs 

(ABA Responsive Element Binding Factors) play roles at the seedling and later stages.  

However, ectopic expression of ABI5 mediates ABA responses at all developmental 

stages (Brocard et al., 2002).  At seedling stage ectopic expression of ABI5 leads to 

higher expression of stress-induced genes (e.g. Cor6.6,Cor15a, and Rab18) and RAVs 

sufficient to confer hypersensitivity to exogenous ABA for inhibition of root growth 

(Lopez-Molina et al., 2001; Brocard et al., 2002).  ABI5 overexpression lines also show 

high sensitivity to glucose and synthesize more anthocyanins in response to sugar stress 
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at seedling stage (Finkelstein et al., 2002).  The RY-G-box-RY regulatory element is 

commonly found in seed storage protein gene promoters and is necessary for seed-

specific expression of the β-phaseolin and Early-methionine-rich Late Embryogenesis-

Abundant (Em-LEA) promoters. There exist variability in the sequence of the RY-G-box-

RY elements found in different natural promoters, nonetheless it can be recognized by the 

presence of CATGCAW (the "RY" feature) and CACGTG (the "G-box") motif. There is 

considerable diversity in the cis elements shown to confer ABA-inducible expression. 

The smallest promoter unit known as ABREs (ABA Response Elements) are necessary 

and sufficient for ABA induction of gene expression and consist of at least two essential 

cis elements, the G-box and a "coupling" element (Shen and Ho 1997; Singh 1998).  In 

vitro studies with the ABI5-family members and DPBFs have demonstrated that binding   

to G-box promoter elements (ABREs) is required for ABA regulation. However, the 

ABI5/DPBF/ABF/AREB subfamily has a consensus sequence compared to other bZIP 

proteins, that it can tolerate variability in the ACGT core element essential to the ABRE 

G-box.  ABI5 and its homolog DPBF4/EEL were shown to compete for the same binding 

sites in the AtEm1 promoter and a model was proposed, based on single and double 

mutant phenotypes of altered gene expression, that EEL directly antagonized ABI5 

transactivation. Analyses of transcript accumulation in abi5 mutants suggest that, similar 

to ABI3, ABI5 has both activator and repressor functions, but that ABI5 and ABI3 may 

have either synergistic or antagonistic effects on gene expression, depending on the gene. 

ABI5 protein accumulation is further enhanced by ABA-induced phosphorylation and 

resulting stabilization of the protein, at least during the early phases of germination. 

Statement of Purpose 

In the present study, I have generated and characterized transgenic Arabidopsis 

and cotton that expresses RAV and/or ABI5 transcription factors.  We hypothesize that 

transgenic cotton expressing these TFs will show tolerance to abiotic stresses and will 

have value added seed traits and improved productivity under drought stress through 

improved nutrient and water use and increased photosynthetic efficiencies.  In addition 

they can provide fundamental insights into the role of ABA in stress tolerance and cotton 

fiber and seed yields and quality.     
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CHAPTER 2 

 MATERIALS AND METHODS 
 

2.1 cDNA clones of RAV and ABI5 transcription factors, and making 
of recombinant vectors for Agrobacterium-mediated transformation 
of Arabidopsis and cotton 
An NSF-funded Plant Genome project (http://signal.salk.edu) produced a set of ~14,500 

publicly available Open Reading Frame (ORF) cDNA clones (Yamada et al., 2003) for 

Arabidopsis annotated expressed genes for plant functional and proteomics studies.  

These plasmids are compatible with the Universal Plasmid Recombination Vector System 

(UPS) of Dr. Steve Elledge (Li et al., 1998).  UPS employs the 34 bp cre-lox site-specific 

recombination site-specific system of bacteriophage P1 to catalyze plasmid fusion 

between the Univector, a plasmid containing the gene of interest without promoter 

elements, and host vectors containing regulatory information.  Fusion events are 

genetically selected and result in placement of the effector gene under the control of 

novel regulatory elements.  UPS eliminates the need for restriction enzymes, DNA 

ligases, and many in vitro manipulations required for subcloning and allow the rapid 

construction of multiple constructs for expression in multiple organisms.  We employed  

available pUNI51-derivative full length cDNA clones of Arabidopsis RAV family 

members RAV1 (U 11954), RAV2 (U 09382), RAV2L (U 19336) and ABI5 (U 85657; 

Arabidopsis Biological Resource Center, Ohio State University, http://abrc.osu.edu/) to 

recombine pKYLX-myc9-loxP binary acceptor vector (Guo and Ecker, 2003) in the 

presence of cre-recombinase enzyme (Fig. 2.1).  Briefly, the donor vector pUNI51 has a 

Neomycin Phosphotransferase NPT II kanamycin selectable marker and an origin of 

replication (oriRK6ɣ) that can only be propagated in PIR1 host cells (Invitrogen, 

Carlsbad, CA) in the absence of another origin of replication.  The T-DNA binary 

acceptor vector pKYLX-myc9-loxP (ABRC stock#CD3-637; plant selectable marker is 

kanamycin driven by the strong plant promoter 35S from Cauliflower Mosaic Virus) has 

a tetracycline selectable marker for the bacterial host and a low copy number RK2 origin 
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of replication that functions in E. coli strain GC10 (which is pir- and cannot replicate the 

pUNI donor plasmid alone).  After in vitro recombination the products are electroporated 

into GC10 cells and selected genetically on kanamycin, whereby only recombinant 

plasmids can replicate.  The acceptor vector is engineered to provide 9 repeats of the c-

myc epitope (EQKLISEEDL) at the N-terminus of the donor protein that facilitates 

detection of the expressed transgene expression using an immunoblot (western) assay.   

We previously documented that restriction mapping of recombinant constructs 

often identified trimers comprised typically two donors and one acceptor vector (Jia et 

al., 2009; Supplemental data).  Characterization of miniprep recombinants by a simple 

high-throughput sizing gel electrophoresis of mini-prep recombinant DNAs gave 

satisfactory results in that dimers could be identified from only a few clones.  The 

candidate transformation-ready constructs were restriction digested and were confirmed 

to be comprised of a dimer of one acceptor and one pUNI donor plasmid.  Figure 2.2 

shows an example of such results of restriction digestion, demonstrating the recombinant 

plasmid is a dimer of RAV1 donor and pKYLX acceptor because two different restriction 

enzymes, alone and in combination, shows identical-sized bands upon digestion of donor, 

acceptor, and recombinant dimer.  The one donor – one acceptor dimers were used to 

electroporate Agrobacterium strain GV3101.  

 The GST-Cre fusion protein (ABRC stock #CD3-627) was purified from E. coli 

strain BL21 in mg quantities with glutathione-Sepharose beads (Amersham Biosciences; 

www.gehealthcare.com) according to the protocol provided by Steve Elledge (Harvard 

Medical School, Dept of Genetics).  For recombination reactions, in a 20 µL reaction 

volume 500 ng each of acceptor and donor vector DNAs were mixed with 2 µL 10x 

recombination buffer (New England Biolabs; www.neb.com), 2 µL GST::CRE 

recombinase and incubated at 37° C for 20 min.  The DNAs were precipitated with 

EtOH, the pellet dissolved in 10 µL water and the DNA measured by a Nanodrop 

spectrophotometer (Willmington DE; www.nanodrop.com).  About 200 ng of DNA 

products were electroporated into electrocompetent pir- E. coli GC10 cells (Invitrogen, 

Carlsbad, CA) and the recombinant fusion plasmids was selected on kanamycin-

containing LB plates.  After validation by restriction enzyme mapping of recombinant 
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plasmids (see Fig. 2.2), pure supercoiled plasmids were prepared by CsCl density 

gradient ultracentrifugation (Ausubel et al., 1995) and electroporated into 

electrocompetent Agrobacterium tumifaciens strain GV3101.  Conditions for 

electroporation were 2000 volts, at 200 Ω and 25μF. 

 

2.2 Creating Transgenic Arabidopsis 
 Arabidopsis ecotype Columbia (Col-0; ABRC stock #CS60000) plants were transformed 

by floral dip method (Zhang et al., 2006)). Briefly, Agrobacterium tumefaciens strain 

GV3101 carrying recombinant pKYLX: pUNI51:U11954 (RAV1), U09382 (RAV2), 

U19336 (RAV2L) and U85657 (ABI5) were resuspended to OD600 = 0.8 in a 5% 

Sucrose/ 0.03% (v/v) Silwet L-77 (LEHLE SEEDS, Round Rock, TX) solution.  Siliques 

of flowering Arabidopsis Col-0 plants were clipped off and the above-ground parts of the 

plants were submerged in the solution for three minutes under vacuum.  After dipping, 

plants were covered to maintain high humidity and were kept horizontally in the dark for 

24 hours.  Plants were then transferred back to the normal growth condition until 

harvesting.  Transgenic seeds were screened on 0.5x Murashige & Skoog salts (Research 

Products International, Mt. Prospect, IL), 1% sucrose and 0.8% agar (Fisher, Fair Lawn, 

NJ) plates supplemented with 30 μg/mL kanamycin (Genlantis, San Diego, CA) and 100 

μg/mL Cefotaxime (Claforan®, Sanofi, Bridgewater, NJ).  Six and nine T3 homozygous 

kanamycin-positive lines of 35S-RAV1 and 35S-RAV2 were recovered and were used for 

northern blot assay to identify overexpression lines.  Several RAV2L and ABI5 

kanamycin-positive lines were used for northern blot analysis but none of them showed 

higher expression than the wild type parent.  Therefore, I focused on phenotypic analysis 

of RAV1 and RAV2 overexpression Arabidopsis described in Chapter 3.   

 

2.3 Methods for phenotypic characterization of transgenic 
Arabidopsis  
2.3.1 Plant Material  
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Arabidopsis thaliana seeds were sterilized with 50% bleach followed by extensive 

washings and kept soaked in water at 4°C for 3 days before planting on plates.  

Sterilization step was omitted if planted directly on soil. The growth conditions were 

21°C temperature with a 16 hr/8 hr, light/dark cycle for long day conditions and 10 hr/14 

hr for short day conditions.  The accessions used in this study are: Col-0 [CS60,000], 

abh1-285 [SALK_024285c], Ler-0 [CS20], abi2-1 [CS23], RAV1 KO [SALK_021865], 

RAV2 KO [SALK_070847]. 
 

2.3.2 ABA Germination assay  

At least 100 seeds of each genotype were sown on plates containing 0.5x Murashige & 

Skoog salts (Research Products International, Mt. Prospect, IL), 1% sucrose, 0.5% 

phytagel (SIGMA-ALDRICH, St. Louis, MO) and different concentrations of ABA [0, 

0.5, 2 μM] [(±)-Abscisic acid, 99%; SIGMA-ALDRICH, St. Louis, MO].  Plates were 

kept in the dark at 4°C for 3 days before transferring into growth chamber.  The growth 

condition was 21°C temperature and continuous light. Plates were kept horizontally in the 

chamber and radical emergence was recorded every day for 8 days.   

 

2.3.3 Relative Root growth inhibition assay  
About 30 seeds of each genotype were sown on plates containing 0.5x Murashige & 

Skoog salts.  Plates were kept vertically in the chamber for three days under continuous 

light.  Equally growing plants were transferred to ABA containing plates (25 and 50 μM) 

and as well as no ABA plates as control group. Pictures were taken before and after 72 

hrs of growth. New root growth was measured on the picture using ImageJ software 

(http://rsbweb.nih.gov/ij/index.html).  Relative root growth inhibition was calculated by 

dividing the growth on ABA plate and control plate (no ABA). At least seven plants were 

used to record the data. 

2.4 Generation of transgenic cotton by Agrobacterium-mediated 
hypocotyls explants transformation and regeneration by somatic 
embryogenesis 
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T₁ seeds collected from transgene- expressing T0 lines were planted in the test tubes on 

Stewarts media (pH 6.8) containing 50 ppm kanamycin and 5g/L glucose at 28° C under 

16/8 hr light/dark conditions.  Transgene- expressing lines showed segregation for lateral 

root growth on kanamycin compared to wild type Coker312 plants that never showed 

lateral roots on kanamycin containing media (Fig. 2.3 A and B).  Plants showing robust 

lateral roots (~ 2 weeks from planting) were transferred to 1 liter pots containing potting 

mix.  Pots were kept in a tray covered with plastic wrap to maintain a high relative 

humidity.  After a week, holes were poked in the plastic wrap in order to have minimal 

air exchange in the microenvironment.  After 3-4 days the plastic wrap was completely 

removed.  After a week to 10 days, well-established seedlings were transferred to 3 

gallon pots and shifted to greenhouse.  The T2 seeds from T1 plants were selected on 

kanamycin to cull out the segregating T1 plants.  T2 seeds from T1 non- segregating 

transgenic plants were pooled and utilized for greenhouse studies (described in Chap. 4) 

and bulking up the seed.  The T1 segregating plants from different individual lines were 

used for northern blot analysis to check if the transgene co-segregated with kanamycin 

(data not shown).  Figure 2.3 shows a validation of the presence of the T-DNA in 

progeny seeds from a single self-fertilized T1 transgenic line (3:1 Mendelian ratio of 

dominant resistance trait) by genetic selection on kanamycin-containing rooting medium.  

 

2.5 Molecular biology methods   
Oligonucleotide primers were designed using primer 3 design (http://frodo.wi.mit.edu/) 

and/or ‘Perlprimer’ (http://perlprimer.sourceforge.net/) and synthesized commercially 

(Sigma, St. Louis MO).  A list of primers used in these studies is provided in Table 2.1. 

Total RNA from eight days old Arabidopsis whole seedlings was extracted with Iso-RNA 

Lysis Reagent (5 PRIME, Gaithersburg, MD). 

 Cotton total RNA was extracted using Spectrum Plant Total RNA Kit (Sigma, St. 

Louis, MO). 

 

2.5.1 RT-PCR 
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Sigma On-column DNase 1 digestion set was used to remove DNA contamination in 

extracted RNA. 2μg RNA was reverse transcribed by M-MLV reverse transcriptase 

(Promega) with Anchored Oligo-dT (Thermo, Surrey, UK).  35 cycles were used to do 

PCR.  

 

2.5.2 Northern hybridization 

For northern hybridization, 10μg of total RNA was resolved on 1.2% denaturing agarose 

gel and blotted to a Hybond-N+ membrane (GE healthcare, Piscataway, NJ) according to 

the manufacturer’s instructions.  An RNA molecular weight marker lane was included to 

estimate mRNA transcript sizes (Ambion Millenium Marker, cat# AM7151).  RAV1, 

RAV2, RAV2L, and ABI5 template was obtained by restriction digestion of pUNI donor 

vectors with restriction endonuclease SFI 1 and the band corresponding to the cDNA size 

was gel eluted.  Probes were synthesized using Random Primer DNA Labeling Kit Ver.2 

(TAKARA, Shiga, Japan) with [α-32P]-dCTP (PerkinElmer, Waltham, MA).  

Hybridization was carried out with the PerfectHyb Plus hybridization buffer (SIGMA-

ALDRICH, Saint Louis, MO) according to the manufacturer’s instructions.  A storage 

phosphor screen (GE Healthcare, Piscataway, NJ) was used for autoradiography and it 

was scanned using a Storm 860 PhosphorImager (GE Healthcare).   

 

2.5.2.1 Quantification of Northern Blots 
Ethidium bromide stained total RNA was quantified using image j software 

(imagej.nih.gov/ij/download).  Briefly, a rectangle was drawn around bands for total RNA 

and area was measured. The Northern blot band intensity was quantified using 

ImageQuant TL software (v2003, GE Healthcare).  The ratio of value for ImageQuant to 

ImageJ value will give the result for lane. 

 

 2.5.3 Immunoblot analysis of northern-validated transgenic cotton lines  

Total protein from seeds of two ABI5 lines (38-1-1-1 and 38-13-4-1) and wild type Coker 

312 cotton was extracted and quantified using Bradford Coomassie assay (Pierce; 
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www.piercenet.com).  Briefly, 10 µg of total protein was loaded onto a mini vertical 

SDS-PAGE gel (Thermo Fisher Scientific; www.thermofisher.com) (Ausubel et al., 

1995) and blotted on to Immobilon-P PVDF transfer membrane (Millipore; 

www.millipore.com).  Monoclonal mouse anti c-myc primary antibody (Sigma, 1:5000 

dilutions) was used to detect the protein expressed by the transgene. Horse radish 

peroxidase-labeled anti mouse secondary antibody (1:20,000 dilution) was used to bind 

primary antibody. ECL Advance chemiluminescence detection method (Amersham 

Biosciences; www.gehealthcare.com) was used to detect protein on X-ray film.   

  

2.6 Greenhouse study methods 
2.6.1 Deficit irrigation treatment of transgenic cotton under greenhouse 

conditions 

Potting mix, field soil and sand (potting mix: field soil: sand in 3:1:1) were mixed 

thoroughly and turned several times with a shovel to make a uniform mixture.  The sand 

and field soil gives some weight and prolongs the time to release the moisture and 

imitates field conditions in prolonging the drought effect.  For instance, ~six weeks-old 

greenhouse-grown cotton plants in potting mix alone can permanently wilt before 48 

hours of re-watering, in contrast to similar-aged plants growing in  the mixture of field 

soil, sand and potting mix which will not even show signs of wiltiness for at least four 

days (data not shown).  In fact the soil mixture was so effective that we were able to 

prolong the first drought spell for eight days (when started at 34 days after sowing 

[DAS]), 10 days (when started at 30 DAS ) and 11 days (when started at 24 DAS) in 

repeat experiments.  For drought treatments, daily watering was stopped 24 DAS.   

 

2.6.2 Photosynthesis measurements 

Photosynthesis measurements were conducted using Licor -6400 XT starting from four to 

seven days after watering was stopped (4-7DAW or 4-7D-Drt) and were taken every day 

until four to five days after rewatering (5D-Rec). Plants were not watered until more than 

80% of wild type control plants did not show evening recovery from afternoon wilt (11 
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DAW or 11 D-Drt).  Several cycles of this repeated treatment were given until 90 DAS. 

All plants were sacrificed to perform biomass assays (two repeat experiments). 

2.6.3 Biomass assay 

All the plant parts (root, stem, leaves, and fruits) were collected separately. Firstly, all the 

leaves were detached (leaving the petioles intact on the plant itself, as considered to be 

the part of stem) and kept in zip lock bags in 4° C refrigerator until leaf area was 

measured.  Leaf area was measured using the LI-3100C Portable Leaf Area Meter (LI-

3100C from LICOR) and leaves were stored in brown bags in greenhouse until dried in 

hot air oven.  Secondly, all the fruits (flowers, immature bolls and maturing bolls) were 

detached and stored in brown bags in the greenhouse. Then all the stems were cut from 

the cotyledon emergence node and folded and stored in brown paper bags in greenhouse.  

After removing fruit, leaves, and stems, the pots were left with hypocotyls and 

roots. Pots were dipped in big tubs filled with water and left there for the soil to become 

saturated with water.  The pots were manipulated gently on to release the potting 

soil/earth/sand mixture while roots remained intact.  After the roots were obtained as a 

ball without any adhering soil, they were washed in several changes of fresh water to get 

rid of all the soil.  The intact roots with hypocotyls were kept in zip locks until pictures 

were taken.  The demarcation of tap root and hypocotyls can easily be monitored by a 

pink region (Figure 2.4) that separates the hypocotyls from root.  The hypocotyls were 

cut using a clipper and put in brown paper bags for later weighing. Roots were put in 

separate brown paper bags. 

All the plant parts were dried in hot air oven at 740 C for 72 hrs.  All the plant 

parts were weighed and data were recorded.  To get the weight of lateral roots the whole 

dried roots were weighed first and then all the lateral roots were removed and the bare tap 

root was weighed later.  The difference in two readings gives the weight of lateral roots.   

2.7 Plant Mapping in the field grown Cotton 
Plant mapping was conducted essentially as described by Ritchie et al, 2009. Figure 2.5 

(copied from Ritchie et al., 2009) shows the main stem nodes and fruiting positions of a 

cotton plant. Nodes are counted from the base of the plant, with the cotyledon node 

counted as Node 0.    
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Table 2.1 Primers list used in RT PCR and amplification of cDNA probes for Northern 
Blot 
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Figure 2.1 General Scheme for creating the ready-to-transform T-DNA binary vector 
constructs. The pUNI51 vector containing a full length cDNA obtained from the 
Arabidopsis Biological Resource Center.  pUNI clones were recombined with pKYLX-
myc9-LoxP binary vector in the presence of cre-recombinase enzyme.  The two vectors 
recombine at the 34 bp LOX-P site and the resultant recombined cDNA will be under the 
control of 35S Promoter from the acceptor vector and the bovine growth hormone (BGH) 
transcription termination signal (see Supplemental data in Jia et al., 2009 for details of 
BGH-Term function).  The resulting protein will have N-terminal 9X c-myc epitope that 
can be used to detect the protein in plant extracts. 
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Recombinants are confirmed with Restriction digestion 
– this picture shows the example of RAV1 

21226 bp

5.1 kb
4.2 kb
3.5kb

2kb
1.9kb
1.58 kb
1.37 kb

940 bp
830 bp

560 bp

1     2      3     4      5     6      7      8       9   10    11   12   13

1. U11954  uncut
2. U11954 + Hind3
3. U11954 + Pst1
4. U11954 + Hind3 +Pst1
5. Recombinant uncut
6. Recombinant + Hind3
7. Recombinant + Pst1
8. Recombinant + Hind3 +Pst1
9. Lambda DNA +Hind3 +Ecor1
10. pKYLX uncut
11. pKYLX +HInd3
12. pKYLX + Pst1
13. pKYLX + Hind3 +Pst1

Figure 2.2 Restriction digestion of U11954: pKYLX-myc9-LoxP recombinant DNA.  
Restriction digestion of recombinant vectors was done to confirm the dimer of one donor 
(eg. U 11954 – RAV1) and one acceptor (pKYLX), evidenced by identical bands being 
present in donor, acceptor, and recombinant dimer with two different restriction enzymes 
alone and in combination.   
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Figure 2.3 Screening for transgene-expressing T1 cotton seedlings on Stewart’s 
Germination media supplemented with 50 μg/ml Kanamycin. A. 3:1 segregation for NPT 
II – kanamycin resistance gene.  Seven of ten individual seedlings (except #5-7) grow 
lateral roots (p = 0.71, Chi-square test).  B. Wild type Coker 312, showing no lateral root 
development in all eight control seedlings. 
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Figure 2.4 Picture shows the junction between tap root and hypocotyls 
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Figure 2.5 Cotton Plant Mapping (copied from Ritchie et al, 2009 Agron. J. 101:1336–
1344).  Main stem nodes and fruiting positions of a cotton plant. Nodes are counted from 
the base of the plant, with the cotyledon node counted as Node 0. 
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CHAPTER 3 

RAV OVEREXPRESSION AND T-DNA KNOCKOUT STUDIES IN 
ARABIDOPSIS THALIANA 

3.1 Arabidopsis overexpressing RAV transcription factors show 
delay in seed germination and late flowering compared to wild type 

Northern blot assay in figure 3.1 and 3.2 shows the overexpression of RAV1 and RAV2 

respectively in transgenic Arabidopsis. pro35S:AtRAV2 plants grew normal roots (data 

not shown). Both pro35S:RAV1 and pro35S:RAV2 showed delays in germination 

(radical emergence) under 24 hrs light conditions (data not shown) and exhibited 

delayed flowering compared to wild type parent under short day length (Fig. 3.3).  

3.2 ABA Response of pro35S:RAV Plants 

3.2.1 pro35S:RAV plants show hypersensitivity to ABA at seed germination 

stage 

 One of the classical exogenous ABA application responses in plants is a temporal delay 

in germination.  To determine whether RAV1 and/or RAV2 overexpression affected 

ABA sensitivity of Arabidopsis, pro35S:RAV1 and pro35S:RAV2 transgenic Arabidopsis 

seeds were sown on media containing various concentrations of ABA (0 µM, 0.5 µM 

and 2 µM) and germination was scored for 8 consecutive days. ABA 

HYPERSENSITIVE 1 mutant, abh1-285 (T-DNA insertion knock out mutant in Col-0 

genetic background; ABRC stock #SALK_024285C), (Hugouvieux et al., 2001) was 

used as a positive control.  After eight days all the pro35S:RAV Arabidopsis lines and 

abh1-285 showed delays in germination on both the ABA concentrations tested as well 

as no ABA control compared to wild type (Fig. 3.4). These results show that 

overexpression of RAV1 and RAV2 transcription factors positively affect ABA 

responses at the seed germination stage. 

In order to establish a baseline of data on the physiological processes controlled 

by abscisic acid (ABA) in cotton, we have performed a dose-response curve of 

germination inhibition for the control genotype Coker 312.  The results are shown in 
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Fig. 3.5.  The concentration of ABA required to achieve inhibition is on the order of low 

micromolar, which is in the physiological range described for numerous other species. 

3.2.2 pro35S:RAV plants show primary root growth inhibition in response to 

ABA  

Another classical exogenous ABA response is primary root growth inhibition. We 

conducted an experiment to test RAV1 and RAV2 genetic effect of ABA treatment in 

Arabidopsis.  Seeds were allowed to germinate and grow primary roots for three days, 

and were transferred to ABA-containing media.  Root growth was monitored and scored 

after 72 hours of transfer.  We used appropriate controls Col (wild type for RAV1 and 

RAV2 overexpression lines), Ler (another ecotype of Arabidopsis), abi2-1 (ABA 

INSENSITIVE 2-1 dominant negative mutant allele, EMS mutant), abh1-285 and rav1 

mutant (T-DNA insertion knock out mutant, Salk_021865).  Figure 3.6 and 3.7 shows 

that all three overexpression lines of RAV1 (18p8, 1p10, 21p10), one RAV2 

overexpression line (12p10) and abh1-285 showed significantly reduced primary root 

growth on ½ MS media without ABA, consistent with the hypothesis that RAV1 and 

RAV2 overexpression increases endogenous ABA response sensitivity to root growth 

inhibition.  Likewise, the rav1 T-DNA knockout mutant showed significantly longer 

primary roots compared to Col-0 control, and reference control abi2-1 (figure 3.6).  

Significantly, all three pro35S:RAV1 lines and all three pro35S:RAV2 lines showed 

primary root growth inhibition in response to 25 µM ABA when compared to Col-0 

control, validated by similar results obtained with the positive control in the experiment, 

abh1-285.  The control Ler-0 also showed reduced primary root growth compared to 

Col-0 on 25 µM ABA showing the differences in two ecotypes.  abi2-1 compared to its 

parent (Ler-0) showed significantly lower inhibition in root growth in response to ABA 

(Ler-0 background). RAV1 KO showed significantly reduced root growth inhibition, 

whereas 35Spro:RAV1 1p10 and abh1 mutant showed significantly higher root growth 

inhibition compared to Col-0 at 50 µM ABA.  Ler showed significantly higher root 

growth inhibition compared to Col-0, whereas abi2-1 showed reduced inhibition 

compared to Ler at 50 µM ABA. 
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3.3 T-DNA insertion RAV2 Knock out mutant plant leaves show faster 
loss of water (data contributed by Dr. Qing-Jun Luo) 

We detached the rosette leaves of rav2 mutant (SALK_070847) and wild type Col-0. 

The detached leaves were weighed every 20 minutes. Figure 3.8 shows that rav2 mutant 

losses weight more rapidly compared to wild type, supporting our hypothesis that RAV2 

KO are more sensitive to drought.  

Conclusion: 
RAV1 and RAV2 overexpression in Arabidopsis is sufficient to increase exogenous 

ABA hypersensitivity at seed germination stage, increase ABA sensitivity to  primary 

root growth inhibition, and delay in flowering time.  RAV2 KO study of faster water 

loss by detached leaves suggest RAV2 plays a role in drought resistance.  
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Figure 3.1 Northern blot assay of RAV1 transgene expressing Arabidopsis shows over-
accumulation of desired band sized transcript (marked as band 1) compared to wild type 
parent. EtBr-stained total RNA has been used as loading control (shown underneath the 
northern blot). Multiple bands have been observed in this northern blot and have been 
interpreted as read-through from the donor pUNI vector BGH-termination signal 
(Discussed in, Chap. 4). M= RNA size marker 
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Figure 3.2 Northern blot assay of RAV2 transgene-expressing Arabidopsis shows over-
accumulation of desired band sized transcript compared to wild type parent. EtBr-stained 
total RNA has been used as loading control (shown underneath the northern blot). 
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Figure. 3.3 Soil-grown pro35S:RAV1 18p8 Arabidopsis plant (right) shows delayed 
flowering under long day conditions (A) compared to wild type Columbia (left). (B) 
Delayed flowering in pro35S:RAV transgenic plants under short day conditions. 
pro35S:RAV2 transgenic 12p10 (left) and pro35S:RAV1 21p10 (right) compared to wild 
type Col-0 (middle).  
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Figure 3.4 pro35S:RAV1 and pro35S:RAV2 transgenic Arabidopsis are somewhat 
insensitive to ABA inhibition of seed germination.  Seed germination was tested on ½ 
MS + 1% sucrose Phytagel plates containing no ABA (A) as well as 0.5 µM ABA (B) 
and 2 µM ABA (C) concentrations scored after 24 hrs light conditions on. ~100 seeds 
were tested for each of the lines.  
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Figure 3.5 Cotton seeds respond to exogenous ABA in the physiological range by 
inhibition of germination.   
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Figure 3.6  Hypersensitivity to root growth inhibition by ABA in transgenic Arabidopsis 
over-expressing AtRAV1 and AtRAV2.  Root growth was retarded in three pro35S:RAV1  
lines, one pro35S:RAV2 line (12p10) and abh1-285 without ABA treatment. All 
pro35S:RAV lines and positive control abh1-285 showed significant root growth 
inhibition in response to 25 μM ABA as compared to wild type Columbia (Col).  A two-
tailed Student’s t-test was applied, assuming non-equal variance. (*) represents the results 
are significant. 
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Figure 3.7   Root growth inhibition in Arabidopsis seedlings in response to 25 µM ABA 
treatment (B) in pro35S:RAV1 and pro35S:RAV2 lines compared to wild type parent 
Columbia and RAV1 T-DNA insertion knock out mutant (monitored 72 hrs after transfer 
to fresh ½ MS media +/- ABA). (A) Shows the root growth without ABA 
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Figure 3.8 Transpiration rate of detached leaves of homozygous rav2 knockout line 
SALK_070847.  The x axis marks are in 20 minute intervals. The y axis shows the 
percent weight loss (this data is contributed by Dr. Qing-Jun Luo)  

   



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

37 
 

CHAPTER 4 

 GENERATION AND PHYSIOLOGICAL CHARACTERIZATION 
OF RAV AND ABI5 OVER-EXPRESSING TRANSGENIC COTTON 

(GOSSYPIUM HIRSUTUM CV COKER 312) 

4.1 Rationale behind generating transgenic cotton overexpressing 
AtRAV1 AtRAV2 and AtRAV2L, and AtABI5 

Viviparous-1 (VP1) is a seed-specific regulatory factor, first described in 1931 and was 

cloned by transposon tagging in 1989 (McCarty et al., 1989).  The ABA-INSENSITIVE3 

(ABI3) gene of Arabidopsis and the Pv-ALF gene of bean are the genetic equivalents 

(orthologue) of maize VP1 (Giraudat 1995).  VP1/ABI3 is expressed in developing seeds 

and precedes ABA-inducible storage protein and late-embryogenesis-abundant (LEA) 

gene expression.  It has been shown in rice that the ABI5-like bZIP OsTRAB and VP1 

TFs synergize in vivo and physically interact (shown by yeast two-hybrid assay using the 

basic domains of OsVP1 as "bait”), providing a molecular mechanism for their functional 

effects on ABA-inducible gene expression (Hobo et al., 1999).  Previous work in our lab 

demonstrated that ABA signaling pathways are highly conserved among monocots and 

dicots.  ABI5 and members of the ABI5 clade of Arabidopsis bZIP TFs (ABF1, ABF3, 

ABF4, AREB3, EEL) were sufficient for ABI1-dependent transactivation of several 

monocot and dicot ABA-inducible promoters and could synergize when co-expressed 

with the maize B3 domain TF VIVIPAROUS1 in transient assays with protoplasts from 

rice embryonic suspension cultures or maize leaves (Gampala et al., 2002; Finkelstein et 

al., 2005).  We further demonstrated that AtRAV2 had trans-activating activity for the 

ABA-inducible Em promoter and synergized in co-transformation experiments with 

ABI5 in maize mesophyll protoplasts (Rock and Gampala, 2008).   

I have shown that AtRAV1 and AtRAV2 over-expressing transgenic Arabidopsis 

possess enhanced ABA response traits (see Chapter 3).  Thus, we endeavored to further 

substantiate the B3-domain and bZIP TF effects on ABA-inducible gene expression and 

stress response traits by characterizing transgenic cotton that over-express AtABI5, 
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RAV2, RAV1, and RAV2-Like genes.  Enhanced ABA responses might play important 

role in drought tolerance in crop plants by improving the water use efficiency (WUE), 

through enhanced control of stomatal conductance and generating more biomass and 

yield using less water or through other indirect targets.  ABA also plays an important role 

in growth and development and in seed maturation and desiccation tolerance (Finkelstein 

et al., 2002).  Enhanced ABA signal transduction by AtRAVs might also improve the seed 

traits including oil and protein content, as claimed in the issued patent (Rock and 

Gampala, 2008).  

  Basic Local Alignment Search Tool(BLASTN)(Altschul et al., 1997) analysis using 

AtRAV2 full length coding sequence as query against the cotton expressed sequence tag 

(EST) database (http://www.ncbi.nlm.nih.gov/blast/; 442,954 entries) found a GhRAV  

EST  JQ837701 and Unigene (UGID:1913339, Ghi.8341) annotated with 14 different 

ESTs from root, leaf, ovule, and boll tissues.  GhRAV is 69% and 68% identical to 

AtRAV1 and AtRAV2 respectively (figures 4.1 and 4.2).  GhRAV was identified in 

transcript profiles of young cotton seedlings during salt stress in Gossypium hirsutum cv 

ZM3 via Solexa sequencing (Wang et al., 2012) but was not described by the authors.  

The characterization of endogenous GhRAV transcript expression is described in Chapter 

5.  The existence of RAV TFs in cotton is consistent with previous results showing that 

ABA signaling is conserved between monocots and dicots (Gampala et al., 2002) and the 

hypothesis that AtRAVs when overexpressed can affect cotton stress signaling pathways. 

GhRAV  transcript accumulation under various stresses and in fiber initials (see Chap. 5) 

support the idea that over-expressing these transcription factors  in cotton may enhance 

yield, and seed and fiber traits especially under challenging environmental conditions.  

Overexpression of endogenous genes has a high chance of posttranscriptional gene 

silencing through RNAi mechanisms, which might either reduce the efficacy of the 

transgenes or even have contrary effects (Napoli et al., 1990).  Thus, we used AtRAVs 

instead of GhRAV to overexpress RAV TFs in cotton to test their possible effects in terms 

of economically important characters, i.e. improved water use efficiency and seed traits 

possibly through enhanced ABA signal transduction.   
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 Along with AtRAVs, bZIP TF AtABI5 was also transformed into cotton with the 

rationale of testing its ability to synergize with AtRAVs (Rock and Gampala, 2008).  

 

4.2 Creating Transgenic Cotton 
 Transgenic cotton expressing the Arabidopsis RAV1, RAV2, RAV2L, and ABI5 

transcription factors under the control of CaMV 35S promoter were generated by John 

Burke’s group at the USDA Plant Stress and Germplasm facility at Lubbock using 

recombinant pKYLX:pUNIdonor constructs I created (see Chap. 2). I performed 

Northern blot assays on T0 transgenic plants to verify the independent lines expressed the 

effector transgene at mRNA level (data not shown).  Similar to results with transgenic 

Arabidopsis plants generated using the same T-DNA vector constructs (Chap. 3), the 

Northern blot results for AtRAV2 overexpression lines in T0 and T1 generation showed 

multiple higher molecular weight bands, contrary to the expected single band 

corresponding to the full length donor cDNA (~1,060 bases; data not shown).  To further 

investigate whether these multiple bands persisted over multiple generations and to 

estimate the size of these transcripts, we did another northern blot onT4 generation plants 

with RNA kb ladder in parallel (Fig. 4.3).   Full length cDNA (1090 bp) for AtRAV2 was 

used to probe the blot. The c-myc N-terminal fusion epitope tag is 475 bp. Thus, the 

expected band size in transgene expressing lines should be ~1565 bp.  Indeed, a band 

near 1600 bp of variable intensity was observed in sample lanes 1-8 compared to wild 

type non-transgenic in Lane 9, where no bands were detected of any size. This result 

demonstrates that the membrane hybridization temperature and washings were 

sufficiently stringent so that no native Gossypium homologs of AtRAV2 were visualized.  

Also, individual transgenic lines had variable transcript expression, as might be expected 

due to position effects.  Contrary to expected single band, we identified several more 

bands in transgenic lines.  Among other bands the most prominent are ~1100 bp , ~1900 

bp and ~4 kb (Fig. 4.3).  Our lab previously documented significant “read through” 

transcripts from recombinant pUNI donor constructs generated in maize protoplast 

transient gene expression assays (Jia et al., 2009).  In those studies we performed 

computational analyses of the bovine growth hormone (BGH) genomic polyadenylation 
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signal (Goodwin and Rottman, 1992) at n.t. position 376- 605 of pUNI51 based on 

secondary structure and consensus polyA signals in plants (Loke et al., 2005) and showed 

by 3’-Rapid Amplification of cDNA Ends (RACE) that the BGH polyA signal was 

functional (Jia et al., 2009).  However, in those studies it could not be determined how 

efficient was polyadenylation at the BGH site, raising the possibility that the presence of 

a strong plant polyA transcription termination signal (670 bp rbcS polyA signal sequence 

from pea) located ~2,500 bp downstream in the pKYLX acceptor vector (Fig. 2.1) might 

be utilized in the event that the BGH signal was inefficiently recognized by the PolII 

transcription processing complex in stably transformed plants.  We interpret the observed 

higher molecular weight mRNAs in transgenic Arabidopsis (Fig. 3.1) and cotton (Fig. 

4.3, see below) as likely due to read-through transcription at the BGH polyA termination 

signal and utilization of the plant-specific pea rbcS polyA transcription termination signal 

in the acceptor vector pKYLX.  In the event, the observed major band at ~ 4.0 kb for 

AtRAV2 transcripts (Fig. 4.3) is the correct predicted size of  4089 bp[(cDNA RAV2 + c-

myc epitope~ 1565 bp  + (pUni Vector – DNA between SFI sites) 2524 bp = 4089 bp (+ 

any of 670 bp rbcS polyA transcript). 

 

4.3 Molecular analyses for effector transgene expression in 
transgenic cotton 
4.3.1 Northern Blot assay 

Post-transcriptional Transgene silencing (PTGS) is a common problem in advanced 

generations after initial selection for antibiotic resistance, and therefore it was deemed 

important to demonstrate effector expression at the RNA level to correlate phenotypes 

with expression levels.  All the putative transgenic lines generated were screened by 

RNA blot for transgene expression in the T0 generation.  Only lines showing evidence for 

effector transgene expression were carried to further generations. In the current study,  

Figures 4.3, 4.5, 4.7 and 4.9 show the RNA blot results for RAV2, RAV2L, RAV1, and 

ABI5 effector transcript accumulation, respectively, in individual transgenic lines in the 

T4 generation.  
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 In another northern blot shown in Figure 4.5, three individual lines of AtRAV2L (Lanes 

2-4) compared to Wild type (lane 1) and kanamycin Selected Non Transgenic (KSNT) 

were studied.  KSNT as name suggests is a false positive line that was selected on 

kanamycin but has lost the transgene as suggested by northern blot in several subsequent 

generations. More importantly, KSNT showed either wild type behavior or shows even 

worse characters in all the physiological characterization studies (see below) possibly 

because of negative impact of somaclonal variations arising during regeneration process. 

Full length cDNA probe (1117 bp) for AtRAV2L was used to probe the blot. The c-myc 

N-terminal fused cDNA expected band size in transgene expressing lines should be of 

1592 bp. Indeed, we saw a band of approximately 1600 bases in the lanes 2-4 compared 

to wild type in Lane 1 and KSNT in Lane 5, where no band is detected of any size 

demonstrating again the sufficiency in stringency of hybridization and washing 

conditions, so that we did not detect any native Gossypium homologs of AtRAV2L.  The 

bands in Lane 3 (RAV2L line 40-4-2-1) were very faint, suggesting the low expression of 

effector transgene in this line which could be further analyzed in relation to any observed 

phenotypes. The independent validation of transcript accumulation done by RT-PCR 

result showed the same result (results discussed in section 4.3.2).  Similar to RAV2 

northern blot discussed above, we identified additional multiple bands of variable sizes 

(~2.5 kb, 3 kb, and 5kb) contrary to single band (1592 bp) in lanes 2,3 and 4 (figure 4.5).  

 In another northern blot result shown in Figure 4.7, two individual lines of AtRAV1 in 

Lane 2 and 3 (as described in the figure legend) compared to Wild type  in lane 1 and 

KSNT  in lane 4 (40-8-1-1, as described in previous paragraph) were studied.  Full length 

cDNA probe (1066 bp) for AtRAV1 was used to probe the blot. The c-myc N-terminal- 

fused cDNA expected band size in transgene expressing lines should be of 1545 bp. 

Similar to RAV2 and RAV2L blots, we saw multiple bands in RAV1 blot in lanes 2 and 3 

compared to lane 1 and lane 4.  

 In another Northern blot shown in Figure 4.9, two individual lines of AtABI5 in Lane 2 

and 3 (as described in the figure legend) compared to Wild type in lane 1 were studied.  

Full length cDNA probe (1329 bp) for AtABI5 was used to probe the blot. The c-myc N-
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terminal fused cDNA expected band size in transgene expressing lines should be of 1804 

bp. Similar to previously described blot results, we saw multiple bands in lanes 2 and 3 

(corresponding to AtABI5 transgenics) compared to wild type in lane 1. 

 

4.3.2 Reverse Transcriptase PCR 

Northern blot assay on transgenic cotton for corresponding effector gene expression 

showed that we generated transgenic lines that expressed the gene of interest. To gain 

additional evidence for specific effector transcript accumulation we performed reverse 

transcriptase (RT-PCR).  We used the same RNA extracts as used for the Northern blot. 

To address the possibility that the RNA preparations might have some DNA 

contamination, we performed DNAase digestion of the RNA extracts before proceeding 

to reverse transcription step.  We used oligo dT primers (without random primers) to 

perform reverse transcription (RT) which avoids amplification of rRNA.  Following the 

RT step the cDNA thus generated was used as template for PCR with gene-specific 

primers for individual transgenes in corresponding transgenic cotton lines.  Ubiquitin 1 

(GhUBQ 1) was used as an internal control.  A high cycle number (35 cycles) was used to 

perform PCR and annealing was done at 630 C. 

 Figure 4.4 shows the RT-PCR result for eight independent pro35S:AtRAV2 transgenic 

cotton lines. Lanes 2-9 showed very thick AtRAV2 specific DNA band (106 bp) 

compared to a corresponding very faint band in lane 1 (Wild type) that might be a non-

specific amplification.  All the lanes 10-18 (lane 10 is wild type and 11-18 transgenic) 

showed a very thick GhUBQ1 specific DNA band (144 bp), suggesting that all the lines 

including wild type had equivalent degrees of reverse transcription from mRNA 

templates. Lanes 20-27 also showed faint bands (compared to +RT lanes 2-9), which 

might have been because of incomplete DNAase digestion treatment where undigested 

genomic DNA served as template (note primers were designed specific to cDNA 

sequence that was part of pro35S:AtRAV2construct).  Lanes 28-36 showed faint bands 

corresponding to GhUBQ1, possibly due to traces of undigested genomic DNA after 

DNAse treatment. GhUBQ1 primers were designed on EST (EU604080) without the 

benefit of the genomic sequence.  In the event, a better experiment would have been to 
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design primers that flanked an intron, or to repeat the PCR using cotton genomic DNA as 

template to test whether the amplicon is a larger size than produced from cDNA template. 

 Figure 4.6 shows the RT-PCR result for three independent pro35S:AtRAV2L transgenic 

cotton lines. Lanes 3-4 showed very thick AtRAV2L specific DNA bands (127 bp) 

compared to corresponding very faint bands in lanes 1 (Wild type) and lane 5 (KSNT) 

that might be a non-specific amplification due to the high number (35) of PCR cycles 

used.  Lane 2 showed a band of lower intensity compared to lane 3 and 4.  These results 

correlated with similar strength of mRNA signals for these lines observed by northern 

blot assay (see Fig. 4.5). Thus line 40-4-2-1 (lane 2) had lower transcript expression of 

AtRAV2L gene compared to lines 40-23-4-4 and 40-24-2-1 (lanes 3 and 4, respectively). 

All the lanes 6-10 (lane 6 is wild type, 7-9 transgenic lines, and 10 is KSNT) show a very 

thick GhUBQ1 specific DNA band (144 bp), demonstrating that all the lines including 

wild type had equivalent reverse transcription to generate template cDNA.  Lanes 11-20 

corresponds to –RT control reactions, which showed faint bands (compared to +RT 

lanes) probably due to trace gDNA contamination after DNAse treatments as discussed in 

previous paragraph (for AtRAV2).  Notwithstanding, the strong bands in the +RT samples 

suggests that the vast majority of templates for amplification were cDNA from RT of 

RNA, not from contaminating genomic DNA. 

 Figure 4.8 shows the RT-PCR result for four independent pro35S:AtRAV1 transgenic 

cotton lines. Lanes 2-5 showed very thick AtRAV1 specific DNA bands (111 bp) 

compared to no corresponding band in lane 1 (Wild type).  All the lanes 6-10 (lane 6 is 

wild type, and 7-10 transgenic) showed a very thick GhUBQ1 specific DNA band (144 

bp), suggesting that all the lines including wild type had equivalent reverse transcription. 

Lanes 15, 16 and 20 corresponds to –RT but still showed faint bands (compared to +RT 

lanes) attributed to similar artifacts discussed above.  

 Figure 4.10 shows the RT-PCR result of two independent pro35S:AtABI5 transgenic 

cotton lines. Lanes 2-3 showed very thick AtABI5 specific DNA band (109 bp) compared 

to no corresponding band in lane 1 (Wild type). All the lanes 4-6 (lane 4 is wild type and 

5-6 transgenic) showed a very thick GhUBQ1 specific DNA band (144 bp), suggesting 
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equivalent reverse transcription. Lanes 9, 10 and 12 corresponds to –RT but still showed 

faint bands (compared to +RT lanes) attributed to similar artifacts discussed above. 

 

4.3.3 Western Blot Assay 

In order to demonstrate the transgene expression at the protein level, I performed a 

western blot assay.  Total proteins were extracted from the first juvenile leaf of well-

watered plants. I was unable to detect protein from any transgenic plants by loading 10μg 

total protein from leaf tissue. I always failed to extract protein from pro35S:AtABI5 

transgenic plant leaves, in several independent attempts. Interestingly, instead of protein I 

always obtained a pink solution that I assume is because of anthocyanins (data not 

shown).  Abscisic acid (ABA) signaling has been shown to synergize with sugar leading 

to induction of anthocyanin accumulation in early seedling development (Rolland et al., 

2006; Finkelstein et al., 2002).  PAP1 and PAP2 (Production of Anthocyanin Pigment 1 

and 2) expression is induced specifically by exogenous treatment of sucrose and glucose 

in seedlings leading to enhanced anthocyanin accumulation and is ABI3 and ABI5 

dependent (Luo et al., 2012). 

 ABI5 expression in Arabidopsis has been shown to reach maxima in maturing seeds 

and different abiotic stresses (Brocard et al., 2002). ABI5 is known to be post-

translationally phosphorylated by ABA-activated SNF1-related protein kinases 2 

(SnRK2s) in Arabidopsis (Nakashima et al., 2009), which may affect its stability and/or 

activity. RING-type E3 ligase KEEP ON GOING (KEG) has been shown to ubiquitinate 

and degrade ABI5 in vitro (Stone et al., 2006).  ABI5 is post-translationally modified by 

Sucrose-non-fermenting Regulatory Kinases (SnRKs) by phosphorylation, which affects 

its stability (Nakashima et al., 2009). With this rationale I extracted the protein from 

mature seeds of the pro35S:AtABI5 transgenic cotton lines.  Figure 4.11 shows the result 

of an immunoblot of seed extracts probed with c-myc epitope antibody.  An-AtABI5 

specific band of 61 kDa was observed in transgenic lines (lanes 1, 2) compared to non-

transgenic wild type Coker 312 (lane 3).  It might be possible that RAV transcription 

factors also need some specific factors for their stabilization.  In an attempt to 

characterize post transcriptional stability of AtRAV1 and AtRAV2 in Arabidopsis I have 
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observed these transcripts to be highly unstable (data not shown) (Gutie´rrez et al., 2002), 

suggesting specific requirements for their transcript stability.  Also, I have shown 

GhRAVs to be highly drought inducible (see Chap. 5), further substantiating that RAV 

genes are subject to posttranscriptional regulation.  

 

4.4 Phenotypic characterization of transgenic cotton under 
greenhouse conditions 
4.4.1 AtABI5 and AtRAV2L expressing cotton lines produce significantly more 

bolls and have higher yield in greenhouse under well watered conditions  

T2 homozygous seeds were planted in the 3 gallon pots under well watered greenhouse 

conditions at 26 0C constant temperature in natural day and night.  Plants from all the 

transgenic lines (two ABI5 lines, four RAV1 lines, three RAV2L lines,  eight RAV2 lines 

and one KSNT) and wild type Coker 312 plants (twice as many the number of individual 

transgenic lines)  were randomized at 9 different locations in the TTU Biology 

greenhouse room 115 to account for the variation arising due to microclimatic  

differences.  We harvested the bolls as they matured, evidenced by the bolls cracking 

open and lint was observed loose, which ensured that the seeds were fully mature.  The 

number of bolls harvested was counted and total yield was recorded at the end of last boll 

picked.  

Table 4.1 shows that both pro35S:AtABI5 lines and two out of three 

pro35S:AtRAV2L lines had 41-107% significant increases in boll number compared to 

wild type.  The third pro35S:AtRAV2L line 40-23-4-4 also had a 41% increase in boll 

number at p < 0.1.  Remarkably, both AtABI5 and all AtRAV2L lines had significantly (p 

< 0.02) higher yields per plant.  Most of the AtRAV2 lines didn’t show significant 

changes in the boll number except 41-24-7-10, which showed a 33% significant reduction 

(p = 0.007). Nonetheless, four AtRAV2 lines showed 35-54 % higher yields at p < 0.09, 

indicating average bigger bolls in AtRAV2 over-expressing transgenics than wild type. 

Only one out of four pro35S:AtRAV1 lines (42-1-1-5) showed 34% higher number of 
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bolls (p = 0.08) and 55 % higher yield (p < 0.09).  As expected, the KSNT line essentially 

showed no differences compared to wild type (Table 4.1). 

Although growth and development of greenhouse-grown cotton can be difficult to 

control due to micro-environment effects and does not represent the true nature or 

potential of performance in the field, nonetheless it affords a side-by-side comparison of 

genotype effects.  Consistent results to those presented here were observed in the 

greenhouse in two subsequent generations (data not shown).  Furthermore, the 

performance of these lines was tested in the field subsequently (see below). 

4.4.2 AtRAV1, AtRAV2 and AtABI5 transgenic cotton shows reduced 

inhibition of photosynthesis under deficit irrigation conditions in greenhouse 

compared to wild type  

To analyze the drought resistance (avoidance and/ tolerance) in select transgenics, 

we conducted several rounds of deficit irrigation experiments in the greenhouse as 

described in materials and methods (Chap. 2).  Photosynthetic yield was measured using 

a Licor LI-6400XT machine.  Select transgenic events over-expressing AtRAV1, AtRAV2, 

AtABI5 and AtRAV x AtABI5 double over-expressors were used because of the issues 

associated with getting comparable physiological data over a narrow window of time.  

For example, we restricted photosynthesis measurements to a maximum of two and half 

hours (9:30AM – 12:00PM) when light and temperatures were not extreme, and a single 

plant from all the lines was measured within half an hour.  Measurements were taken on 

nearly mature, fully expanded comparable source leaves.  The last watering was given on 

24 Days after sowing (24DAS) and measurements were commenced on 7 Days after 

withholding water (7D-drt) and continued until five days after re-watering (10 days in 

total). 

Measurements were conducted on six plants from all the select transgenic lines  

(AtABI5 38-13-4-1, AtRAV1 42-13-7-2, AtRAV2 41-4-8-1, 41-24-8-1, 41-24-7-10, 

AtRAV1 X AtABI5 (42-13-7-2 x 38-1-3-4-1 stacked transgenic), AtRAV2 x AtABI5 (41-4-

8-1 x 38-13-4-1 stacked) and 18 wild type Coker 312 plants.  The results for 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

47 
 

photosynthesis are shown in Fig. 4.12 and Table 4.2.  Control (Coker312) plants had a 

strong wilting phenotype in the afternoon of 9, 10 and 11 days after withholding water.  

This strong drought stress resulted in significant inhibitory effects on photosynthesis 

compared to 7DAW (Fig. 4.12; Table 4.2).  All the select transgenic lines showed better 

photosynthetic yields under drought stress compared to wild type, especially at 10 DAW 

and did not show severe wilting symptoms.  More interestingly, all the select lines 

showed significantly higher photosynthesis at 11 DAW except ABI5 38-13-4-1 which 

also showed better results but at a less significant p value (0.13).  All the transgenic lines 

had significantly faster recovery of photosynthetic capacity 16 hrs after re-watering 

compared to wild type (Fig. 4.12 and Table 4.2). All the plants including wild type 

recovered to near full photosynthetic capacity after five days of re-watering (Fig. 4.12 

and Table 4.2).  All these results were reproducible over several growing seasons, with 

similar findings for two and three other experiments conducted for double transgenics 

and single transgenics, respectively (data not shown).  Figure 4.13 shows the wilty 

phenotype seen in a group of control Coker 312 plants during the drought stress 

treatments compared to individuals of a ABI5 x RAV2 stacked double transgenic line, 

which did not exhibit wilting symptoms. 

4.4.3 AtABI5 and ABI5 X RAV1 stacked double transgenic cotton plants 

accumulate significantly higher total dry biomass compared to wild type 

under deficit irrigation treatment in the greenhouse 

Well watered control Coker 312 (WW Coker) generated 52% (p = 0.0000002) more 

biomass compared to deficit irrigated Coker 312 (DI Coker), which clearly demonstrates 

the efficacy of drought treatments (Figure 4.14) (data not shown) 

AtABI5 38-13-4-1 and ABI5 x RAV1 double transgenic stacked lines 38-13-4-1 x 42-1-1-

5 and 38-13-4-1 x 42-13-7-2 generated 17%, 11% and 16% significantly higher total dry 

biomass, respectively (Table 4.3 ). Interestingly, a kanamycin-selected non-transgenic 

segregant KSNT (40-8-1-1) showed 8% significant reduction in total dry mass compared 

to wild type, also demonstrating the transgenic effects were genotype specific and not 
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associated with regeneration of plants from hypocotyls explants.  None of the other 

transgenic lines showed significant differences in total biomass except RAV2L 40-23-4-4 

(showed 9% lower) and RAV2 41-5-3-1 (showed 8% higher) under deficit irrigation.  

4.4.4 AtRAVs, AtABI5 and RAV X ABI5 double transgenic lines show 

increases in lateral root growth under deficit irrigation in the greenhouse  

WW Coker generated merely 5% increase in root mass compared to DI Coker and the 

increase was non-significant (p=0.66) (data not shown)  

Both ABI5 lines, two out of three RAV2L lines, six out of seven RAV2 lines, two out of 

three RAV1 lines, and five out of seven RAV X ABI5 stacked double transgenic lines 

grew 21% to 96% significantly more lateral root mass under deficit irrigation conditions 

compared to wild type (Table 4.4).  Importantly, none of the transgenic lines showed 

significant reduction in lateral root mass relative to control.  Figure 4.15A shows the 

comparison of lateral root mass of five individual pro35S:AtRAV2 transgenic cotton lines 

compared to wild type Coker 312.  Figure 4.15B shows the synergistic effect of AtABI5 

X AtRAV2 (38-13-4-1 x 41-4-8-1) stacked double transgenes compared to individual 

single transgene parents and wild type.  Interestingly, the control KSNT line showed 25% 

significant reduction (p = 0.042) in lateral root mass.  

4.4.5 RAVs, ABI5 and RAV X ABI5 stacked double transgenics have 

increased internodal lengths and stem biomass under deficit watering 

Cotton plants subjected to drought stress tend to reduce the length of internodes (e.g. 

Figure 4.14 for greenhouse deficit irrigation effect).  All the transgenic lines subjected to 

90 days of deficit irrigation grew taller (several but not all had statistically significant 

increases) than wild type, due to increased internodal lengths (Table 4.5).  Both ABI5 

lines showed significant increases in internodal length (38-1-1-1, 6.3%, p = 0.04 and 38-

13-4-1, 18.5%, p = 0.001). Four out of seven RAV2 lines showed 12% to 21% significant 

increases in internode length (p < 0.03). RAV2 41-24-6-1 and 41-4-8-1 lines showed 

7.8% (p = 0.08) and 11.8% (p = 0.08) increases, respectively.  RAV2 41-5-3-1 showed a 
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5.7% non- significant increase in internode length, but remarkably it had a higher average 

number of internodes (16.75 per plant) than wild type (14.8 per plant), a trait also 

observed in the field (data not shown).  Figure 4.16 shows a representative image of 

transgenic pro35S:RAV2 lines with 17% increased internodal lengths compared to wild 

type Coker 312.  

 AtABI5 x AtRAV1 (38-1-1-1 x 42-13-7-2) and AtABI5 x AtRAV2 (38-13-4-1 x 41-

5-3-1) stacked double transgenic cotton lines showed synergistic effects relative to the 

single transgenic parent lines on internode length increases (Table 4.5).  Internode length 

increases actually resulted in total height gains compared to the wild type parent line.  

This trait is we interpreted as a “less stressed” phenotype.  Comparative molecular 

marker studies to directly test this hypothesis are presented in Chapter 5.  

Table 4.6 shows the average stem biomass (g per plant) of greenhouse-grown 

transgenics under deficit irrigation and the relative percentage effects of transgenes 

compared to wild type.  All pro35S:AtRAV1 lines and four out of seven pro35S:AtRAV2 

transgenic cotton lines showed significant increases in stem biomass compared to wild 

type.  Two more lines of pro35S:RAV2 had 12% and 21% more biomass (p = 0.09).  

None of the transgenic lines had less stem biomass than control Coker 312 or a 

kanamycin-selected non-transgenic line segregated from the transgenic parent.  AtABI5 x 

AtRAV1 transgenics showed synergistic increases in stem weight compared to single 

transgenic parents and wild type (Table 4.6).  The observed increases in stem weight 

mimic the drought resistance character of nutrient reserve mobilization to stems, which 

has been observed in drought-tolerant species such as Craterostigma. 

4.4.6 Foliage of transgenics show enhanced stress responsive phenotype of 

lower specific leaf biomass  

Plants subjected to drought tend to reduce their leaf area to reduce the water losses due to 

transpiration and conserve water for their basic needs to complete their life cycle.  Leaves 

also tend to become thicker because of cuticle thickening, e,g. suberisation (Wang et al., 

2011).  It is hypothesized that a “stress adapted” phenotype would have relatively more 
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biomass partitioned into stems and leaves, as shown above, at the expense of leaf 

biomass.  Table 4.7 shows relative percent changes in dry leaf biomass and leaf areas of 

single and stacked double transgenics compared to wild type, and the relative effects of 

transgenes on the ratio of leaf area to leaf dry mass, a proxy for the density or thickness 

of leaves which we term “specific leaf biomass.”  All the transgenics including the 

stacked double transgenic lines had reduced leaf areas except AtRAV2L 40-4-2-1, AtRAV2 

41-5-3-1, AtRAV1 42-3-7-1 and AtABI5 x AtRAV2 (38-13-4-1 x 41-5-3-1).  Although the 

leaf area was not significantly altered in any of the transgenics, nonetheless the analysis 

shows a trend suggestive of enhanced drought responsiveness that resulted in decreased 

leaf biomass resulting in thicker leaves.  The pro35S:AtABI5 line 38-13-4-1, as well as all 

seven pro35S:AtRAV2 lines, two pro35S:AtRAV1 lines, and five out of seven stacked 

double transgenic pro35S:AtRAV x pro35S:AtABI5 lines showed thicker leaves when 

calculated as leaf area per leaf weight (relative to wild type).  Significantly thicker leaves 

(p ≤ 0.06) were observed in pro35S:AtABI5 38-13-4-1,  pro35S:AtRAV2 41-5-3-1, and 

stacked double transgenics pro35SAtABI5 x pro35S:AtRAV1 (38-13-4-1 x 42-1-1-5) and 

AtABI5 x AtRAV2 (38-13-4-1 x 41-4-8-1) lines (Table 4.7).   

4.4.7 AtABI5 and AtRAV x At ABI5 stacked double transgenic cotton grows 

higher fruit biomass   

Table 4.8 shows that pro35S:AtABI5 38-13-4-1 transgenic cotton grew 31% significantly 

(p = 0.01) more fruit mass compared to wild type.  The pro35S:AtABI5 line 38-1-1-1 

showed a non significant 4% increase in fruit weight and the pro35S:AtRAV2 line 41-4-8-

1 grew 8% less fruit biomass.  But remarkably, the stacked double transgenic progeny of 

a cross of pro35S:AtABI5 x pro35S:AtRAV2 (38-1-1-1 x 41-4-8-1) showed a synergistic 

19% increase that was significantly more (p = 0.01) than the single transgene parent 

increases in fruit weight.  The AtRAV lines in general showed a trend towards decrease in 

total fruit weight (Table 4.8) under limited growth duration (90 days), because all these 

transgenics have delayed flowering (described below).  
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4.4.8 AtRAV1, AtRAV2 and AtRAV1/2 X AtABI5 stacked double transgenic 

overexpressors have delayed flowering time as compared to wild type in well 

watered as well as deficit irrigation conditions 

In Arabidopsis the RAV2 and RAV2L genes (also named TEMPRANILLO2 and TEM1, 

respectively) have recently been shown to be important for modulating flowering time via 

direct repression of the “florigen” gene FT (Castillejo and Pelaz, 2008).  This finding is 

consistent with my previous results demonstrating that overexpression of AtRAV1 and 

AtRAV2 delays flowering (see above, Fig. 3.3).  It was previously reported that RAV1 

overexpression in Arabidopsis delays flowering (Hu et al., 2004), but the mechanism is 

unknown.  Thus overexpression of RAV1, RAV2, and RAV2L is hypothesized to delay 

flowering, and indeed that is what observed in the pro35S:AtRAV1 and pro35S:AtRAV2 

transgenic cotton lines.  Figure 4.17 shows the Average First Flower (Days After 

Sowing) of cotton grown in the greenhouse under well-watered or deficit watering 

conditions.   Imposed drought stress accelerated flowering time by four to six days in 

both control Coker 312 and transgenic lines.  Flowering time in pro35S:AtRAV1 and 

pro35S:AtRAV2 transgenic cotton lines was significantly delayed under field-grown (data 

not shown; see below) as well as greenhouse conditions (Figures 4.17 and 4.18).  

Flowering in the field was delayed by~10-12 days (data not shown), effectively 

extending the cutout stage defined as five or fewer nodes present above white flower 

(Figure 4.19), an economically important physiological adaptation to environmental 

conditions that marks the transition of sink strength efficiency  from vegetative growth to 

boll development.  Biotic and abiotic stresses tend to induce early flowering so that plant 

can complete its life cycle by setting the seeds before it dies.  Late flowering in all 

pro35S:AtRAV1 and pro35S:AtRAV2 transgenic cotton lines suggests a “less-stressed” 

phenotype.  The pro35S:AtRAV1 and pro35S:AtRAV2 transgenic cotton also showed 

extended flowering durations (Figure 4.20).  Delayed and extended flowering times 

might be a very important trait for cotton growing under deficit irrigation conditions, 

whereby plants can exploit the full growing season for production and maturation of 

additional bolls.   
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4.5 Field Experiment in 2011 for RAV1, RAV2, RAV2L, and ABI5 
transgenics at the New Deal Farm  

To conduct a “real world” drought experiment and characterize the seed and fiber traits, 

the transgenic lines were planted mechanically in the New Deal TTU farm subsurface 

drip irrigation (south) field after obtaining the necessary permit (#11-097-106n) from 

USDA-APHIS.  Sowing was done on June 7th for 17 transgenic lines and three Coker 

check groups in a randomized block design with a zone subjected to deficit irrigation as 

well as a well-watered control treatment zone.  All lines tested in the field condition were 

homozygous (confirmed by PCR sampling) and were planted in paired rows with other 

commercial genotypes included as needed to fill up the plot to minimize border effects.  

There were eight rows (40” spacing) of ~140 feet for each watering treatment zone, 

giving an overall field plot of ~0.5 acre.   Mechanical sowing was done on 16 (14 

transgenic + two wild type) lines at the rate of four and one-half seeds per foot in eight 

feet-long subplots.  In addition, three lines with the appropriate Coker 312 control were 

hand planted at the rate of 2 seeds per foot also in eight feet-long subplots.  All the lines 

were planted in randomized block triplicates in control (well watered - WW) as well as 

treatment (deficit Irrigation- DI) zones.   The whole experiment was irrigated with 

subsurface drip irrigation system at a rate of ¼” acre-inches per day.  Irrigation of the 

treatment zone was stopped 42 days after sowing (first flower in wild type; 10.5 total 

acre-inches of water applied).  Photosynthetic measurements were taken with a LICOR-

6400XT portable photosynthesis system in representative lines of all the transgenics 

starting at one week after stopping the water until the end of the 6th week after the start of 

deficit irrigation treatment.  Leaf Area and dry biomass was measured in select lines for 

both WW and DI conditions.  Time of boll cracking was recorded in all the independent 

lines of all transgenics.  Plant mapping was done to determine the boll position just 

before harvesting.  Fiber from all the lines was hand-harvested at three different node 

positions representing three developmental stages for fiber analysis (nodes 6-9; nodes 10- 

12; nodes 13 and above).  Yield was measured by hand harvesting representative one 

meter lengths of all subplot rows and weighing the cotton bolls plus seeds.  Crude oil and 
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total protein content was measured on the most mature seeds obtained from first boll 

positions at nodes 6-9 (see below).  

4.5.1 Photosynthetic parameters show lower stomatal conductance in 

AtRAV1/2 and AtABI5 transgenic cotton under deficit irrigation regime 

The most deleterious effect of deficit irrigation to plants is on photosynthetic yields 

leading to biological and economical yield reduction.  To test the overall physiological 

traits of transgenic cotton under reduced watering regime, we measured the 

photosynthesis (CO2 assimilation; [A]) and related parameters including stomatal 

conductance (Gas exchange; [Gs]) and transpiration rate [T]) using a Licor LI-6400XT 

portable photosynthesis system.  Intrinsic water use efficiency (WUE) was calculated by 

dividing [A]/ [Gs].  Two select representative transgenic lines from AtRAV1/2/2L and 

both AtABI5 lines were used in this study.  The measurements were taken in the morning 

hours (9:00 Am – 11:30 AM).   

Table 4.9 A shows that pro35S:AtABI5 lines had substantially reduced [A] with 

38-1-1-1 showing 9.2% reduction and 38-13-4-1 showing 11.2% reduction (both p < 

0.07) under well watered conditions.  Importantly, both the lines had reduced [Gs] with 

38-13-4-1 showing 33.1% significant reduction (p = 0.005).  Reduced [Gs] was 

accompanied by reduced [T] in both the lines with 38-13-4-1 showing 13.2% significant 

reduction (p < 0.02).  The reduction in [Gs] lead to a 31% significant increase (p = 0.001) 

in WUE of AtABI5 38-13-4-1.  None of the pro35S:AtRAV transgenic cotton lines had 

either substantial or significant differences compared to wild type at regular spacing 

under well watered conditions.  The reduced [Gs] in pro35S:AtABI5 transgenic cotton 

might possibly be because of constitutively enhanced ABA signal transduction.   

Table 4.9 refers to the deficit irrigation plots where watering was stopped at first 

flowering stage in the wild type. The panel for 9D-Drt refers to the 8 days after watering 

has been stopped and likewise 10D- and 11D-Drt panels are for later timepoints.  All the 

transgenics at all three time points showed reduced [A] compared to WT18 (Table 4.9 

B,C,D).  At 9D-Drt, pro35S:AtABI5 line 38-1-1-1 showed the 19.7% significant reduction 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

54 
 

(p = 0.03) in [A] with a concomitant decrease in [Gs] (35.9%; p=0.058) and [T] (16%; 

p=0.11) leading to 25.6% substantial increase in WUE (p = 0.09). Near similar results 

were obtained at 10D- and 11D-Drt (Tables 4.9 C, D).  Interestingly, pro35S:AtABI5 line 

38-13-4-1 at 11D-Drt (Table 4.9 D) showed a 44% significant increase in WUE as a 

result of 32.2% significant (p = 0.006) reduction in [Gs].  Results from 9D- and 10D- 

were in general concordance with 11D-Drt results for this line. 

 The AtRAV1/2/2L transgenic cotton lines did not show significant reductions in 

[Gs] and WUE under well watered conditions except for pro35S:ABI5 line 38-13-4-1 

(Table 4.9A).  Remarkably, imposed drought had a major effect on [Gs] of all transgenics 

leading to improved WUE.  At 10D-Drt both pro35S:AtRAV1 lines 42-1-1-5 and 42-13-7-

2 showed significant increases in WUE 30.8% (p = 0.003) and 36.7% (p = 0.001) 

respectively, as a result of 36.7% (p = 0.003) and 40.8% (p = 0.001) significant 

reductions in [Gs].  Concomitant reductions in [T] was also observed (table 4.9 C).  Very 

similar results were observed at 9D- and 10D-Drt.  At 9D-Drt both pro35S:AtRAV2 lines 

41-5-3-1 and 41-24-8-1 showed 22.8 % (p = 0.086) and 19.2% (p = 0.13) increases in 

WUE as a result of 28.6% (p = 0.11) and 27.6 %( p = 0.12) decreases in [Gs].  Near 

similar results were obtained at 10D- and 11D- Drt.  Pro35S:AtRAV2L transgenic lines 

also showed the similar pattern in photosynthetic characters in response to drought 

treatment, but not as strong as pro35S:AtRAV1/2 transgenic cotton genotypes.  Reduced 

[Gs] and better WUE of all AtRAV  transgenic cotton lines under deficit irrigation is 

consistent with the hypothesis of an enhanced response for drought-induced ABA signal 

transduction compared to pro35S:AtABI5, line 38-14-4-1 (Table 4.9A, red box) which 

showed constitutive increases in WUE even under well watered conditions.  

4.5.2 Photosynthetic parameters show improved Intrinsic Water Use 

Efficiency of transgenics over an extended period of time under deficit 

watering regime 

We analyzed [A]/ [Gs] rates under deficit irrigation on AtABI5 and select 

AtRAV1/2/2L cotton lines and appropriate wild type controls over an extended period of 
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time.  The measurements commenced on the ninth day (after eight days of no irrigation) 

and continued daily for three days  (discussed in previous section 4.5.1) and weekly then 

after from three to six weeks of imposed drought stress.  A proxy control measurement 

was taken on day 12 for the continuous subsurface drip-irrigated plots.  The [A]dropped 

17% on day nine and continued to drop more or less steadily (contingent upon cloud 

cover and temperatures) to 73% reduction after six weeks compared to day12 well-

watered transgenics and wild type.  During this period the [Gs] also dropped as expected, 

resulting in higher WUEs.  The results are summarized in Figure 4.21.  Importantly, all of 

the transgenics showed greater WUEs than controls during the critical early stages of 

drought due to better control of [Gs].  At least one event from RAV1, RAV2L and two 

events from RAV2 and ABI5 maintained high WUEs throughout the extended drought 

stress treatment, which we hypothesize is channeled to sink strength during flowering, 

boll development and maturation and result in improved fiber quality and quantity 

(results shown later).  

4.5.3 Field-grown transgenics have increased leaf biomass 

Several transgenic lines showed dense and bigger canopy size in the field. In order to 

verify if transgenics had increased leaf area and biomass we did clip of all the leaves 

from several representative plants 84 days after sowing. Single plant from all the three 

reps in both water regimes was chosen. The plants were selected based on equal density. 

For an instance the plant selected will always have 3 inches gap from plant adjacent to it. 

This selection scheme is very important as plants show substantial differences in canopy 

size based on density and spacing. Although all the lines tested (including wild type) 

were mechanically planted (4 seeds per foot) but if a seed does not germinate for any 

reason the adjacent plant will take its space and grow bigger. Thus, the plant selected will 

always come from the middle of the row with a regular spacing at which it was planted (3 

inches from adjacent plant). To have a better control of experiment 4times wild type 

plants (i.e. 12 plants) were taken from both the water treatments. Leaf area and dry mass 

were measured as described in material and methods. 
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Table 4.10 shows that all the transgenic lines tested had generated more biomass 

compared to wild type in both water regimes. Both AtRAV1 cotton lines showed more 

than 74.1% significant (p≤0.036) increase in leaf area with a concomitant significant 

(p≤0.047) increase in more than 57.98% dry mass except  42-1-1-5  which under WW 

conditions generated 61.5% (p=0.097) more leaf area. Near similar results were obtained 

by AtABI5 and AtRAV2/2L lines (table 4.10).   

Transgenic plants in response to deficit watering in the greenhouse showed 

marginal reduction in leaf area (table 4.7 and section 4.4.5) compared to field conditions. 

This increase in leaf area and mass in field conditions might be because of better 

developed root system in transgenics (studied under greenhouse conditions described in 

section 4.4.3; table 4.4; figure 4.15). In the greenhouse pot experiments extensive root 

system is of limited value compared to field conditions where roots have access to much 

more available water (before it evaporates or leach down to lower layers of soil and 

becomes unavailable). Increase in leaf area and leaf mass accompanying improved 

photosynthesis and WUE (Fig. 4.21) supports the hypothesis that a greater source of 

photosynthate should benefit fiber development, a sink for photosynthetic assimilate. 

4.5.4 Transgenics show delayed senescence and boll cracking 

Considering the late flowering phenotypes of AtRAV1/2 overexpression lines 

(results shown in section 4.4.7) and delayed cut out in the field (fig. 4.19), we 

hypothesized that delay in flowering might alter the effective maturation time which 

could be manifested as late boll cracking. Indeed that’s what we saw in the field (figure 

4.23). We counted the cracked bolls, starting at 90 days after sowing until all the bolls 

cracked open. As expected, drought stress accelerated boll maturation in all genotypes, 

and there was a clear effect of lower plant density on delayed boll cracking regardless of 

genotype (Fig. 4.23 ; asterisked [*] lines).  All the independent AtRAV1/2 lines showed 

delayed boll cracking in both well-watered and the drought conditions. Interestingly, 

ABI5 and RAV2L, which did not show significant differences in flowering time from 

wild type (Fig. 4.17), nonetheless cracked their bolls later than wild type (Fig. 4.23).  
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Delays in boll cracking have the effect of elongating the boll-filling period, which we 

hypothesize when considered in combination with increased photosynthetic WUEs and 

increased leaf biomass of the transgenics will result in longer and more mature fibers.   

4.5.5 High percentage of transgenics show loss of apical dominance leading to 

change in plant map 

We mapped the boll positions and plant architecture in terms of apical dominance and the 

effect of deficit irrigation.  Table 4.11 shows that there was no obvious effect of deficit 

irrigation on the degree of apical dominance.  All the transgenic lines showed loss of 

apical dominance (7-89%) leading to generation of vegetative shoots instead of normal 

monopod (main stem) and sympod (fruiting branches) plant maps.  Cotton plants 

sometimes tend to lose their apical bud due to insect-pest pressure damaging the shoot 

apical meristem.  However, in our observations wild type plants never lost their apical 

buds (Table 4.11), which is a formal proof of pest-free field conditions during the 

unusually hot, dry growing season and that the observed loss of apical dominance in the 

transgenics was due specifically to the transgenes.  Not even a single wild type plant out 

of 574 plants observed had such a loss of apical dominance phenotype.  The Kanamycin 

Selected Non Transgenic line also showed some loss of apical dominance in up to 11% of 

individuals.  Thus, it might possibly be that loss of apical dominance is associated with 

presence of a kanamycin resistance gene.  However, the very high percentage losses of 

apical dominance for independent pro35S:RAV2 lines (Table 4.11) suggests the activity 

of the shoot apical meristem was due primarily to effector transgene expression, similar 

to the wuschel mutant of Arabidopsis (Lenhard et al., 2002) which consumes its apical 

meristem due to deregulation of SHOOT MERISTEMLESS and CLAVATA genes and 

grows by activation of axillary meristems.  Figure 4.24 shows an image of defoliated 

plants in a one meter row plot of wild type and pro35S:RAV2 line 41-24-1-2 that has lost 

the monopod mode of growth and thus shows a plant map phenotype of loss of apical 

dominance.  
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4.5.6 Late flowering in AtRAV1/2 leads to shift in node position bearing the 

maximum fruit  

We performed plant boll mapping (Mcpherson, 1996) in the field grown cotton plots. 

Plant Boll mapping is a method that shows the boll bearing or/and retaining position on 

plant. If done throughout the season (starting from first flower) it can tell us the flower 

bearing positions and boll retaining positions on plant (as several flowers abort without 

giving a harvestable boll). We did the boll mapping just before harvesting the cotton that 

actually tells that which node positions were bearing the fruit.  At least five consecutive 

plants showing the normal plant map (basic monopod/sympod architecture) in all three 

reps (making at least total of 15 plants) and both the water treatments were counted for a 

fair estimation of boll retention.  Figure 4.25 shows the average fraction of bolls retained 

by each transgene-specific cotton genotype (i.e. a single pool of all the individual lines 

for a particular transgene).  pro35S:AtRAV1/2 cotton lines showed a shift in node 

positions retaining bolls, with a maxima at node position 10 compared to node 9 in wild 

type under well watered conditions.  This result suggests that a larger percentage of lint in 

AtRAV1/2 transgenics might come from higher node positions. Indeed, the higher node 

positions of AtRAV1/2 cotton had more significant results in terms of fiber length than in 

wild type (results presented later in section 4.5.7).  This is the likely reason for improved 

yarn quality in AtRAV1/2 cotton (results shown later in section 4.5.8).  Interestingly, the 

KSNT control showed maxima at node position 8.  pro35S:ABI5 and pr35S:RAV2L 

genotypes showed very similar trends to wild type, underscoring the clear effect of 

flowering time delays in RAV1 and RAV2 overexpression on boll retention node 

maxima.  Remarkably, pro35S:RAV2L had extended numbers of node positions bearing 

bolls that could account for the increased number of total bolls/plant (data shown later in 

table 4.14; also observed in greenhouse table 4.1).  

 Deficit irrigation had a clear positive effect on earliness in flowering, boll 

retention and maturity.  Figure 4.25B shows that Wild type, pro35S:RAV2L and 

pro35S:ABI5 cotton reached the boll retention maxima at node position 8, KSNT at 

average node position 7.5, and pro35SRAV1 and pro35S:RAV2 at node position 9.  Late 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

59 
 

flowering, boll retention at higher nodes, and late boll cracking under deficit irrigation 

suggests a less stressed phenotype of transgenic AtRAV1/2 cotton.  

4.5.7 Transgenic lines produce longer fibers 

Cotton (Gossypium spp.) produces unicellular seed trichomes commonly called 

‘‘fibers’’ that are of considerable economic importance (Arpat et al., 2004).  Owing to the 

seed-specific expression of the subject B3 and bZIP transcription factors (McCarty et al., 

1991; Finkestein and Sommerville, 1991; Brocard et al., 2002; Finkelstein et al., 2005; 

Suzuki and McCarty, 2008) and elongated boll maturation period (see above), we 

hypothesised that pro35S:RAV and pro35S:ABI5 transgenics might have altered fiber 

quality.  Bolls were hand harvested from three different node positions (6-9, 10-12 and 

13-top) representing different developmental stages, and hand ginned using a table top 

20-saw gin.  Results of relative average fiber length (by weight, measured by AFIS) at 

two node positions (6-9 and 10-12) are shown in Table 4.12.  Enough boll samples were 

not available from node positions 13 and above to make strong inferences. 

In the well-watered (Full Irrigation) plot, 4-7% significantly longer (p < 0.08) 

fibers were observed in two pro35S:RAV1 lines (42-13-7-2; 42-1-1-5) and two 

pro35S:RAV2 RAV2 lines (41-4-8-1 and 24-8-1) at node position 6-9 corresponding to 

the early phase of boll set and maturation (Table 4.12).  It is assumed that drought effects 

would be mitigated in these bolls because the drought treatment was initiated in the field 

to coincide with first flowering.  Furthermore, these same lines all showed ~6% longer 

fibers compared to wild type under deficit irrigation conditions, which was significant for 

two of the three lines (p < 0.05; Table 4.12).  Additional evidence for RAV1 and RAV2 

overexpression effects on fiber length was that two independent RAV1 lines (42-1-1-2; 

42-3-7-1) and a RAV2 line (41-27-1-1) also showed 6-7% increased fiber lengths for 6-9 

node position bolls under drought stress (Table 4.12) and two of these were statistically 

significant (p < 0.03).  More compelling was the finding that fiber lengths of bolls at 

node positions 10-12, which corresponds to the mid-phase of growth and strong drought 

effects in the field experiment, were significantly increased 5% to 12% (p ≤ 0.05) under 
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both well-watered and drought conditions for all the same lines observed to have positive 

effects at lower nodes, and for another two independent RAV2 lines (24-7-10 and 27-2-

2).  Finally, one pro35S:ABI5 line (38-1-1-1) and all three pro35S:RAV2L lines had 5-

10% significantly longer fibers under well-watered conditions (Table 4.12).  These 

results corroborate our prior results the past two years with greenhouse-grown 

transgenics under well watered conditions (data not shown).  Taken together, these data 

conclusively establish that AtRAV1 and AtRAV2 overexpression resulted in double digit 

percentage increases in fiber lengths under both non-stress and very extreme (hottest and 

driest on record) abiotic stress conditions.   

4.5.8 AtRAV1/2 fiber spins high quality yarn 

A real world test of the quality of fiber is to produce yarn and characterize its properties.  

the traditional description of a high quality fiber ‘package’ is “long, strong, and fine,” at 

least when the use is to spin high quality yarns that result in high-value textile products.  

Therefore, we subjected ~500 g. of the hand-harvested and benchtop-ginned fiber from 

select pro35S:AtRAV1and pro35S:RAV2 lines to Dr. Eric Hequet’s novel protocol for 

ring spinning at the TTU Fiber and Biopolymer Research Institute.  The protocol mimics 

fine-count (Ne30 or “English” count = 19.685 Tex [g/km]) textile production at the 

industrial scale, using state-of-the-art equipment for the processes of blending, cleaning, 

carding, drawing x 2, roving, and ring spinning.  Fig. 4.26  shows that fibers of select 

pro35S:AtRAV1 and pro35S:RAV2 lines made significantly stronger, more elastic (data 

not shown), more uniform yarn with fewer imperfections than yarn spun from control, 

well-watered Coker 312 samples.  Significantly, the drought-stressed fiber from 

Coker312 control failed to spin at all because of low quality, whereas the yarns from the 

transgenic fiber subjected to drought stress were significantly better than non-stressed 

Coker 312 control (Fig. 4.26 A-C).  Thus the quality of fiber as characterized by HVI 

(data not shown) and AFIS for select transgenics translates, and appears to be amplified 

to a degree, as measured in a real world textile application where poor quality fiber 

(drought-stressed wild type) completely failed to perform. 
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4.5.9 Transgenic lines produce relatively more fiber biomass than seed 

(higher gin turn- out) 

The most important commercial yield from cotton is fiber.  On cotton harvested from 

different node positions (as described before 4.5.7) we calculated the percent fiber 

produced.  Remarkebly, multiple events from all transgenics (both lines of pro35S:ABI5, 

two out of three pro35S:RAV2L lines, four out of seven pro35S:RAV2 lines,   and one 

out of four pro35S:RAV1 lines ) produced significantly more (4.5 to 12.3%) fiber by in-

boll weight (Table 4.13) (p ≤ 0.05) or marginally signficant  ( p ≤ 0.1) at one or both node 

positions in either or both well-watered or deficit treatments. 

4.5.10 Transgenic lines contain more protein content in seeds 

We obtained protein and total fat measurements on our 2011 transgenic field trial 

samples by contracting with Eurofins Scientific (Des Moines, IA).  The results are shown 

in Fig. 4.27.  It is very apparent that drought stress results in increased seed protein 

percentages across all genotypes, possibly due to abscisic acid accumulation in drought-

stressed plants that could signal increased storage protein accumulation, and that the 

transgenics have more protein than Coker controls, consistent with the hypothesis that 

transgenics could be more sensitive to ABA by overexpression of ABA effector 

transcription factors.  It is also evident that drought stress resulted in reduced oil 

deposition in the seed compared to irrigated plants.  It is suggested that the increased 

biomass and photosynthetic assimilation by transgenics (see section 4.5.2 and 4.5.3  

above) resulted in higher protein deposition in the seed, as well as production of longer, 

more mature fibers, probably at the expense of assimilate deposition into oil bodies 

during seed development.  This interpretation is supported by high WUEs and greater leaf 

area of the transgenics throughout the extended drought stress treatment, which we 

hypothesize increases source tissues and results in increased assimilate deposition in 

sinks during flowering and fiber development and which in turn results in improved fiber 

quality.  Increases in leaf area and leaf mass accompanying improved photosynthesis and 

WUE supports the claim that greater amounts of photosynthate are channeled to fiber 
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development.  Drought stress resulted in decreased seed oil content across all genotypes, 

and numerous transgenics had lower oil content than wild type (Fig. 4.27).   

The quality of the dataset appears high, as measured by the small variances within 

samples, especially for protein.  One independent assessment of the reliability of the 

results is to calculate the coefficient of variance for the sum of protein plus oil 

percentages across all samples.  This approach is grounded in a thermodynamic argument 

that the seed is adapted to efficiently maximize energy reserves as protein and oil.  The 

CoV (standard deviation divided by the mean) for total protein plus oil quantitation 

across all samples was 5.7%, indicating a very reproducible measurement (assuming the 

measured mean 37% of total seed weight in protein plus oil is maximal in nature). 

4.5.11 Field grown transgenic cotton Yield is at par with wild type under 

deficit irrigation conditions  

Owing to the labor-intensive nature of hand harvesting, we measured fiber yields in one 

meter rows (in triplicate) from the interior regions of plots (to discount border effects, 

where gaps in rows existed due to an artifact of the mechanical planter/tractor system).  

All of the transgenic lines had reduced yield in the well-watered conditions (Table 4.14).  

One pro35S:ABI5 line 38-1-1-1, two pro35S:RAV2 lines (41-4-8-1 and 41-24-8-1), and 

one pro35S:RAV1 line (42-13-7-2) had ~22 to 32% significant reductions in yield under 

well-watered conditions.  This yield reduction was likely due to enhanced ABA signaling 

effects (hypersensitive inhibition of vegetative growth) due to constitutive expression of 

transgenes.  Remarkably, except pro35S:RAV2 line 41-5-3-1, all the lines showed non-

significant yield penalties compared to wild type under deficit irrigation (Table 4.14).  

 Taking into account the improved gin turnout, fiber quality, better quality of yarn 

spun, and increase in protein content,  the pro35S:AtRAV and pro35S:AtABI5 transgenics 

should have better market value in both well watered as well as deficit irrigation 

conditions, notwithstanding some negative effect on total yield.  It has long been known 

by cotton breeders that there exists a negative correlation between high fiber strength and 

length versus high lint production. 
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AVG  % ΔWT SEM (+/‐) p‐value AVG  % ΔWT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 20.3 107.2 1.7 0.001 49.7 82.8 3.7 0.0009
38‐13‐4‐1 14.7 49.5 0.7 0.001 54.4 99.9 2.1 0.000001
RAV2L 40‐4‐2‐1 15.1 54.0 0.6 0.001 54.6 100.7 1.5 0.000002
40‐23‐4‐4  13.8 40.8 2.0 0.095 40.0 47.2 3.5 0.018
40‐24‐2‐1 15.9 61.9 1.2 0.002 60.9 123.7 3.0 0.000001
RAV2 41‐4‐8‐1 11.3 15.5 1.4 0.47 35.5 30.4 5.0 0.27
41‐5‐3‐1 11.3 15.0 1.3 0.47 32.5 19.3 4.0 0.43
41‐24‐8‐1 14.0 42.7 2.2 0.12 42.0 54.3 6.0 0.066
41‐24‐6‐1 11.8 20.0 1.8 0.35 37.6 38.3 6.5 0.18
41‐24‐1‐2 11.0 12.1 1.0 0.41 36.5 34.0 3.1 0.08
41‐24‐7‐10 6.3 ‐35.5 0.7 0.007 14.0 ‐48.5 1.5 0.002
41‐27‐1‐1 11.6 17.8 2.0 0.12 39.6 45.6 2.1 0.00003
41‐27‐2‐2 11.4 16.6 0.7 0.19 36.9 35.5 3.1 0.06
RAV1 42‐1‐1‐5 13.1 33.9 1.4 0.080 42.4 55.9 6.7 0.089
42‐1‐1‐2 8.3 ‐15.9 1.3 0.41 19.1 ‐29.8 3.1 0.13
42‐3‐7‐1 9.2 ‐6.6 1.1 0.67 24.1 ‐11.4 3.8 0.56
42‐13‐7‐2 8.9 ‐9.4 0.6 0.42 23.1 ‐15.2 1.5 0.28
Coker 312 9.8 0.9 27.2 3.5
KSNT 40‐8‐1‐1 9.6 ‐2.6 1.3 0.88 26.9 ‐1.2 2.9 0.94

Bolls /Plant Yield /Plant (g)
Genotype 

Table 4.1 Boll number and yield (g) per plant under well watered greenhouse conditions. 
Negative value for %Δ WT indicates reduction in comparison to wild type. Two tailed 
Student’s t-test for significance was applied assuming non equal variance (n=9).  Blue 
text indicates statistical significance; green text indicates marginal significance 
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AVG SEM (+/‐) p‐value AVG SEM (+/‐) p‐value AVG SEM (+/‐) p‐value AVG SEM (+/‐) p‐value AVG SEM (+/‐) p‐value AVG SEM (+/‐) p‐value
ABI5 38‐13‐4‐1 28.2 0.5 0.05 23.2 1.0 0.3 19.6 1.4 0.2 18.1 1.9 0.1 25.5 1.8 0.01 30.0 0.6 0.03
RAV2 41‐24‐7‐10 27.4 0.8 0.1 24.0 2.8 0.5 22.4 2.1 0.08 21.2 1.1 0.0005 27.1 0.7 0.0004 30.1 0.0 0.02
41‐24‐8‐1 26.3 1.2 0.3 22.4 2.2 0.8 20.6 1.2 0.06 20.0 1.3 0.0054 25.9 1.8 0.0081 31.1 0.9 0.01
41‐4‐8‐1 25.8 1.5 0.5 24.4 0.7 0.03 24.4 0.8 0.00004 23.3 1.5 0.0006 27.2 0.8 0.0004 29.9 0.6 0.03
RAV2XABI5 (41‐4‐8‐1x38‐13‐4‐1) 27.4 1.3 0.2 25.3 2.3 0.2 21.6 1.9 0.097 18.0 1.1 0.0264 25.7 0.9 0.0021 30.1 0.5 0.03

 RAV1 42‐13‐7‐2 28.7 0.7 0.03 21.8 1.4 0.9 20.2 2.3 0.3 18.4 2.8 0.0082 24.6 1.0 0.0073 28.1 0.6 0.2
RAV1XABI5 (42‐13‐7‐2x38‐13‐4‐1) 28.5 0.9 0.04 26.8 0.6 0.0003 22.4 3.3 0.2 21.0 1.7 0.0538 28.8 1.5 0.0007 30.3 0.7 0.02

 Coker 24.0 2.5 21.6 0.9 17.5 0.9 14.2 1.0 18.6 3.5 25.1 2.8
p‐value ≤ 0.01

Genotype
5 days Recovery

p‐value≤ 0.05 p‐value≤0.1 p‐value ≥ 0.1

7 DAW 9 DAW 10 DAW 11 DAW 16 hrs Recovery

 

 

Table 4.2 Average Photosynthesis (μmoles CO2/m2/sec) measured on different transgenic lines and Coker312 under various 
drought stress regimes and subsequent temporal recovery after re-watering. Photosynthesis was measured on six transgenic 
plants per line and 18 wild type plants representing six randomized locations in the greenhouse room. For SEM, n=6.  Tests for 
significance (Student’s two tailed t-test, unequal variance assumed) is color coded blue for highly significant; red for significant; 
green for marginal significance.  
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AVG %Δ WT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 74.6 ‐1.1 4.3 0.9
38‐13‐4‐1 88.4 17.2 2.0 0.0005
RAV2L 40‐4‐2‐1 75.2 ‐0.4 2.2 0.9
40‐24‐2‐1 74.3 ‐1.6 3.6 0.8
40‐23‐4‐4 68.8 ‐8.9 2.1 0.05
RAV2 41‐4‐8‐1 71.5 ‐5.3 3.6 0.4
41‐24‐8‐1 69.2 ‐8.3 2.5 0.11
41‐24‐7‐10 69.9 ‐7.4 1.8 0.09
41‐24‐1‐2 74.6 ‐1.1 3.6 0.9
41‐27‐2‐2 70.3 ‐6.8 3.7 0.3
41‐24‐6‐1 76.0 0.7 3.5 0.9
41‐5‐3‐1 81.5 8.0 0.7 0.03
RAV1 42‐1‐1‐5 80.9 7.1 2.2 0.11
42‐13‐7‐2 67.4 ‐10.7 3.3 0.10
42‐3‐7‐1 75.7 0.3 3.7 1.0
38‐1‐1‐1 x 41‐4‐8‐1 76.9 1.9 2.8 0.7
38‐1‐1‐1 x 42‐13‐7‐2 70.9 ‐6.0 2.7 0.4
38‐1‐1‐1 x 42‐1‐1‐5 75.8 0.5 4.1 0.9
38‐13‐4‐1 x 41‐4‐8‐1 76.3 1.1 3.9 0.9
38‐13‐4‐1 x 41‐5‐3‐1 70.8 ‐6.2 5.4 0.5
38‐13‐4‐1 x 42‐1‐1‐5 83.5 10.6 1.1 0.01
38‐13‐4‐1 x 42‐13‐7‐2 87.3 15.7 3.6 0.06
Wild type Coker 312 75.5 4.0
KSNT 40‐8‐1‐1 69.1 ‐8.4 1.8 0.04

Total Dry Mass (g) under Deficit Watering
Genotype

Table 4.3 Total dry mass grown in 90 days under deficit irrigation conditions in the 
greenhouse.  ABI5 (38-13-4-1) and ABI5 x RAV1 (42-1-1-5 and 42-13-7-2) stacked 
double over-expressors grew more dry mass under deficit watering compared to wild 
type. Negative value for %Δ WT indicates reduction in comparison to wild type.  Yellow 
filled boxes highlights the better stacked lines over single transgenic parents. For SEM, 
n=6.  For statistical significance analysis, a two tailed Student’s t-test was applied and 
non equal variance is assumed.  Numbers color coded in blue are highly significant; red is 
significant (p < 0.05), and green is marginally significant  
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AVG %ΔWT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 6.6 38.6 0.6 0.007
38‐13‐4‐1 6.3 31.7 0.8 0.036
RAV2L 40‐4‐2‐1 6.3 32.7 0.5 0.020
40‐24‐2‐1 4.5 ‐6.2 0.1 0.6
40‐23‐4‐4 6.0 25.0 0.8 0.084
RAV2 41‐4‐8‐1 5.8 21.4 0.4 0.107
41‐24‐8‐1 8.4 77.1 1.3 0.00044
41‐24‐7‐10 9.3 96.1 0.4 0.0000002
41‐24‐1‐2 5.8 22.5 0.4 0.061
41‐27‐2‐2 7.1 49.7 0.9 0.003
41‐24‐6‐1 6.3 31.7 0.4 0.011
41‐5‐3‐1 4.7 ‐1.0 0.6 0.9
RAV1 42‐1‐1‐5 8.7 81.9 0.8 0.000006
42‐13‐7‐2 5.3 11.6 0.5 0.372
42‐3‐7‐1 6.2 30.5 0.4 0.039
38‐1‐1‐1 x 41‐4‐8‐1 5.2 8.2 0.3 0.555
38‐1‐1‐1 x 42‐13‐7‐2 5.4 13.8 0.6 0.4
38‐1‐1‐1 x 42‐1‐1‐5 7.1 48.8 1.0 0.004
38‐13‐4‐1 x 41‐4‐8‐1 7.2 50.2 0.7 0.001
38‐13‐4‐1 x 41‐5‐3‐1 7.1 48.1 1.7 0.045
38‐13‐4‐1 x 42‐1‐1‐5 7.5 58.3 0.9 0.001
38‐13‐4‐1 x 42‐13‐7‐2 6.5 36.3 0.7 0.026
Coker 312 4.8 0.5
40‐8‐1‐1 (KSNT) 3.6 ‐25.1 0.4 0.042

Lateral Root Dry Mass under Deficit watering
Genotype

Table 4.4  Lateral root dry mass generated in 90 days under deficit irrigation conditions 
in the greenhouse. Negative value for %Δ WT indicates reduction compared to wild type 
Coker 312.  Yellow filled boxes highlights the better stacked lines over single transgene 
parents. For SEM, n=6. For statistical significance analysis, a two tailed Student’s t-test 
was applied and non equal variance is assumed.  Numbers color coded in blue are highly 
significant; red is significant (p < 0.05), and green is marginally significant  
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AVG %Δ WT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 6.7 6.3 0.1 0.04
38‐13‐4‐1 7.5 18.5 0.2 0.001
RAV2L 40‐4‐2‐1 6.7 6.5 0.2 0.2
40‐23‐4‐4 6.7 6.6 0.3 0.3
40‐24‐2‐1 6.8 7.6 0.2 0.07
RAV2 41‐4‐8‐1 7.1 11.8 0.3 0.08
41‐5‐3‐1 6.7 5.7 0.2 0.3
41‐24‐1‐2 7.6 20.6 0.2 0.0001
41‐24‐6‐1 6.8 7.8 0.2 0.08
41‐24‐8‐1 7.4 17.0 0.3 0.01
41‐24‐7‐10 7.1 11.9 0.2 0.03
41‐27‐2‐2 7.5 18.7 0.2 0.002
RAV1 42‐1‐1‐5 6.7 5.8 0.2 0.2
42‐3‐7‐1 6.8 7.9 0.2 0.07
42‐13‐7‐2 6.8 7.2 0.3 0.2
38‐1‐1‐1 x 41‐4‐8‐1 7.1 12.1 0.2 0.02
38‐13‐4‐1 x 41‐4‐8‐1 7.2 13.9 0.4 0.11
38‐13‐4‐1 x 41‐5‐3‐1 8.0 26.7 0.4 0.04
38‐13‐4‐1 x 42‐1‐1‐5 7.0 10.6 0.2 0.06
38‐1‐1‐1 x 42‐1‐1‐5 6.8 7.5 0.1 0.01
38‐13‐4‐1 x 42‐13‐7‐2 6.8 8.2 0.2 0.1
38‐1‐1‐1 x 42‐13‐7‐2 7.9 24.4 0.4 0.09
Wild Type Coker 312 6.3 0.2
KSNT 40‐8‐1‐1 6.4 1.4 0.1 0.7

Internodal length
Genotype

Table 4.5 Average internode lengths of ABI5, RAV2L, RAV2, RAV1 and stacked double 
expressor AB5 x RAV1/RAV2 lines under deficit irrigation conditions in the greenhouse. 
Yellow color highlights s the better stacked lines over single transgene parents. For SEM, 
n=6. For statistical significance analysis, a two-tailed Student’s t-test was applied and 
non equal variance is assumed. Numbers color coded in blue are highly significant; red is 
significant (p < 0.05), and green is marginally significant. 
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AVG %Δ WT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 20.2 ‐3.6 1.3 0.6
38‐13‐4‐1 22.7 8.7 1.0 0.2
RAV2L 40‐4‐2‐1 21.6 3.4 1.5 0.7
40‐24‐2‐1 20.2 ‐3.6 1.7 0.7
40‐23‐4‐4 20.9 0.1 1.4 1.0
RAV2 41‐4‐8‐1 23.5 12.5 1.0 0.09
41‐24‐8‐1 27.0 29.2 0.9 0.0001
41‐24‐7‐10 27.6 31.8 0.4 0.0000001
41‐24‐1‐2 25.4 21.5 2.1 0.09
41‐27‐2‐2 26.2 25.1 1.2 0.005
41‐24‐6‐1 22.9 9.7 1.0 0.1
41‐5‐3‐1 29.2 39.7 1.1 0.004
RAV1 42‐1‐1‐5 22.9 9.7 0.6 0.04
42‐13‐7‐2 24.5 17.4 1.2 0.05
42‐3‐7‐1 27.8 33.0 0.9 0.002
38‐1‐1‐1 x 41‐4‐8‐1 22.2 6.1 2.0 0.6
38‐1‐1‐1 x 42‐13‐7‐2 26.3 25.6 0.7 0.008
38‐1‐1‐1 x 42‐1‐1‐5 21.1 1.0 0.9 0.9
38‐13‐4‐1 x 41‐4‐8‐1 23.8 13.7 1.8 0.2
38‐13‐4‐1 x 41‐5‐3‐1 27.4 31.0 2.2 0.09
38‐13‐4‐1 x 42‐1‐1‐5 24.1 15.1 1.5 0.1
38‐13‐4‐1 x 42‐13‐7‐2 25.2 20.4 1.4 0.08
Wild Type Coker 312 20.9 1.2
KSNT 40‐8‐1‐1 22.0 5.4 1.9 0.6

Dry Stem weight under deficit watering
Genotype

Table 4.6 Average stem biomass (grams per plant) of transgenics grown 90 days under 
deficit irrigation conditions in the greenhouse. Negative value for %Δ WT indicates 
reduction in comparison to wild type. Yellow colored boxes highlight the better stacked 
transgenic lines over single transgene parents. For SEM, n=6.  For statistical significance 
analysis, a two-tailed Student’s t-test was applied and non equal variance is assumed.  
Numbers color coded in blue are highly significant; red is significant (p < 0.05), and 
green is marginally significant 
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AVG % Δ LA  SEM (+/‐) p‐value AVG % ΔLM SEM (+/‐) p‐value AVG % ΔLA/M SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 3648.8 ‐7.1 232.8 0.34 14.9 ‐11.3 0.7 0.15 244.2 1.1 9.2 0.84
38‐13‐4‐1 3526.2 ‐10.2 208.0 0.15 16.9 0.6 1.2 0.95 209.4 ‐13.3 5.6 0.01
RAV2L 40‐4‐2‐1 4148.2 5.6 239.7 0.49 16.9 0.3 0.8 0.97 246.1 1.9 8.4 0.73
40‐24‐2‐1 3738.0 ‐4.8 254.7 0.54 15.0 ‐11.1 1.0 0.22 250.6 3.7 5.9 0.42
40‐23‐4‐4 3768.3 ‐4.0 243.7 0.59 14.9 ‐11.7 0.7 0.13 252.9 4.7 6.4 0.33
RAV2 41‐4‐8‐1 3550.0 ‐9.6 117.8 0.07 15.7 ‐6.5 0.4 0.35 225.9 ‐6.5 5.0 0.17
41‐24‐8‐1 3818.0 ‐2.8 164.2 0.65 16.5 ‐1.8 0.6 0.82 231.1 ‐4.3 4.7 0.34
41‐24‐7‐10 3569.0 ‐9.1 212.4 0.23 15.5 ‐7.8 0.5 0.28 229.4 ‐5.1 7.1 0.33
41‐24‐1‐2 3831.2 ‐2.4 394.8 0.83 16.6 ‐1.4 1.6 0.91 234.9 ‐2.8 6.8 0.58
41‐27‐2‐2 3588.3 ‐8.6 138.3 0.11 16.1 ‐4.4 0.8 0.58 223.9 ‐7.3 5.3 0.12
41‐24‐6‐1 3912.4 ‐0.4 329.5 0.97 16.2 ‐3.9 1.2 0.69 240.8 ‐0.3 5.8 0.95
41‐5‐3‐1 4577.3 16.6 218.8 0.09 22.1 31.3 1.6 0.06 209.2 ‐13.4 7.4 0.03
RAV1 42‐1‐1‐5 3484.3 ‐11.3 215.2 0.12 15.5 ‐8.1 1.2 0.39 228.1 ‐5.6 10.1 0.35
42‐13‐7‐2 3857.2 ‐1.8 106.5 0.72 15.5 ‐7.8 0.4 0.25 249.0 3.1 5.4 0.51
42‐3‐7‐1 4075.3 3.8 225.0 0.65 17.6 4.8 0.7 0.56 226.7 ‐6.2 3.6 0.18
38‐1‐1‐1 x 41‐4‐8‐1 3658.7 ‐6.8 155.7 0.37 14.2 ‐15.4 0.9 0.13 255.5 5.8 8.2 0.39
38‐1‐1‐1 x 42‐13‐7‐2 3848.7 ‐2.0 138.1 0.76 15.6 ‐7.2 0.1 0.27 246.7 2.1 8.4 0.75
38‐1‐1‐1 x 42‐1‐1‐5 3394.7 ‐13.5 307.8 0.16 14.4 ‐14.6 1.0 0.12 235.1 ‐2.7 6.4 0.58
38‐13‐4‐1 x 41‐4‐8‐1 3551.7 ‐9.5 320.4 0.32 16.3 ‐3.2 1.1 0.73 217.4 ‐10.0 7.9 0.06
38‐13‐4‐1 x 41‐5‐3‐1 4134.3 5.3 141.8 0.39 18.8 11.8 1.5 0.39 223.3 ‐7.6 9.7 0.27
38‐13‐4‐1 x 42‐1‐1‐5 3708.6 ‐5.6 169.2 0.38 16.4 ‐2.6 1.0 0.78 227.7 ‐5.7 6.7 0.26
38‐13‐4‐1 x 42‐13‐7‐2 3383.8 ‐13.8 205.3 0.12 16.3 ‐3.2 0.8 0.72 207.5 ‐14.1 2.2 0.002
Wild Type Coker312 3926.6 255.6 16.8 1.8 241.6 16.3
KSNT 40‐8‐1‐1 3586.2 ‐8.7 379.5 0.43 15.0 ‐11.1 1.7 0.37 241.0 ‐0.2 7.4 0.96
Negative value for LA/M depicts thick leaves

Genotype
Leaf Area(LA) (cm²) Leaf Mass (LM) (g) Leaf Area/Mass (LA/M)

Table 4.7 Relative leaf area and leaf mass growth of transgenics after 90 days of deficit 
irrigation conditions in the greenhouse. Negative value for Leaf Area and Leaf Mass 
indicates reduction in comparison to wild type. Negative value of Leaf Area/ Mass 
indicates thicker leaves than wild type.  Yellow-colored boxes highlights the significantly 
thicker leaves compared to wild type or single transgenics.  For SEM, n=6.  For statistical 
significance analysis, a two-tailed Student’s t-test was applied and non equal variance is 
assumed.  Numbers color coded in blue are highly significant; red is significant (p < 
0.05), and green is marginally significant. 
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AVG  %Δ wt SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 17.9 4.6 2.2 0.7
38‐13‐4‐1 22.5 31.3 1.5 0.013
RAV2L 40‐4‐2‐1 16.4 ‐3.9 1.7 0.8
40‐24‐2‐1 18.7 9.5 1.7 0.4
40‐23‐4‐4 15.1 ‐11.8 0.8 0.1
RAV2 41‐4‐8‐1 15.7 ‐8.5 1.3 0.4
41‐24‐8‐1 12.8 ‐25.5 1.3 0.018
41‐24‐7‐10 12.9 ‐24.8 0.7 0.002
41‐24‐1‐2 16.2 ‐5.6 1.1 0.5
41‐27‐2‐2 14.1 ‐17.6 0.9 0.045
41‐5‐3‐1 12.6 ‐26.3 1.8 0.2
41‐24‐6‐1 17.3 0.8 1.2 0.9
42‐1‐1‐5 18.7 9.4 1.1 0.3
RAV1 42‐13‐7‐2 14.0 ‐17.9 1.8 0.2
42‐3‐7‐1 15.2 ‐11.2 1.7 0.5
38‐1‐1‐1 x 41‐4‐8‐1 20.4 19.0 0.5 0.011
38‐1‐1‐1 x 42‐13‐7‐2 15.7 ‐8.2 0.9 0.4
38‐1‐1‐1 x 42‐1‐1‐5 18.4 7.8 1.7 0.5
38‐13‐4‐1 x 41‐4‐8‐1 16.7 ‐2.4 1.1 0.8
38‐13‐4‐1 x 41‐5‐3‐1 11.5 ‐32.9 0.9 0.004
38‐13‐4‐1 x 42‐1‐1‐5 20.0 17.0 1.8 0.2
38‐13‐4‐1 x 42‐13‐7‐2 22.5 31.7 1.2 0.022
Wild Type Coker 312 17.1 1.6
KSNT 40‐8‐1‐1 16.3 ‐4.6 1.6 0.7

Fruit weight
Genotype

Table 4.8 Total fruit biomass of transgenics grown under 90 days of deficit irrigation 
conditions in the greenhouse. Negative value for %Δ WT indicates reduction in 
comparison to wild type. Yellow colored boxes highlight the better stacked double 
transgenic lines over single transgene parents.  For SEM, n=6.  For statistical significance 
analysis, a two-tailed Student’s t-test was applied and non equal variance is assumed.  
Numbers color coded in blue are highly significant; red is significant (p < 0.05). 
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AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value
ABI5 38‐1‐1‐1 32.3 ‐9.2 1.1 0.069 0.95 ‐12.6 0.07 0.24 11.7 ‐5.0 0.3 0.25 35.0 2.2 1.6 0.79
38‐13‐4‐1 31.6 ‐11.2 1.6 0.068 0.72 ‐33.1 0.06 0.005 10.7 ‐13.2 0.4 0.017 44.9 31.0 1.7 0.001
RAV2L 40‐4‐2‐1 34.0 ‐4.6 1.3 0.38 1.02 ‐5.6 0.11 0.67 11.8 ‐4.6 0.5 0.42 35.9 4.7 3.2 0.68
40‐24‐2‐1 34.7 ‐2.7 0.9 0.55 1.13 4.6 0.03 0.60 12.5 1.1 0.1 0.77 30.7 ‐10.3 0.7 0.14
RAV2 41‐5‐3‐1 35.2 ‐1.0 1.1 0.83 1.03 ‐4.6 0.10 0.71 12.2 ‐1.1 0.3 0.80 35.5 3.8 1.9 0.65
41‐24‐8‐1 33.9 ‐4.9 1.1 0.31 1.09 0.7 0.05 0.94 12.5 1.0 0.2 0.80 31.4 ‐8.2 1.0 0.25
RAV1 42‐1‐1‐5 33.2 ‐6.8 0.9 0.14 1.08 ‐0.2 0.05 0.98 12.2 ‐1.4 0.2 0.72 31.1 ‐9.3 1.0 0.20
42‐13‐7‐2 34.6 ‐2.9 1.2 0.57 1.12 3.9 0.10 0.75 12.5 1.5 0.3 0.74 31.9 ‐6.8 1.6 0.40
WT18 35.6 1.3 1.08 0.09 12.4 0.4 34.2 2.1
WT20 32.8 ‐8.0 1.6 0.18 1.06 ‐2.3 0.10 0.85 12.2 ‐1.4 0.5 0.79 32.6 ‐4.9 2.4 0.61

Photosynthesis (μmol CO2 mˉ² sˉ¹) Stomatal Conductance (mol H2O mˉ² sˉ¹) Transpiration(mmol H2O mˉ² sˉ¹) WUE (A/Gs)
12 D‐ WW

 

 

Table 4.9 Photosynthetic characteristics viz. CO2 assimilation [A] , stomatal conductance [Gs], transpiration [T] and 
Intrinsic Water Use Efficiency (calculated ratio of A/Gs) of select transgenic cotton lines with control.  (A) 12 day well-
watered control that is comparable to the developmental stage of plants for panels B, C, and D. Red box shows very high 
WUE in pro35S:AtABI5  (38-13-4-1)  due to reduced stomatal conductance under well watered conditions. (B) 9 days 
after no watering.  (C) 10 days after no watering.  (D) 11 days after no watering. Negative value for %Δ WT20 WUE 
indicates reduction compared to regularly spaced wild type plants (WT18). For SEM, n=6.  For statistical significance 
analysis, a two-tailed Student’s t-test was applied and non equal variance is assumed.  Numbers color coded in blue are 
highly significant; red is significant (p < 0.05), and green is marginally significant. 
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AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value
ABI5 38‐1‐1‐1 23.1 ‐17.2 1.6 0.02 0.30 ‐29.1 0.03 0.02 7.2 ‐16.0 0.49 0.03 80.4 18.2 4.9 0.088
38‐13‐4‐1 26.2 ‐6.3 0.9 0.18 0.37 ‐14.0 0.02 0.18 8.0 ‐6.5 0.32 0.23 72.6 6.7 1.0 0.41
RAV2L 40‐4‐2‐1 27.0 ‐3.2 1.2 0.57 0.38 ‐11.3 0.04 0.35 8.2 ‐4.1 0.45 0.54 75.0 10.3 1.7 0.32
40‐24‐2‐1 27.5 ‐1.7 1.4 0.78 0.37 ‐13.7 0.03 0.22 8.4 ‐2.5 0.44 0.70 76.5 12.5 1.1 0.15
RAV2 41‐5‐3‐1 27.9 0.0 0.9 1.00 0.39 ‐9.1 0.03 0.41 8.4 ‐1.6 0.31 0.76 73.8 8.5 1.1 0.31
41‐24‐8‐1 25.0 ‐10.5 1.4 0.10 0.33 ‐22.6 0.04 0.09 7.8 ‐8.9 0.55 0.25 80.3 18.1 1.6 0.09
RAV1 42‐1‐1‐5 23.3 ‐16.6 1.4 0.01 0.27 ‐36.7 0.03 0.003 7.1 ‐17.3 0.52 0.03 88.9 30.8 1.3 0.003
42‐13‐7‐2 23.0 ‐17.6 1.0 0.002 0.25 ‐40.8 0.02 0.001 6.5 ‐23.8 0.31 0.0003 93.0 36.7 1.3 0.001
WT18 27.9 0.9 0.43 0.03 8.6 0.32 68.0 1.4
WT20 28.2 1.1 1.7 0.87 0.45 5.9 0.05 0.69 9.1 6.7 0.59 0.41 67.6 ‐0.5 1.9 1.0

Photosynthesis (μmol CO2 mˉ² sˉ¹) Stomatal Conductance (mol H2O mˉ² sˉ¹) Transpiration(mmol H2O mˉ² sˉ¹) WUE (A/Gs)
10 D‐Drt

AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value
ABI5 38‐1‐1‐1 24.6 ‐19.7 1.32 0.03 0.36 ‐35.9 0.04 0.058 7.65 ‐16.0 0.48 0.11 73.2 25.6 5.65 0.09
38‐13‐4‐1 28.2 ‐8.0 1.86 0.38 0.45 ‐20.6 0.07 0.30 7.92 ‐13.0 0.68 0.25 69.5 19.1 8.68 0.32
RAV2L 40‐4‐2‐1 30.3 ‐1.3 1.91 0.88 0.47 ‐16.3 0.06 0.39 8.64 ‐5.2 0.61 0.62 67.7 16.0 5.53 0.27
40‐24‐2‐1 29.4 ‐4.0 1.24 0.61 0.49 ‐12.8 0.05 0.46 8.87 ‐2.7 0.42 0.77 62.9 7.9 4.28 0.54
RAV2 41‐5‐3‐1 28.2 ‐8.1 1.65 0.35 0.40 ‐28.9 0.04 0.11 8.27 ‐9.2 0.47 0.34 71.6 22.8 3.25 0.086
41‐24‐8‐1 28.0 ‐8.7 1.77 0.33 0.41 ‐27.6 0.04 0.12 8.43 ‐7.5 0.44 0.43 69.5 19.2 2.66 0.13
RAV1 42‐1‐1‐5 26.3 ‐14.2 0.91 0.08 0.39 ‐31.8 0.02 0.076 8.06 ‐11.5 0.25 0.20 69.5 19.2 3.09 0.13
42‐13‐7‐2 25.0 ‐18.6 2.13 0.06 0.33 ‐41.9 0.04 0.029 7.09 ‐22.2 0.60 0.04 80.8 38.5 5.26 0.01
WT18 30.7 1.94 0.56 0.08 9.11 0.68 58.3 5.92
WT20 30.3 ‐1.0 0.97 0.89 0.55 ‐2.7 0.03 0.68 9.46 3.9 0.22 0.80 59.4 1.9 1.93 0.87

Photosynthesis (μmol CO2 mˉ² sˉ¹) Stomatal Conductance (mol H2O mˉ² sˉ¹) Transpiration(mmol H2O mˉ² sˉ¹) WUE (A/Gs)
9D‐Drt

B  

C  
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AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value AVG %Δ WT18 SEM (+/‐) p value
ABI5 38‐1‐1‐1 31.3 ‐4.6 1.4 0.47 0.6 ‐17.1 0.05 0.14 9.4 ‐6.2 0.6 0.41 56.1 13.1 5.2 0.42
38‐13‐4‐1 33.9 3.1 0.7 0.53 0.5 ‐32.2 0.03 0.006 9.1 ‐9.0 0.2 0.09 71.5 44.0 3.8 0.01
RAV2L 40‐4‐2‐1 32.2 ‐2.0 1.1 0.72 0.5 ‐23.2 0.07 0.09 8.9 ‐11.9 0.4 0.06 63.5 28.0 5.7 0.11
40‐24‐2‐1 32.9 0.2 0.7 0.96 0.8 13.6 0.07 0.32 10.3 2.5 0.4 0.67 42.5 ‐14.4 2.9 0.29
RAV2 41‐5‐3‐1 36.2 10.1 0.8 0.07 0.6 ‐16.9 0.05 0.14 9.5 ‐5.2 0.3 0.35 63.2 27.3 3.8 0.07
41‐24‐8‐1 31.1 ‐5.3 1.2 0.37 0.6 ‐9.7 0.06 0.43 9.4 ‐6.3 0.4 0.30 50.4 1.4 3.2 0.92
RAV1 42‐1‐1‐5 31.0 ‐5.6 0.9 0.30 0.5 ‐30.7 0.03 0.008 8.7 ‐13.7 0.3 0.02 63.7 28.4 3.1 0.05
42‐13‐7‐2 31.7 ‐3.6 0.8 0.49 0.6 ‐18.0 0.04 0.11 9.5 ‐5.6 0.3 0.30 56.3 13.5 4.1 0.36
WT18 32.8 1.5 0.7 0.06 10.0 0.4 49.6 5.8
WT20 36.3 10.7 1.4 0.10 0.9 21.0 0.06 0.10 11.1 10.4 0.6 0.17 43.2 ‐12.9 2.3 0.33

Photosynthesis (μmol CO2 mˉ² sˉ¹) Stomatal Conductance (mol H2O mˉ² sˉ¹) Transpiration(mmol H2O mˉ² sˉ¹) WUE (A/Gs)
11D‐Drt
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AVG %ΔWT SEM (+/‐) pvalue AVG %ΔWTSEM (+/‐ pvalue AVG %ΔWT SEM (+/‐) pvalue AVG %ΔWT SEM (+/‐) pvalue
ABI5 38‐1‐1‐1 25.0 66.3 4.5 0.14 3626.3 64.5 714.5 0.18 17.6 53.9 2.0 0.07 2595.7 61.1 262.2 0.045
38‐13‐4‐1 16.7 11.2 1.4 0.44 2494.3 13.2 87.2 0.25 14.2 23.7 2.1 0.32 1945.3 20.7 252.2 0.32
RAV2L 40‐4‐2‐1 22.1 47.0 1.9 0.032 3103.0 40.8 183.9 0.013 12.1 6.0 1.8 0.75 1778.3 10.4 282.1 0.63
40‐24‐2‐1 20.4 35.6 4.6 0.37 3001.3 36.2 744.0 0.40 15.1 32.3 1.4 0.09 2210.7 37.2 158.7 0.033
RAV2 41‐4‐8‐1 19.4 28.5 2.6 0.23 3091.7 40.3 411.7 0.15 14.9 30.4 1.2 0.08 2181.0 35.4 171.5 0.05
41‐5‐3‐1 24.0 59.2 4.1 0.15 3230.7 46.6 601.8 0.22 15.7 37.6 4.1 0.41 2051.0 27.3 467.8 0.45
41‐24‐8‐1 36.0 138.9 3.3 0.011 5103.3 131.5 519.3 0.017 17.5 53.4 2.2 0.09 2605.7 61.7 398.9 0.12
RAV1 42‐1‐1‐5 23.8 58.0 2.5 0.047 3559.0 61.5 507.4 0.097 20.4 78.4 2.2 0.037 3002.0 86.3 318.8 0.036
42‐13‐7‐2  25.1 66.8 0.3 0.00003 4107.7 86.4 98.7 0.000003 19.5 70.3 1.1 0.0025 2805.3 74.1 274.2 0.032
WT 15.1 1.5 2204.3 223.4 11.4 1.0 1611.1 115.3

Biomass (g)/Plant Leaf Area (cm²)/Plant
Full Irrigation Deficit Irrigation

Biomass (g)/Plant Leaf Area (cm²)/Plant
Genotype

 

 

Table 4.10 Total Leaf Area and leaf biomass of field sacrificed plants (85 DAS). Data for transgenic lines is for three plants per 
line whereas, for wild type (Coker 312) 12 plants. For SEM, n=3 for transgenic lines and 12 for wild type.  For statistical 
significance analysis, a two-tailed Student’s t-test was applied and non equal variance is assumed.  Numbers color coded in blue 
are highly significant; red is significant (p < 0.05), and green is marginally significant.
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AVG SEM(+/‐) AVG SEM (+/‐)
ABI5 (12‐22%) 38‐1‐1‐1 13 2.9 22 3.7

38‐13‐4‐1 15 2.2 12 2.8
RAV2L (7‐35%)  40‐23‐4‐4* 28 9.0 19 3.6

40‐24‐2‐1 7 0.9 14 4.6
40‐4‐2‐1 30 3.6 35 6.8

RAV2 (15‐89%)  41‐24‐1‐2* 89 5.6 89 3.0
41‐24‐7‐10 39 0.7 36 1.4
41‐24‐8‐1 30 1.6 38 10.7
41‐27‐1‐1* 40 0.8 29 0.0
41‐27‐2‐2 27 3.9 40 3.4
41‐4‐8‐1 15 2.0 30 4.5
41‐5‐3‐1 30 1.7 33 1.3

RAV1 (14‐28%)  42‐1‐1‐2 21 0.3 19 3.7
42‐1‐1‐5 14 2.4 28 5.4
42‐13‐7‐2 22 1.5 23 4.3
42‐3‐7‐1 15 4.4 24 4.7

Coker 312 (0%)  Wild Type 18‐19 0 0 0 0
 Wild Type 20* 0 0 0 0

KSNT (10.9‐11.6%)  40‐8‐1‐1 12 5.5 11 3.9
* indicates the hand planted lines at the rate of two seeds per foot

Full Irrigation Deficit Irrigation
Genotype

Table 4.11 Summary of plant boll maps showing average percentages of plants that 
showed loss of apical dominance in well-watered and deficit irrigation treatments.   
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Avg L(w) 
[in] %Δ WT18‐19 p value

Avg L(w) 
[in] %Δ WT18‐19 p value

Avg L(w) 
[in] %Δ WT18‐19 p value

Avg L(w) 
[in] %Δ WT18‐19 p value

ABI5 38‐1‐1‐1 1.05 1.78 0.44 1.02 6.64 0.03 1.01 3.42 0.17 0.98 3.72 0.25
38‐13‐4‐1 1.03 ‐0.16 0.93 0.97 1.40 0.59 0.96 ‐1.03 0.66 0.95 0.88 0.83
RAV2L 40‐23‐4‐4* 1.06 ‐0.93 0.67 1.07 8.42 0.005 1.01 0.67 0.82 1.02 1.32 0.73
40‐24‐2‐1 1.02 ‐1.13 0.63 1.00 5.24 0.08 0.99 1.71 0.47 0.99 4.78 0.23
40‐4‐2‐1 1.06 3.40 0.12 1.05 10.14 0.003 1.00 3.08 0.26 0.95 0.53 0.88
RAV2 41‐24‐1‐2* 1.03 ‐3.74 0.20 1.04 5.05 0.038 1.01 0.67 0.84 1.01 0.33 0.67
41‐24‐7‐10 1.06 3.08 0.17 1.05 9.79 0.0028 1.01 3.42 0.19 1.01 7.26 0.025
41‐24‐8‐1 1.10 6.97 0.056 1.05 9.79 0.0048 1.04 6.85 0.09 1.07 13.63 0.003
41‐27‐1‐1* 1.05 ‐2.18 0.45 1.01 2.02 0.56 1.04 3.67 0.11 1.01 0.33 0.89
41‐27‐2‐2 1.07 4.05 0.13 1.01 6.29 0.050 0.99 2.05 0.68 1.02 8.32 0.019
41‐4‐8‐1 1.07 4.05 0.077 1.05 10.14 0.0020 1.03 6.16 0.026 1.01 7.26 0.025
41‐5‐3‐1 1.04 0.81 0.72 0.99 3.50 0.22 0.97 ‐0.68 0.79 0.96 2.30 0.40
RAV1 42‐1‐1‐2 1.05 2.11 0.30 1.02 6.64 0.022 1.03 5.82 0.034 0.98 3.72 0.27
42‐1‐1‐5 1.09 5.67 0.019 1.07 11.89 0.001 0.99 2.05 0.38 0.98 4.07 0.17
42‐13‐7‐2 1.08 5.35 0.032 1.02 6.64 0.028 1.04 7.19 0.018 1.04 10.44 0.005
42‐3‐7‐1 1.06 2.76 0.21 1.04 8.74 0.006 1.04 6.85 0.020 1.01 6.90 0.029
Wild Type 18‐19 1.03 0.95 0.97 0.00 0.94
Wild Type 20* 1.07 4.05 0.09 0.99 3.85 0.11 1.00 2.74 0.29 1.01 6.90 0.051
KSNT 40‐8‐1‐1 1.06 3.40 0.12 0.99 3.85 0.20 1.00 3.08 0.26 0.95 0.88 0.77
% Δ denotes the change in fiber length by weight compared to Wild type
* indicates the hand planted lines at the rate of two seeds per foot
Values in cells against Wild type 20* shows the comparison of double spaced hand planted WT compared to mechanically planted regular spaced WT
p≤0.01, p≤0.05, p≤0.1, p≥0.1

Genotype

Node 6‐9Node 6‐9 Node 10‐12Node 10‐12
Full Irrigation Deficit Irrigation

Table 4.12   Percent change in fiber length by weight compared to wild type Coker 312. For statistical significance analysis, a 
two-tailed Student’s t-test was applied and non equal variance is assumed.  Numbers color coded in blue are highly significant; 
red is significant (p < 0.05), and green is marginally significant. Results are averages of three biological replicates 
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AVG %Δ WT SEM (+/‐) p‐value AVG %Δ WT SEM (+/‐) p‐value AVG %Δ WT SEM (+/‐) p‐value AVG %Δ WT SEM (+/‐) p‐value
ABI5 38‐1‐1‐1 0.42 6.85 0.003 0.0004 0.42 5.96 0.003 0.001 0.41 8.12 0.01 0.04 0.42 8.18 0.002 0.05
38‐13‐4‐1 0.41 4.27 0.002 0.004 0.41 3.34 0.01 0.08 0.40 6.62 0.01 0.06 0.41 3.47 0.01 0.40
RAV2L 40‐4‐2‐1 0.40 1.28 0.008 0.44 0.40 0.54 0.01 0.73 0.40 5.72 0.01 0.09 0.40 3.04 0.01 0.42
40‐23‐4‐4* 0.42 12.30 0.005 0.01 0.42 9.41 0.004 0.001 0.39 5.61 0.01 0.08 0.41 4.73 0.02 0.14
40‐24‐2‐1 0.39 ‐2.11 0.005 0.13 0.39 ‐2.43 0.01 0.15 0.38 2.33 0.00 0.42 0.38 ‐2.86 0.01 0.46
RAV2 41‐4‐8‐1 0.40 1.76 0.001 0.11 0.40 1.12 0.01 0.56 0.40 6.38 0.01 0.07 0.40 1.10 0.01 0.76
41‐5‐3‐1 0.41 3.95 0.005 0.01 0.42 4.61 0.001 0.002 0.40 6.04 0.01 0.10 0.41 4.76 0.01 0.23
41‐24‐8‐1 0.38 ‐3.28 0.013 0.21 0.37 ‐7.50 0.003 0.0002 0.37 ‐1.58 0.01 0.59 0.38 ‐3.52 0.01 0.38
41‐24‐7‐10 0.39 ‐0.48 0.007 0.76 0.40 0.77 0.01 0.62 0.40 5.64 0.01 0.15 0.40 1.22 0.003 0.73
41‐27‐1‐1* 0.39 4.37 0.004 0.09 0.39 1.77 0.01 0.53 0.38 2.70 0.01 0.25 0.39 ‐0.52 0.001 0.02
41‐27‐2‐2 0.39 ‐1.07 0.003 0.34 0.38 ‐3.54 0.01 0.19 0.38 2.73 0.01 0.38 0.39 ‐0.30 0.01 0.94
41‐24‐1‐2* 0.42 11.94 0.019 0.09 0.41 5.20 0.01 0.08 0.42 11.74 0.004 0.003 0.38 ‐3.52 0.01 0.46
RAV1 42‐1‐1‐2 0.40 2.17 0.004 0.11 0.40 0.80 0.01 0.62 0.39 4.74 0.002 0.12 0.40 2.30 0.01 0.54
42‐1‐1‐5 0.40 2.54 0.003 0.05 0.42 4.50 0.004 0.01 0.40 7.43 0.01 0.06 0.41 5.57 0.01 0.17
42‐3‐7‐1 0.39 ‐1.83 0.007 0.27 0.38 ‐3.97 0.01 0.15 0.38 1.41 0.00 0.62 0.38 ‐2.66 0.01 0.49
42‐13‐7‐2 0.39 ‐1.54 0.002 0.17 0.40 ‐0.75 0.005 0.57 0.38 2.00 0.01 0.54 0.41 4.82 0.01 0.26
Wild Type  18‐19 0.39 0.003 0.40 0.003 0.37 0.01 0.39 0.01
Wild Type 20* 0.37 ‐5.74 0.006 0.01 0.39 ‐2.86 0.002 0.02 0.37 ‐0.64 0.005 0.83 0.37 ‐6.32 0.01 0.12
KSNT 40‐8‐1‐1 0.37 ‐5.21 0.001 0.001 0.38 ‐5.53 0.005 0.003 0.36 ‐3.68 0.003 0.22 0.36 ‐7.32 0.02 0.16
% Δ denotes the change in gin turn out compared to Wild type
* indicates the hand planted lines at the rate of two seeds per foot
Values in cells against Wild type 20* shows the comparison of double spaced hand planted WT compared to mechanically planted regular spaced WT
p≤0.01, p≤0.05, p≤0.1, p≥0.1

Genotype
Gin turnout at Node 6‐9 Gin turnout at Node 10‐12Gin turnout at Node 6‐9 Gin turnout at Node 10‐12

Deficit IrrigationFull Irrigation

Table 4.13 Fiber to seed ratio (gin turnout). For statistical significance analysis, a two-tailed Student’s t-test was applied and non 
equal variance is assumed.  Numbers color coded in blue are highly significant; red is significant (p < 0.05), and green is 
marginally significant. Results are averages of three biological replicates.  
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AVG %Δ WT SEM (+/‐) p‐value AVG %Δ WT SEM (+/‐) p value AVG %Δ WT SEM (+/‐) p‐value AVG %Δ WT SEM (+/‐) p value
ABI5 38‐1‐1‐1 301.3 ‐21.8 21.6 0.03 78.0 2.0 2.3 0.76 192.7 ‐8.7 21.3 0.58 65.3 21.0 6.9 0.3
38‐13‐4‐1 362.3 ‐6.0 10.9 0.23 80.0 4.6 2.6 0.50 209.0 ‐0.9 32.2 0.96 56.7 4.9 6.5 0.8
RAV2L 40‐4‐2‐1 344.7 ‐10.6 24.8 0.24 89.7 17.2 8.8 0.27 187.0 ‐11.4 38.9 0.63 55.0 1.9 13.2 1.0
40‐23‐4‐4* 294.3 ‐10.5 31.5 0.45 86.0 44.1 7.5 0.066 155.3 ‐16.0 11.4 0.32 42.7 ‐5.2 5.9 0.7
40‐24‐2‐1 356.3 ‐7.5 31.3 0.46 87.3 14.2 4.2 0.12 166.7 ‐21.0 17.1 0.17 45.7 ‐15.4 4.3 0.4
RAV2 41‐4‐8‐1 265.3 ‐31.1 19.7 0.007 74.7 ‐2.4 4.3 0.77 158.7 ‐24.8 6.9 0.075 46.0 ‐14.8 1.0 0.4
41‐5‐3‐1 375.3 ‐2.6 6.4 0.53 87.0 13.7 10.3 0.42 152.0 ‐28.0 11.0 0.057 48.3 ‐10.5 6.0 0.6
41‐24‐1‐2* 285.0 ‐13.4 31.2 0.35 82.0 37.4 6.2 0.060 142.0 ‐23.2 14.2 0.19 42.7 ‐5.2 3.5 0.6
41‐24‐7‐10 280.3 ‐27.2 31.7 0.062 78.3 2.4 15.9 0.92 147.3 ‐30.2 22.3 0.096 38.3 ‐29.0 3.9 0.12
41‐24‐8‐1 272.0 ‐29.4 18.9 0.007 72.3 ‐5.4 2.3 0.42 176.7 ‐16.3 30.7 0.42 53.3 ‐1.2 10.1 1.0
41‐27‐1‐1* 252.3 ‐23.3 37.7 0.18 72.0 20.7 6.8 0.21 147.7 ‐20.2 24.9 0.33 46.0 2.2 9.0 0.9
41‐27‐2‐2 300.0 ‐22.1 30.5 0.088 93.7 22.4 4.2 0.029 207.3 ‐1.7 16.6 0.90 57.0 5.6 6.5 0.8
RAV1 42‐1‐1‐2 359.3 ‐6.7 35.2 0.55 90.7 18.5 7.2 0.17 202.3 ‐4.1 3.8 0.73 61.3 13.6 1.5 0.4
42‐1‐1‐5 343.3 ‐10.9 52.1 0.51 87.0 13.7 5.0 0.17 198.0 ‐6.2 8.5 0.62 57.3 6.2 4.8 0.7
42‐13‐7‐2 287.3 ‐25.4 24.6 0.034 83.3 8.9 7.9 0.50 204.0 ‐3.3 14.9 0.81 55.0 1.9 4.7 0.9
42‐3‐7‐1 271.7 ‐29.5 45.7 0.12 74.3 ‐2.8 8.4 0.83 195.0 ‐7.6 8.7 0.54 50.7 ‐6.2 1.8 0.7
Wild Type 18‐19 385.3 19.5 76.5 4.2 211.0 32.8 54.0 0.0 7.9
Wild Type 20* 329.0 ‐14.6 27.5 0.16 59.7 ‐22.0 1.9 0.009 185.0 ‐12.3 22.0 0.45 45.0 ‐16.7 0.6 0.3
KSNT 40‐8‐1‐1 332.7 ‐13.7 20.1 0.10 77.0 0.7 6.1 0.95 198.3 ‐6.0 15.1 0.66 54.0 0.0 2.6 1.0
% Δ denotes the change in Yield/ Boll number compared to Wild type
* indicates the hand planted lines at the rate of two seeds per foot
Values in cells against Wild type 20* shows the comparison of double spaced hand planted WT compared to mechanically planted regular spaced WT
p≤0.01, p≤0.05, p≤0.1, p≥0.1

Genotype

Full Irrigation Deficit Irrigation
Yield (g)/m Yield (g)/m Bolls/mBolls/m

Table 4.14   Yield (g) measured on one meter rows and boll number per plant under well watered and deficit irrigation field 
conditions.  For statistical significance analysis, a two-tailed Student’s t-test was applied and non equal variance is assumed.  
Numbers color coded in blue are highly significant; red is significant (p < 0.05), and green is marginally significant. Results are 
averages of three biological replicates.  
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GhRAV (JQ837701) to AtRAV2 
 
Identities = 496/731 (68%), Gaps = 45/731 (6%) 
Strand=Plus/Plus 

 
Query  169  GAATCAAGGAAGCTCCCTTCTTCCAAGTACAAAGGTGTCGTTCCTCAACCCAACGGTCGA  228 
            || ||| | ||||| || ||||| || ||||||||||| |||||||| || |||||  || 
Sbjct  281  GAGTCACGAAAGCTACCATCTTCAAAATACAAAGGTGTTGTTCCTCAGCCTAACGGAAGA  340 
 
Query  229  TGGGGTGCTCAGATATACGAGAAGCACCAACGTGTTTGGCTTGGCACTTTCAATGAAGAA  288 
            ||||| |||||||| ||||||||||||||||| || ||||| || |||||||| ||  || 
Sbjct  341  TGGGGAGCTCAGATCTACGAGAAGCACCAACGAGTATGGCTCGGGACTTTCAACGAGCAA  400 
 
Query  289  GATGAGGCGGCCAAAGCCTATGACATAGCAGCTCAAAGGTTTAGGGGTCGTGACGCTGTC  348 
            || || || ||     |||| ||||| ||||||   || ||  | || || ||||| ||| 
Sbjct  401  GAAGAAGCTGCTCGTTCCTACGACATCGCAGCTTGTAGATTCCGTGGCCGCGACGCCGTC  460 
 
Query  349  ACTAACTTCAAACACCTCCACGAAATGGAGGATGATGACATCCAAATTGCCTTCCTCAAT  408 
               ||||||||  || | |      ||      || |||  | |  | || || ||  |  
Sbjct  461  GTCAACTTCAAGAACGTTC------TG------GAAGACGGCGATTTAGCTTTTCTTGAA  508 
 
Query  409  TCGCATTCCAAGGCTGAAATCGTGGACATGTTGCGTAAGCATACCTACAATGATGAGCTT  468 
             | || || ||||| || ||||| ||||||||| | || || || |||   || |||||| 
Sbjct  509  GCTCACTCAAAGGCCGAGATCGTCGACATGTTGAGAAAACACACTTACGCCGACGAGCTT  568 
 
Query  469  GAGCAGAGTCGGAGA-AGCTATGGTT--------TCGATGGGAATGGGAAACGTATTGTC  519 
            || ||||     | |  ||  | |||        |||| |  || || |||||||      
Sbjct  569  GAACAGAACAATAAACGGCAGTTGTTTCTCTCCGTCGACGCTAACGGAAAACGTA----A  624 
 
Query  520  AGAAAGGAGGA-TGGTTTTGGCACCTTAGGCTTTGAGCTCAAAGCACGTGAACAACTCTT  578 
             | |  ||| | |  |     |  |  ||  |||    | ||  | ||||||   || || 
Sbjct  625  CGGATCGAGTACTACTCAAAACGACAAAG--TTT----TAAAGACGCGTGAAGTTCTTTT  678 
 
Query  579  CGAGAAAGCTGTGACCCCAAGCGATGTAGGGAAGTTGAACCGGCTTGTGATACCTAAGCA  638 
            |||||| ||||| || || ||||| || |||||| | ||||| || ||||||||||| || 
Sbjct  679  CGAGAAGGCTGTTACACCTAGCGACGTTGGGAAGCTAAACCGTCTCGTGATACCTAAACA  738 
 
Query  639  ACATGCGGAGAAGTACTTTCCTTTGC--------AAAGCGGGAGTGCTTCTTCCAAAGGA  690 
            ||| || |||||  ||||||| || |          | ||| ||||      | |||||| 
Sbjct  739  ACACGCCGAGAAACACTTTCCGTTACCGTCACCGTCACCGGCAGTG-----ACTAAAGGA  793 
 
Query  691  GTTCTTTTGAACTTCGAAGATGTGACCGGCAAAGTTTGGAGGTTTAGGTATTCCTATTGG  750 
            ||| |  | ||||||||||| || | ||| ||||| ||||||||  | || || || ||| 
Sbjct  794  GTTTTGATCAACTTCGAAGACGTTAACGGTAAAGTGTGGAGGTTCCGTTACTCATACTGG  853 
 
Query  751  AACAGTAGCCAGAGTTATGTCCTAATAAAAGGGTGGAGCCGCTTTGTTAAGGAGAAGAAC  810 
            |||||||| || ||||| ||  | |  || || ||||| || || || |||||||||||  
Sbjct  854  AACAGTAGTCAAAGTTACGTGTTGACCAAGGGATGGAGTCGATTCGTCAAGGAGAAGAAT  913 
 
Query  811  CTGAAAGCCGGTGACATTGTTAGCTTCCAGAGATCAACAGGGACGGAGAAGCAGCTGTAC  870 
            ||   |||||||||  ||||||  ||| ||||||| || ||    |||  |||| | ||  
Sbjct  914  CTTCGAGCCGGTGATGTTGTTACTTTCGAGAGATCGACCGGACTAGAGCGGCAGTTATAT  973 
 
Query  871  ATTGACTGGAA  881 
            ||||| ||||| 
Sbjct  974  ATTGATTGGAA  984 

 
 

Figure 4.1 Alignment of AtRAV2 full length coding sequence and GhRAV EST 
JQ837701using NCBI BLAST (BLASTN).  
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GhRAV (JQ837701) to AtRAV1 
 
Identities = 547/790 (69%), Gaps = 33/790 (4%) 
Strand=Plus/Plus 

 
 

Query  121   GGGAGTGGAACCAGCGTGATTGTGGATTCTGAATCTGGGGTCGAAGCCGAATCAAGGAAG  180 
             || || ||| | |||||  |  | ||||| ||    || || ||||| ||||| |||||| 
Sbjct  327   GGAAGCGGATCAAGCGTTGTGTTAGATTCAGAGAACGGCGTAGAAGCTGAATCTAGGAAG  386 
 
Query  181   CTCCCTTCTTCCAAGTACAAAGGTGTCGTTCCTCAACCCAACGGTCGATGGGGTGCTCAG  240 
             || || || || || ||||||||||| || || ||||| |||||  ||||||| |||||| 
Sbjct  387   CTTCCGTCGTCAAAATACAAAGGTGTGGTGCCACAACCAAACGGAAGATGGGGAGCTCAG  446 
 
Query  241   ATATACGAGAAGCACCAACGTGTTTGGCTTGGCACTTTCAATGAAGAAGATGAGGCGGCC  300 
             || |||||||| ||||| || || ||||| || || ||||| |||||||| || || ||  
Sbjct  447   ATTTACGAGAAACACCAGCGCGTGTGGCTCGGGACATTCAACGAAGAAGACGAAGCCGCT  506 
 
Query  301   AAAGCCTATGACATAGCAGCTCAAAGGTTTAGGGGTCGTGACGCTGTCACTAACTTCAAA  360 
                ||||| ||| | || | ||| |||||  |  | |||||||| ||||| || |||||| 
Sbjct  507   CGTGCCTACGACGTCGCGGTTCACAGGTTCCGTCGCCGTGACGCCGTCACAAATTTCAAA  566 
 
Query  361   CACCTCCACGAA-ATGGAGGATGATGACATCCAAATTGCCTTCCTCAATTCGCATTCCAA  419 
              || |    ||| ||||| || || ||  ||      |  ||| | ||||| ||||| || 
Sbjct  567   GACGT----GAAGATGGACGAAGACGAGGTC------GATTTCTTGAATTCTCATTCGAA  616 
 
Query  420   GGCTGAAATCGTGGACATGTTGCGTAAGCATACCTACAATGATGAGCTTGAGCAGAGT--  477 
               |||| ||||| || |||||| | || ||||| || || || ||| | |||||||||   
Sbjct  617   ATCTGAGATCGTTGATATGTTGAGGAAACATACTTATAACGAAGAGTTAGAGCAGAGTAA  676 
 
Query  478   -CGGAGAAGCTATGGTTTCG---ATGGGAATGGGAAACG----TATTGTCAGAAAGGAG-  528 
              ||| |  |  |||||  ||   |   || | ||  |||    ||  ||| |    |||  
Sbjct  677   ACGGCGTCGTAATGGTAACGGAAACATGACTAGG--ACGTTGTTAACGTCGGGGTTGAGT  734 
 
Query  529   ---GATGGTTTTGGCACCTTAGGCTTTGAGCTCAAAGCACGTGAACAACTCTTCGAGAAA  585 
                |||||| ||   ||    || ||| || ||   ||    ||   ||| || |||||| 
Sbjct  735   AATGATGGTGTTTCTACGACGGGGTTT-AGATC--GGC---GGAGGCACTGTTTGAGAAA  788 
 
Query  586   GCTGTGACCCCAAGCGATGTAGGGAAGTTGAACCGGCTTGTGATACCTAAGCAACATGCG  645 
             || || || |||||||| || |||||| | |||||  | || ||||| || || || ||  
Sbjct  789   GCGGTAACGCCAAGCGACGTTGGGAAGCTAAACCGTTTGGTTATACCGAAACATCACGCA  848 
 
Query  646   GAGAAGTACTTTCCTTTGCAAAGCGGGAGTGCTTCTTCCAAAGGAGTTCTTTTGAACTTC  705 
             |||||  | ||||| || |      | |  | |||    ||||||||  | ||||||||  
Sbjct  849   GAGAAACATTTTCCGTTACCGTCAAGTAACGTTTCCGTGAAAGGAGTGTTGTTGAACTTT  908 
 
Query  706   GAAGATGTGACCGGCAAAGTTTGGAGGTTTAGGTATTCCTATTGGAACAGTAGCCAGAGT  765 
             || || || | ||| ||||| ||||||||  | || || |||||||||||||| |||||| 
Sbjct  909   GAGGACGTTAACGGGAAAGTGTGGAGGTTCCGTTACTCGTATTGGAACAGTAGTCAGAGT  968 
 
Query  766   TATGTCCTAATAAAAGGGTGGAGCCGCTTTGTTAAGGAGAAGAACCTGAAAGCCGGTGAC  825 
             |||||  | |  ||||| |||||| | || |||||||||||||| ||    || |||||| 
Sbjct  969   TATGTTTTGACTAAAGGTTGGAGCAGGTTCGTTAAGGAGAAGAATCTACGTGCTGGTGAC  1028 
 
Query  826   ATTGTTAGCTTCCAGAGATCAACAGGGACGGAGAAGCAGCTGTACATTGACTGGAAGGCA  885 
              | ||||| |||   ||||| |  ||   |||  | ||| |||||||||  |||||| |  
Sbjct  1029  GTGGTTAGTTTCAGTAGATCTAACGGTCAGGATCAACAGTTGTACATTGGGTGGAAGTCG  1088 
 
Query  886   AGAACCGGGT  895 
             ||| |||||| 
Sbjct  1089  AGATCCGGGT  1098 

 

Figure 4.2 Alignment of AtRAV1 full length coding sequence and GhRAV EST JQ837701 
using NCBI BLAST (BLASTN).  
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Figure 4.3    Northern blot assay of independent pro35S:AtRAV2 transgenic cotton lines 
in the T4 generation shows expression of several larger sizes of AtRAV2 transcripts than 
full-length AtRAV2 coding sequence (~1,060 bases). A. Blot probed with 32P-labeled 
cDNA probe for AtRAV2.  The blot was probed simultaneously with labeled RNA ladder 
to visualize the six markers. Lane 1-8 pro35S:AtRAV2 transgenic lines (Lane 1- 41-27-1-
1;  Lane 2- 41-4-8-1; Lane3- 41-24-8-1; Lane 4- 41-24-7-10; Lane 5- 41-27-2-2; Lane 6- 
41-24-1-2; Lane 7- 41-24-6-1; Lane 8- 41-5-3-1 and Lane 9 non-transgenic Wild type 
Coker312) B. 10μg total RNA was loaded in each lane and 2 μg  Millenium kb RNA 
ladder was run in parallel.  Samples were stained with Ethidium bromide to show equal 
loading of RNA samples by visualization of ribosomal RNAs.  
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Figure 4.4 RT-PCR of pro35S:AtRAV2 transgenic cotton lines (T4 generation) run on a 
4% agarose gel. Lanes 2-9, 11-18, 20-27 and 29-36 corresponds to pro35S:AtRAV2 
transgenic lines.  Lanes 2,11,20,29= 41-4-8-1;  Lanes 3,12,21,30= 41-5-3-1; Lanes 
4,13,22,31= 41-24-1-2; Lanes 5,14,23,32= 41-24-6-1; Lanes 6,15,24,33= 41-24-7-10; 
Lanes 7,16,25,34= 41-24-8-1; Lanes 8,17,26,35= 41-27-1-1; Lanes 9,18,27,36= 41-27-2-
2) and Lanes 1,10,19,28 = Wild Type Coker 312.  The presence of faint bands in some of 
the minus reverse transcriptase (-RT) lanes 19- 36 suggests some trace contamination of 
RNA extracts with genomic DNA, but does not hinder interpretation that the vast 
majority of templates for amplification are cDNA (from RT of RNA). 
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Figure 4.5   Northern blot analysis of independent pro35S:AtRAV2L transgenic cotton in 
the T4 generation shows expression of several larger sizes of AtRAV2L transcripts than 
full-length AtRAV2 coding sequence (~1,090 bases). (A) Blot probed with AtRAV2L 32P 
random labeled cDNA probe and KB RNA ladder probed with ladder specific probe. 
Lane 1- Wild Type; Lane 2-4 AtRAV2L transgenic lines (Lane 2- 40-4-2-1; Lane 3- 40-
24-2-1; Lane 4- 40-23-4-4) and Lane 5- 40-8-1-1 (KSNT) B. 10μg total RNA was loaded 
in each lane and 2 μg  Millenium kb RNA ladder was run in parallel.  Samples were 
stained with Ethidium bromide to show equal loading of RNA samples by visualization 
of ribosomal RNAs. 
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Figure 4.6 RT-PCR of pro35S:AtRAV2L transgenic cotton lines (in T4 generation) 
run on a 4% agarose gel. Lanes 2-4, 7-9, 12-14 and 17-19 corresponds to AtRAV2L 
transgenic lines (Lanes 2,7,12,17= 40-4-2-1;  Lanes 3,8,13,18= 40-23-4-4; Lanes 
4,9,14,19= 40-24-2-1), Lanes 1,6,11,16= Wild Type Coker 312; and Lanes 5,10,15,20= 
KSNT 40-8-1-1.   Note the lower band intensity for independent line 40-2-1 correlates 
with low mRNA abundance observed by northern blot in previous figure.  The presence 
of faint bands in some of the minus reverse transcriptase (-RT) lanes 11- 20 suggests 
some trace contamination of RNA extracts with genomic DNA, but does not hinder 
interpretation that the vast majority of templates for amplification are cDNA (from RT of 
RNA). 
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Figure 4.7    Northern blot analysis of two independent pro35S:AtRAV1 transgenic cotton 
lines in T4 generation. Lane 1-2 AtRAV1 transgenic lines (Lane 2- 42-1-1-5; Lane3- 42-
13-7-2), Lane 3- Wild type. Blot probed with AtRAV1 32P random labeled cDNA probe 
and Ethidium bromide stained total RNA is shown as loading control. 
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Figure 4.8 RT-PCR of AtRAV1 transgenic cotton (in T4 generation) run on a 4% 
agarose gel. Lanes 2-5, 7-10, 12-15 and 17-20 correspond to AtRAV1L transgenic lines 
(Lanes 2,7,12,17= 42-1-1-2;  Lanes 3,8,13,18= 42-1-1-5;  Lanes 4,9,14,19= 42-3-7-1; 
Lanes 5,10,15,20= 42-13-7-2) and Lanes 1,6,11,16= Wild Type Coker 312.  The 
presence of faint bands in some of the minus reverse transcriptase (-RT) lanes 11- 20 
suggests some trace contamination of RNA extracts with genomic DNA, but does not 
hinder interpretation that the vast majority of templates for amplification are cDNA 
(from RT of RNA). 
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Figure 4.9  Northern blot analysis of two independent pro35S:AtABI5 transgenic cotton 
lines in the T4  generation. (A) Blot probed with AtABI5 32P random labeled cDNA probe 
and KB RNA ladder probed with ladder specific probe.  Lane 1- Wild Type; Lane 2-3 
AtABI5 transgenic lines (Lane 2- 38-1-1-1;  Lane 3- 38-13-4-1)  B. 10μg total RNA was 
loaded in each lane and 2 μg  Millenium KB RNA ladder was run in parallel.  Samples 
were stained with Ethidium bromide to show equal loading of RNA samples by 
visualization of ribosomal RNAs. 
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Figure 4.10 RT-PCR of pro35S:AtABI5 transgenic cotton lines (in T4 generation) 
run on a 4% agarose gel. Lanes 2-3, 5-6, 8-9 and 11-12 correspond to AtABI5 transgenic 
lines (Lanes 2,5,8,11= 38-1-1-1;  Lanes 3,6,9,12= 38-13-4-1) and Lanes 1,4,7,10 = Wild 
Type Coker 312.  The presence of faint bands in some of the minus reverse transcriptase 
(-RT) lanes 9- 12 suggests some trace contamination of RNA extracts with genomic 
DNA, but does not hinder interpretation that the vast majority of templates for 
amplification are cDNA (from RT of RNA). 
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Figure 4.11 Western blot of seed protein extracts for two independent 
pro35S:AtABI5 transgenic cotton lines (in T4 generation) probed with anti-c-myc epitope 
antibody. Lanes 1 and 2 correspond to AtABI5 transgenic lines 38-1-1-1 and 38-13-4-1, 
respectively, and Lane 3 to Wild Type Coker 312.   
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Figure 4.12 Time course of greenhouse drought effects on photosynthetic assimilation in select transgenics and wild type during 
(Drt) and following (Rec) an imposed 11 day drought stress.  SEM bars are shown for Wild type Coker312, drought-tolerant 
RAV2 line 41-4-8-1 and ABI5 X RAV2 double over-expressor (41-4-8-1 X 38-13-4-1). 
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Figure 4.13 Severe wilting of deficit irrigated Coker (left) compared to deficit irrigated 
RAV2 X ABI5 (41-4-8-1 X 38-13-4-1 stacked double transgenic, right side).  Photo 
taken in the evening after 10 days without watering (34 days after sowing). 
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Figure 4.14 Deficit irrigation treatment effect on biomass accumulation.  Well watered 
Coker 312 (left) grew ~52% more biomass and 20% longer internode lengths compared 
to deficit irrigated Coker 312 (right).   
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Figure 4.15 Lateral roots biomass in single and stacked double transgenics grown under 
90 days of deficit irrigation in the greenhouse. (A) Compares the wild type Coker 312 to 
five individual AtRAV2 cotton transgenic lines.  (B) Compares the wild type Coker 312 to 
AtRAV2, AtABI5 transgenic cotton and their stacked double transgenic crossed progeny  
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Figure 4.16 Total height gained under 90 days of deficit irrigation in several individual 
wild type Coker 312 plants (left) and compared to pro35S:AtRAV2 transgenic cotton 
individuals (line 41-24-8-1), which have on average 17% longer internode.   
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Figure 4.17 Average first flowering days after sowing. Data for individual lines of 
respective transgenes have been pooled for well watered as well as deficit irrigation (four 
AtRAV1, eight AtRAV2, three AtRAV2L, two AtABI5 and four stacked double transgenic 
AtRAV1/2 x AtABI5 lines). For SEM, n= 10-29.  For statistical significance analysis, a 
two-tailed Student’s t-test was applied and non equal variance is assumed.  Two asterisks 
(**) indicates high significantly different (p < 0.001) than Coker 312; (*) indicates 
significantly different (p < 0.05). 
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Figure 4.18 Squaring in Coker 312 (left) starts earlier than pro35S:AtRAV1 line 42-1-1-5 
transgenic cotton (right) grown in the greenhouse. Red arrowheads point to the squares in 
cotton.  
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Figure. 4.19 Picture shows the late cut out phenotype (row on right) in pro35S:RAV 
transgenic–cotton, compared to Coker 312 (row on left) which has “bumblebee flowers” 
(white flowers near the topmost nodes). Red arrows point towards the flowering at the 
lower node positions. 
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Figure 4.20 Extended flowering in pro35S:AtRAV2 transgenic cotton (line 41-24-8-1; 
left) compared to Coker 312 (right).  Picture is taken after 90 days of deficit irrigation 
under greenhouse conditions. The red arrows point towards 2 DPA (Days Post Anthesis) 
flowers at top position nodes in 41-24-8-1 compared to blue arrows pointing towards 
maturing bolls in Coker 312.  
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Figure 4.21 Intrinsic Water Use Efficiency of drought stressed field grown plants. 
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Figure 4.22 Delayed senescence and late boll cracking in AtRAV2 transgenic cotton under 
deficit irrigation conditions (99 DAS).  Leaves in wild type plants (red line) started 
yellowing compared to pro35S:AtRAV2 plants (blue line) that were still green.  Bolls in 
wild type plants started cracking (white bolls) compared to unopened bolls in 
pro35S:RAV2 plants (no conspicuous white bolls).   
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Figure 4.23 Late boll cracking in transgenic lines 99 days after sowing (DAS) under well-
watered (WW) and deficit irrigation (DI) treatments in the field.  A single asterisk (*) 
label in genotype name indicates plants were sown by hand at low density (two plants per 
foot).  Double asterisks (**) above bars indicates significantly different (p < 0.001) than 
wild type control; (*) indicates significantly different (p < 0.05). 
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Figure 4.24 Loss of apical dominance in transgenics . Top panel  shows the normal plant 
map in wild type (green arrows)  compared to bottom panel that shows pro35S:AtRAV2 
transgenic line 41-24-1-2 (yellow arrows show loss of monopod identity,  green arrow 
shows rare monopodial stem in this line). 
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Figure 4.25 Boll retention at individual node positions. Boll retention from all the 
transgenic lines representing a transgene from fifteen or more individual plants was 
pooled (A) Boll retention in transgenics compared to wild type in well watered (A) and 
deficit irrigation conditions (B). Fraction of bolls retained under well watered conditions 
was higher compared to deficit irrigation treatment. pro35S:AtRAV1/2 plants had a node 
shift compared to wild type for maximum bolls retained in both watering regimes.  
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Figure continued on next page…………. 
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Figure 4.26 Quality parameters of yarn spun from transgenic fibers of AtRAV1/2.  Note 
that the drought-induced (DI) Coker312 sample failed to spin, due to low quality fibers.  
(A) Work to break (grams force per cm).  (B) Uniformity measured as Coefficient of 
Variance (CV).  (C) Imperfections per unit length (thick spots @ 50%ile + thin spots @ 
50%ile + neps> 200 µm). For SEM, n= 10.  For statistical significance analysis, a two-
tailed Student’s t-test was applied and non equal variance is assumed.  Two asterisks (**) 
indicates high significantly different (p < 0.001) than Coker 312; (*) indicates 
significantly different (p < 0.05). In Panel C:  p = 0.07 for RAV2 41-4-8-1, and p = 0.11 
for RAV1 42-13-7-2 under well-watered conditions. 
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Figure 4.27 Protein and oil content in seeds of field-grown transgenics and wild type. 
Percent (%) total protein content (A) and percent % crude oil content (B) in seeds of 
field-grown cotton plants under well watered (WW) and deficit-irrigated (DI) conditions.  
Error bars are s.e.m., n =3.
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CHAPTER 5 

MOLECULAR CHARACTERIZATION OF RAV AND ABI5 OVER-
EXPRESSING TRANSGENIC COTTON FOR FLOWERING TIME 

AND DROUGHT RESISTANCE 

The AtRAV and AtABI5 transgenic cotton shows drought resistant behavior (see Chap. 

4).  In greenhouse as well as field grown conditions wild type and transgenic cotton 

flowered earlier in response to drought.   The transgenic cotton lines under field 

conditions showed increased drought response by reducing stomatal conductance and 

manifested a “less stressed phenotype”  in terms of delayed flowering (for AtRAV1/2), 

an extended  boll filling period, and more vegetative growth.  Better developed lateral 

root system and longer internode lengths under greenhouse conditions further corroborate 

the phenotypes in the field.  In order to characterize the better performance of transgenic 

cotton under deficit irrigation and less stressed phenotype, we looked at transcript 

abundances of select genes of cotton (Arabidopsis homologs) that might shed light on the 

molecular mechanisms underlying the observed agronomic traits.  To this end I did a 

BLAST search to fish out the cotton ESTs corresponding to genes of interest.  I then 

designed oligonucleotide primers and amplified (by PCR) those cDNAs corresponding to 

ESTs from reverse-transcribed cotton RNA.  The PCR products were purified and used to 

make radioactive probes for Northern blots.  Also, I collected the source leaf tissue from 

select transgenic cotton lines grown in the greenhouse, in particular AtRAV1 line 42-13-

7-2, AtRAV2 line 41-24-8-1, AtABI5 line 38-13-4-1, stacked double transgenics 

AtRAV1 X AtABI5 (42-13-7-2 x 38-13-4-1), AtRAV2 x AtABI5 (41-4-8-1 X 38-13-4-

1), and wild type Coker 312.  Tissue was pooled from 6 individual plants of each line for 

-well watered non stressed condition (24 DAS), -drought treatment (11 Days of no 

watering; 35 DAS), and -recovery (overnight recovery from drought stress after re-

watering).     
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5.1 Gossypium hirsutum Related to ABI3 and VP1 (GhRAV) transcript 
is highly drought inducible and is up-regulated in transgenics in 
drought and recovery compared to wild type 

The agronomic traits of AtRAV transgenic cotton genotypes piqued our interest to look at 

the Gossypium RAV transcript.  RNA blot analysis of GhRAV expression is shown in Fig. 

5.1.  A GhRAV transcript of low abundance was detected in well watered conditions, and 

was highly induced by drought treatment.   After 11 days of severe drought, I observed 

~6.3 times GhRAV transcript expression in wild type Coker 312 (table in figure 5.1; 

“Drt/WW” lane 12) compared to well watered conditions (compare lanes 6 and 12).  

GhRAV transcript reduced to 0.11 fold in response to re-watering (Rec/Drt; lane 18).  

This result suggests a stress-specific function of RAV transcription factor in cotton.  

Figure 5.1 also shows that, in drought treatment, compared to wild type GhRAV was up 

regulated in AtRAV1 and AtRAV2 x AtABI5 transgenics by ~ 1.6 times (“line/ Coker in 

specified treatment,” Lanes 7 and 11 respectively and compare it to lane 12).   

Interestingly, GhRAV  transcript was ~1.9 to 2.7 times more highly expressed in all the 

single transgenics and stacked double transgenics in the recovery stage (line/ Coker in 

specified treatment, lanes 13-17 compared to lane 18).  This data suggests that RAV TFs 

might play an important in drought resistance and recovery from stress.  The EST of 

GhRAV was originally cloned from 7-10 days post anthesis (DPA) fibers (GI:164343145; 

UFL_463_52 Cotton fiber 0-10 day post anthesis Gossypium hirsutum; Shi,Y H et al., 

Unpublished), a time when the fibers are elongating maximally.  This is circumstantial 

evidence supporting the hypothesis that higher GhRAV expression might confer drought 

resistance and may have an association with longer fibers possibly because of association 

with ROS scavengers (see Discussion, Chapter 6). 

5.2 Molecular analysis of the late flowering time in AtRAV1 and 
AtRAV2 transgenic cotton 

5.2.1   Gossypium hirsutum Flowering Locus T- Like (GhFTL) gene is 

repressed in AtRAV1/2 transgenic cotton  
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I did a BLAST query with Arabidopsis Flowering Locus T (FT) transcript against cotton 

EST database in NCBI and found a FT homolog EST (HM631972, GhFTL; 74% 

identical).   In order to test the hypothesized mechanism of late flowering in AtRAV1/2 

transgenic cotton lines (i.e. repression of Florigen gene FT), I studied the transcript 

expression of GhFTL over an extended time period.   I collected the source leaf tissue 

(four individual plants and tissue was pooled) of wild type Coker 312, AtRAV1 cotton 

line (42-13-7-2) and AtRAV2 line (41-24-8-1) starting from 24 DAS under well watered 

conditions until 77 DAS (sampled at 24DAS, 33DAS, 50DAS, 58 DAS, and 77 DAS).   

The 24 DAS time point refers to squaring initiation in wild type, whereas there was no 

squaring in any of the AtRAV1/2 transgenic cotton plants at that point of time.  The 33 

DAS time point refers to squaring initiation in AtRAV1/2 transgenic cotton.   The 50 

DAS time point refers to flowering initiation in wild type, and no flowering was observed 

in AtRAV1/2 cotton. The 58 DAS time point refers to flowering initiation in AtRAV1/2 

cotton.  At 77 DAS, wild type and AtRAV1/2 transgenic cotton were at full bloom.  

Figure 5.2  shows that GhFTL transcript of high abundance in Coker 312 was 

observed at 24 DAS and 33 DAS  ( table in fig 5.2 ; “FT expression with time”; lanes 1 

and 2) and reduced  to 0.77 fold at flowering initiation in wild type (50 DAS) (lane 3).  It 

further reduced to 0.25 fold at 58 DAS (lane 4).  Eventually, GhFTL transcript again 

increased to ~0.7 fold of the initial expression strength at full bloom (lane 5). 

Interestingly, GhFTL expression in AtRAV1/2 transgenic cotton was lower at all the 

stages studied compared to wild type.  Its transcript was down-regulated to 0.46 fold at 

24 DAS, 0.25 fold at 33 DAS, 0.27 fold at 50 DAS, 0.18 fold at 58 DAS and to 0.02 fold 

at 77 DAS in AtRAV1 (42-13-7-2)  as compared to wild type (table in fig 5.2; 

“RAV1/Coker”; lanes 6-10).  Similarly, GhFTL transcript was also reduced in AtRAV2 

cotton  (41-24-8-1) to0.15 fold at 24 DAS, 0.38 fold at 33DAS, 0.03 fold at 50 DAS, 0.17 

fold at 58 DAS and to 0.06 fold at 77 DAS compared to wild type (table in fig 5.2; 

“RAV2/Coker”; lanes 11-15).  This result suggests that the overexpression of AtRAV1/2 

in transgenic cotton has delayed the flowering time by repressing the GhFTL.  This result 
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is an evidence of a conserved similar branch of flowering mechanism in Arabidopsis and 

cotton.  

5.2.2 GhFTL transcript is highly repressed by drought and is up-regulated in 

transgenics in recovery compared to wild type 

AtRAV1/2 overexpression in cotton reduced the GhFTL expression in a time-dependent 

manner as shown before (section 5.2.1).  Consistent with that, Figure 5.3 shows that 

under well watered conditions GhFTL expression was down regulated by 0.25-0.76 fold 

in AtRAV1/2 and AtRAV1/2 x ABI5 cotton (“line/Coker in specified treatment”- Lanes 

1-5 compared to lane 6).  However, in ABI5 it was up by 1.46 fold.  Interestingly, in 

response to drought GhFTL expression was reduced to 0.17 fold in wild type and to a 

much lower level in RAV1/2 and RAV1/2 X ABI5 stacked transgenic cotton (figure 5.3; 

“Drt/WW”; lanes 7-11 compared to lane 12).  Unexpectedly, all the transgenics including 

RAV1/2 had ~3 to ~11 fold induction in GhFTL transcript in overnight recovery 

compared to drought (figure 5.3; “Rec/Drt”; lanes 13-17 compared to lane 18) and was 

~1.5 – 3.7 fold higher in transgenics in comparison to wild type (“Line/Coker” in 

specified treatment Lanes 13-18) .  This result may imply there is some spatial or 

temporal dynamic role of RAV TFs under different physiological conditions, e.g. in case 

of re-watering after a long drought spell the task to reduce the oxidized conditions (as a 

result of high ROS generation under stress; see below) might be much more important 

than repression of GhFTL.  This might also be the reason that RAV1/2 and RAV1/2 X 

ABI5 transgenics flower earlier (but later than wild type) in drought compared to well-

watered conditions.   Although not understood at this juncture, RAV cotton lines bloom 

quite rigorously once they start flowering (data not shown).  Studying different pathways 

for flowering in RAV transgenic cotton by a custom gene chip microarray may shed light 

on this riddle.  

5.3 Altered stress-inducible marker transcript abundances in 
transgenic cotton support the “less stressed phenotype” 
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Biotic and abiotic stresses generate excess of reactive oxygen species (ROS) and 

cause the peroxidation of membrane lipids resulting into cell death.  Lee and co-workers 

(2010) have shown that Virus Induced Gene Silenced lines of Capsicum annum RAV1 

(CaRAV1) had higher levels of lipid peroxidation, suggesting its role in ROS scavenging. 

In addition, CaRAV1 interacts with CaOX1 (Oxido- reductase1) in a yeast-two- hybrid 

experimental system.  The authors created RNAi lines in pepper for CaRAV1 and/or 

CaOX1 and observed increases in lipid peroxidation in single- and double mutants, 

possibly as result of increased oxidative stress.  Their study suggests RAV TFs are a part 

of ROS scavenging pathway that helps combating stress in plants.  In order to test this 

hypothesis, I characterized the expression of cotton homolog ESTs of Arabidopsis stress 

regulated genes GhP5CS1/2 (delta1-pyrroline-5-carboxylate synthase), Chloroplast 

GhCuZnSOD2 (copper and zinc super oxide dismutase), GhGST  (glutathione s-

transferase), GhAdhA (alcohol dehydrogenase) and GhDREB (dehydration response 

element-binding protein). 

 

5.3.1  GhP5CS 1/2 transcript is down regulated in transgenics under  well-

watered conditions and  up-regulated in recovery compared to wild type 

P5CS 1 and P5CS 2 in Arabidopsis catalyze the rate-limiting step of proline biosynthesis 

and are differentially expressed in response to drought, salinity and ABA (Székely et al., 

2008).  Both of these genes are expressed in reproductive organs and tissues under non-

stress conditions, but in the whole plant under water-limiting conditions.  A T-DNA 

insertion knockout p5cs1 mutant shows lower proline synthesis under stress, 

hypersensitivity to salt stress, and accumulation of ROS, whereas p5cs2 mutants are 

embryo lethal (Székely et al., 2008).  Over-expression of TaMYB33 (Triticum aestivum 

MYB33) in Arabidopsis enhanced its tolerance to drought and NaCl stresses and was 

correlated with elevated AtP5CS transcripts (Qin et al., 2012).  Ectopic expression of 

ZmSIMK1 (Zea mays Salt-Induced Mitogen-Activated Protein Kinase 1) in Arabidopsis 

resulted in increased resistance against salt stress (Gu et al., 2010).  P5CS1 was 

constitutively overexpressed in ZmSIMK1 transgenic Arabidopsis and expression was 
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further increased under salt stress.  These reports also suggested that induced P5CS1 

transcript under abiotic stresses results in enhanced proline biosynthesis that helps in 

osmotic adjustments by ROS reduction. 

I did a BLAST query with AtP5SC1 transcript against cotton EST database in NCBI and 

found a P5CS homolog EST (EU417651, GhP5CS that is 77% identical to AtP5SC1 and 

76% to P5CS2).  Figure 5.4 shows the Northern blot result for GhP5CS in well watered, 

drought, and recovery after watering in transgenic cotton lines.  All the transgenic lines 

showed 0.29 to 0.52 fold reduced GhP5CS transcript in comparison to wild type (lanes 1-

6; “Line/ Coker in specified treatment”).   It might be because of developmental phase 

difference in RAV1/2 and RAV1/2 X ABI5 (recall that Wild type cotton starts squaring 

at ~24DAS, the time when tissue from WW samples was collected compared to RAV and 

RAV x ABI5 crosses that start squaring at ~33 DAS,) compared to wild type.  It has been 

reported that overexpression of AtP5CS1 results in early flowering in Arabidopsis 

(Mattioli et al., 2009).   Also, p5cs1 loss-of-function mutant exhibits a modest delay in 

flowering which is further delayed in p5cs1 p5cs2 double mutant, suggesting the 

common overlapping function of these two genes.  GhP5CS was reduced to 0.27 fold in 

wild type in imposed drought (“Drt/WW”; lane 12 compared to lane 6).  It might be a 

developmental stage difference (as tissue is collected after 11 days of drought) and not 

direct consequence of drought effect. Interestingly, RAV1 X ABI5 cotton accumulated 

~1.82 time more transcript compared to wild type under drought conditions (“Line/ 

Coker in specified treatment”, compare lane 10 to lane 12).  Owing to the P5CS role in 

protection from reactive oxygen species, induced GhP5C transcript in RAV1 X ABI5 

supports the idea of “less stressed phenotype”.  This data is in concordance with 

significantly lower detrimental effect of drought on photosynthetic assimilation in RAV1 

X ABI5 cotton (fig 4.12 and table 4.2; 11 D-drt) under drought stress and further supports 

the hypothesis of synergistic effect of ABI5 and RAV1 in stress tolerance over both the 

parents.  All the transgenic lines and crosses had ~1.5 to 2.1 times higher transcript level 

at recovery stage (lanes 13-18, “Line/ Coker in specified treatment”) suggesting the better 

combating of ROS and is supported by significantly better photosynthesis over wild type 
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in recovery stage (fig 4.12 and table 4.2; 16 hrs recovery).  Owing to a suggested 

difference for P5CS at different developmental stages (accumulation at flowering 

transition), comparison of drought and recovery stages is more meaningful as there is 

merely ~ 24 hrs gap in tissue collection (and was collected at the same hour of the day).  

5.3.2  GhCuZnSOD2  transcript  is upregulated in ABI5 under all three 

conditions and is higher in RAV1 x ABI5 compared to parents in drought and 

recovery 

ROS scavenging in plants involves activity of superoxide dismutase (SOD), 

ascorbate peroxidase (APX), glutathione peroxidase (GPX), and Catalase (Apel and Hirt, 

2004).  SODs act as the first line of defense against ROS, dismutating superoxide to H2O2 

followed by APX, GPX, and CAT subsequently detoxifying H2O2  by converting it into 

H2O (Apel and Hirt, 2004).  Different environmental stresses lead to enhanced production 

of superoxide within plant tissues, and plants rely on the SOD for its detoxification.  

There are numerous reports that show enhanced CuZnSOD levels resulting in stress 

tolerance.  Tobacco seeds over-expressing CuZnSOD and APX in plastids showed 

enhanced seed longevity and germination under osmotic-, salt- and cold stresses (Lee et 

al., 2010).  Sweet potato plants in response to wounding generate nitric oxide that 

activates CuZnSOD and APX to repress the cell death (Lin et al., 2011).  Potato plants 

over-expressing CuZnSOD, APX and NDPK2 genes show enhanced tolerance to 

oxidative and high temperature stresses (Kim et al., 2010).  

Figure 5.5 shows the Northern blot result for CuZnSOD transcript in well watered, 

drought, and recovery stages in transgenic cotton lines.  CuZnSOD did show a slight 

decrease in response to drought stress in wild type (reduced to ~0.7 fold; compare lane 6 

“line/Coker in specified treatment” to “Drt/WW” in lane 12).  However, in response to 

re-watering CyZnSOD did not show a recognizable change (compare lane 12 “Drt/WW” 

to lane 18 “Drt/Rec”).  Remarkably, it was reduced in RAV1 and RAV1/2 X ABI5 

(reduced to ~0.66-0.84 fold; lanes 1, 4 and 5 compared to lane 6 in “Line/Coker in 

specified treatment”) and was up in RAV2 and ABI5 (increased to 1.26 and 1.66 fold 
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respectively, lanes 2 and 3 compared to lane 6 in “Line/Coker in specified treatment”) 

under well watered conditions.  Under drought conditions it was up-regulated in ABI5 

and RAV1 X ABI5 (1.31 and 2.13 fold higher than wild type; lanes 9 and 10 compared to 

lane 12 in “Line/Coker in specified treatment”).  Under re-watering conditions its 

expression was higher in ABI5, RAV1/2 X ABI5 (1.27 to 1.64 fold higher than wild type; 

lane 15-17 compared to lane 18 in Line/Coker in specified treatment). 

Thus, expression of CuZnSOD transcript was up-regulated in ABI5 transgenic 

cotton under all three conditions which suggests it is a marker for ABA signaling effects. 

(Recall reduced stomatal conductance of ABI5 transgenics even under well watered field 

conditions; 33% reduction compared to wild type; Table 4.9 A).  Remarkably, CuZnSOD 

transcript was up in RAV1 X ABI5 by 2.13 fold under deficit irrigation and 1.64 times in 

recovery supporting a synergistic effect of B3 and bZIP transcription factors in stress 

control through ROS scavenging.  

 

5.3.3  GhGST  is up-regulated in RAV1 x ABI5 under deficit irrigation and is 

up in all the transgenic lines during recovery 

Glutathione S-transferases (GSTs) play roles in both normal cellular metabolism as well 

as in the detoxification of a wide variety of xenobiotic compounds (Marrs, 1996).  Their 

roles in numerous stress responses, including those arising from pathogen attack, 

oxidative stress, and heavy-metal toxicity is been well studied (Marrs, 1996).  GST has 

peroxidase activity and helps in H2O2 scavenging (Sheeshan et al., 2001; Apel and Hirt 

2004).  In Arabidopsis, there are 55 GSTs divided into phi, tau, theta, zeta, lambda, 

dehydroascorbate reductase (DHAR) and TCHQD classes (Dixon and Edwards 2010).  

The most abundant phi and tau classes are highly stress inducible (Dixon and Edwards 

2010). 

A BLAST search with AF064201 EST (GhGST) against cotton EST database 

showed more than 100 ESTs that share more than 95% homology.  Figure 5.6 shows the 

Northern blot result for GhGST transcript in well watered, drought and recovery stage in 

transgenic cotton lines. GhGST transcript was up-regulated in response to drought in wild 
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type (1.89 fold; “Drt/WW” lane 12).  Further, GST expression was induced in response to 

re-watering compared to drought (1.34 fold; “Rec/Drt” lane 18).  Its expression was 

higher in ABI5 and RAV1 X ABI5 (1.38 and 1.22 respectively; lanes 3 and 4 compared 

to lane 6 in “Line/Coker in specified treatment”) under well watered conditions compared 

to wild type.  Even under drought conditions, its expression was higher in ABI5 and 

RAV1 X ABI5 (1.25 and 1.64 respectively; lanes 9 and 10 compared to lane 12 in 

“Line/Coker in specified treatment”) compared to wild type.  Remarkably, GhGST 

expression was higher in all the transgenic lines and crosses (1.51 -2.21 fold; lanes 13-17 

compared to lane 18 in “Line/Coker in specified treatment”) in recovery from drought 

stress. This data supports the significantly faster recovery in photosynthetic capacity of 

transgenic cotton (table 4.2, 16 hrs recovery), probably due to better ROS scavenging in 

transgenics.  

 

5.3.4  GhAdhA is down regulated in transgenics in all three conditions tested 

in greenhouse 

 With the onset of anoxia, a rise in cytosolic Ca2+ ion concentration acts as a signal 

leading to up-regulation of alcohol dehydrogenase (ADH)  transcript in maize cells in 

culture (Taize and Zieger, 2006). Alcohol dehydrogenase is up-regulated in various biotic 

and abiotic stresses and functions to break down alcohols that otherwise are toxic. 

Figure 5.7 shows the Northern blot result for GhAdhA transcript in well watered, drought 

and recovery stage in transgenic cotton lines.  A transcript of low abundance was 

identified under well watered conditions (Lanes 1-6 “Line/Coker in specified treatment”).  

GhAdhA was highly induced in response to drought (~38 fold; lane 12 compared to lane 

6) in wild type.  Furthermore, the expression was reduced to half in response to re-

watering (lane 18 compared to lane 12 “Rec/Drt”).  Remarkably, the GhAdhA expression 

was lower in all the transgenics (0.31-0.89 fold; lanes 1-5 compared to lane 6 

“Line/Coker in specified treatment”) under well water conditions suggesting a lower 

stress state in transgenics.  Even under drought condition the GhAdhA transcript in 

RAV2, ABI5 and RAV1 X ABI5 was lower (~0.51-0.7 fold; lanes 8, 9, 10 compared to 
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lane 12 “Line/Coker in specified treatment”).  Interestingly, all the transgenics and 

crosses showed lower expression of GhAdhA in recovery stage (0.26 -0.44 fold; lanes 13-

17 compared to lane 18 “Line/Coker in specified treatment”).  Lower GhAdhA levels in 

transgenics under different treatments corroborates the idea of a “less stressed 

phenotype” and is concomitant with higher photosynthesis under drought stress and 

recovery (table 4.2). 

5.3.5  GhDREB (Arabidopsis homolog of RAP2.1) transcript is down 

regulated in transgenics under drought and recovery compared to wild type 

The DREB/CBF (dehydration-responsive element binding proteins/Cold response 

binding factors) TFs specifically bind to dehydration-responsive element (DRE)/C-repeat 

(CRT) cis-acting element (A/GCCGAC) and modulate expression of many stress-

inducible genes in Arabidopsis (Maruyama et al 2004).  I examined DREB expression in 

the transgenics as a molecular marker for stress signaling state.  

Figure 5.8 shows the Northern blot result for GhDREB transcript in well watered, drought 

and recovery stage in transgenic cotton lines.  GhDREB was highly induced in response 

to drought (~5.7 fold ; compare lane 6 and 12 “Drt/WW”) .  In response to re-watering its 

expression was reduced (to ~0.3 fold; compare lane 12 and 18 “Rec/Drt”).  Its expression 

was slightly higher in RAV1 and RAV1 X ABI5 (1.34-1.27 fold, respectively; compare 

lane 1 and 4 to lane 6).  Remarkably, its expression was lower in all the transgenics and 

crosses (0.42-0.69 fold reduction; compare lanes 7-11 to lane 12; “Line/Coker in 

specified treatment”) compared to wild type under drought conditions. Interestingly, even 

during the recovery stage its expression was 0.51-0.65 fold in all the transgenics and 

crosses compared to wild type.  These lines of evidence indicate that transgenic plants 

when subjected to drought exhibit a “less stressed phenotype”.   
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Figure 5.1 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum Related to ABI3 and VP1 
(GhRAV) (JQ837701) homologue.  EtBr-stained total RNA was quantified by image J (described in section 2.5.2.1) and was 
used as loading control (shown underneath the northern blot).  Band intensities in the blot were quantified by using the 
ImageQuant TL software. The ratios of value for total RNA and value for band intensity were calculated and were interpreted as 
result for each lane. Results are presented as a ratio relative to the wild type Coker 312 in each respective watering treatment (set 
to unity).   Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no watering (35DAS), and overnight  
recovery (after re-watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 41-24-8-1, ABI5= 38-
13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in specified treatment 
refers to the ratio of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW refers to the ratio of 
signal in each individual line in response to drought relative to well watered control.  Rec/Drt refers to the signal ratio in 
individual line in response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an individual lines after 
re-watering relative to respective well watered plants. 
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Figure 5.2 Northern blot assay on wild type, pro35S:AtRAV1 and pro35S:AtRAV2 cotton for Gossypium hirsutum 
Flowering Locus T  Like (FTL) (HM631972) homologue.  Lanes 1-5, 6-10 and 11-15 represent FTL expression in wild 
type Coker 312, AtRAV1 (42-13-7-2) and AtRAV2 (41-24-8-1) respectively.  The blot was reprobed with a UBIQUITIN 
gene-specific probe to normalize for RNA loading differences between lanes.  Band intensities were quantified by using 
the ImageQuant TL software and are presented as a normalized ratio relative to the genotype at 24 DAS (set to unity).   
Lanes 1,6,11 correspond to 24DAS; lanes 2,7,12 to 33DAS; lanes 3,8,13 to 50DAS; lanes 4,9,14 to 58DAS; and lanes 
5,10,15 to 77DAS, respectively. “FTL expression with time” compares the relative normalized abundance of FTL over 
time in all three genotypes. “RAV1 (and RAV2)/Coker” refers to normalized signal ratio of FTL expression in RAV1 or 
RAV2 compared to Wild type Coker 312. 
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Figure 5.3  Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum Flowering Locus T (FTL) 
(HM631972) homologue.  EtBr-stained total RNA was quantified by image J (described in section 2.5.2.1) and was used as 
loading control (shown underneath the northern blot).  Band intensities in the blot were quantified by using the ImageQuant TL 
software. The ratios of value for total RNA and value for band intensity were calculated and were interpreted as result for each 
lane. Results are presented as a ratio relative to the wild type Coker 312 in each respective watering treatment (set to unity).    
Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no watering (35DAS), and overnight  recovery (after re-
watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 41-24-8-1, ABI5= 38-13-4-1, RAV1 x 
ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in specified treatment refers to the ratio 
of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW refers to the ratio of signal in each 
individual line in response to drought relative to well watered control.  Rec/Drt refers to the signal ratio in individual line in 
response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an individual lines after re-watering 
relative to respective well watered plants. 
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Figure 5.4 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum DELTA1-PYRROLINE-5-
CARBOXYLATE SYNTHASE 1 (P5CS) (EU417651) homologue.  EtBr-stained total RNA was quantified by image J (described 
in section 2.5.2.1) and was used as loading control (shown underneath the northern blot).  Band intensities in the blot were 
quantified by using the ImageQuant TL software. The ratios of value for total RNA and value for band intensity were calculated 
and were interpreted as result for each lane. Results are presented as a ratio relative to the wild type Coker 312 in each respective 
watering treatment (set to unity).Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no watering (35DAS), 
and overnight  recovery (after re-watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 41-24-8-
1, ABI5= 38-13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in 
specified treatment refers to the ratio of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW 
refers to the ratio of signal in each individual line in response to drought relative to well watered control.  Rec/Drt refers to the 
signal ratio in individual line in response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an 
individual lines after re-watering relative to respective well watered plants. 
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Figure 5.5 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum COPPER / ZINC 
SUPEROXIDE DISMUTASE  (CuZnSOD) (EU597268) homologue.  EtBr-stained total RNA was quantified by image J 
(described in section 2.5.2.1) and was used as loading control (shown underneath the northern blot).  Band intensities in the blot 
were quantified by using the ImageQuant TL software. The ratios of value for total RNA and value for band intensity were 
calculated and were interpreted as result for each lane. Results are presented as a ratio relative to the wild type Coker 312 in each 
respective watering treatment (set to unity).  Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no watering 
(35DAS), and overnight  recovery (after re-watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 
41-24-8-1, ABI5= 38-13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in 
specified treatment refers to the ratio of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW 
refers to the ratio of signal in each individual line in response to drought relative to well watered control.  Rec/Drt refers to the 
signal ratio in individual line in response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an 
individual lines after re-watering relative to respective well watered plants. 
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Figure 5.6 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum GLUTATHIONE S-
TRANSFERASE (GhGST) (AF064201) homologue.  EtBr-stained total RNA was quantified by image J (described in section 
2.5.2.1) and was used as loading control (shown underneath the northern blot).  Band intensities in the blot were quantified by 
using the ImageQuant TL software. The ratios of value for total RNA and value for band intensity were calculated and were 
interpreted as result for each lane. Results are presented as a ratio relative to the wild type Coker 312 in each respective watering 
treatment (set to unity).  Band intensities were quantified by using the ImageQuant TL software and are presented as a ratio 
relative to the wild type Coker 312 in each respective watering treatment (set to unity).   Lanes 1-6, 7-12, and 13-18 represent 
11D-Drt, 16 hrs recovery, and well watered (WW) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 
41-24-8-1, ABI5= 38-13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in 
specified treatment refers to the ratio of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW 
refers to the ratio of signal in each individual line in response to drought relative to well watered control.  Rec/Drt refers to the 
signal ratio in individual line in response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an 
individual lines after re-watering relative to respective well watered plants. 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

123 
 

Signal 
Ratio

Lane no.
Genotype

   

 

 

 

 

 

 

 

Figure 5.7 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum ALCOHOL 
DEHYDROGENASE  A (GhAdhA) (AF090147) homologue.  EtBr-stained total RNA was quantified by image J (described in 
section 2.5.2.1) and was used as loading control (shown underneath the northern blot).  Band intensities in the blot were 
quantified by using the ImageQuant TL software. The ratios of value for total RNA and value for band intensity were calculated 
and were interpreted as result for each lane. Results are presented as a ratio relative to the wild type Coker 312 in each respective 
watering treatment (set to unity).   Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no watering 
(35DAS), and overnight  recovery (after re-watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-2, RAV2= 
41-24-8-1, ABI5= 38-13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  Line/Coker in 
specified treatment refers to the ratio of signal in transgenic line compared to wild type for each specified treatment.  Drt/WW 
refers to the ratio of signal in each individual line in response to drought relative to well watered control.  Rec/Drt refers to the 
signal ratio in individual line in response to re-watering relative to drought treatment.  Rec/WW refers to signal ratio in an 
individual lines after re-watering relative to respective well watered plants. 
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Figure 5.8 Northern blot assay on wild type and select transgenic cotton lines for Gossypium hirsutum DEHYDRATION 
RESPONSE ELEMENT-BINDING PROTEIN A (GhDREB) (AF509502) homologue.  EtBr-stained total RNA was quantified by 
image J (described in section 2.5.2.1) and was used as loading control (shown underneath the northern blot).  Band intensities in 
the blot were quantified by using the ImageQuant TL software. The ratios of value for total RNA and value for band intensity 
were calculated and were interpreted as result for each lane. Results are presented as a ratio relative to the wild type Coker 312 
in each respective watering treatment (set to unity).   Lanes 1-6, 7-12, and 13-18 represent well watered (24DAS), 11 days of no 
watering (35DAS), and overnight  recovery (after re-watering) conditions, respectively.  For transgenic lines, RAV1 = 42-13-7-
2, RAV2= 41-24-8-1, ABI5= 38-13-4-1, RAV1 x ABI5 (42-13-7-2 x 38-13-4-1), and RAV2 x ABI5 (41-4-8-1 x 38-13-4-1).  
Line/Coker in specified treatment refers to the ratio of signal in transgenic line compared to wild type for each specified 
treatment.  Drt/WW refers to the ratio of signal in each individual line in response to drought relative to well watered control.  
Rec/Drt refers to the signal ratio in individual line in response to re-watering relative to drought treatment.  Rec/WW refers to 
signal ratio in an individual lines after re-watering relative to respective well watered plants. 
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CHAPTER 6 

 DISCUSSION 

 

6.1 Justification for using CaMV 35S promoter 

CaMV 35S promoter is presumed as a constitutive promoter, but some reports suggest 

that it is not expressed in all cell types.  Sunilkumar and coworkers (Sunilkumar et al., 

2002) did a detailed expression profile of this promoter using the green fluorescent 

protein (GFP) gene as a reporter system in cotton during embryo development and in 

vegetative and floral cell and tissue types.  GFP expression was not detected during the 

early stages of embryogenesis, but after germination varying levels of promoter activity 

was observed in all cell and tissue types including hypocotyl, cotyledon, stem, leaf, 

petiole, root, all floral parts and elongating ovule fiber.  

Thus the phenotypes observed in different tissue types in transgenic cotton in this 

study should essentially be due to the expression of the transgene and not because of 

somaclonal variation.  Also, the Kanamycin selected non transgenic (KSNT) line 40-8-1-

1 (fig. 4.5 and fig 4.6) was included in all the physiological experiments conducted and 

always showed the wild type behavior (chapter 4).    

6.2 Worth of transgenic cotton generated in the current study 

Transgenic cotton expressing RAV1, RAV2, RAV2L and ABI5 generated in this study 

exhibits characters of drought resistance. Cotton is economically a very important crop 

that is cultivated mainly for lint fiber.  Long staple in cotton is the most coveted character 

and is the focus of several breeding programs.  The longer lint fiber especially under 

drought conditions might help improve the value of cotton worldwide owing to a huge 

area under limited water cultivation.  Cotton over-expressing RAV1/2 produces longer 

fiber (table 4.12) under well watered as well as deficit irrigation conditions.  The average 

9% fiber length increase for independently validated pro35S:RAV1 and pro35S:RAV2 
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lines under drought stress is on a par or better than reported yield stability increases for 

Monsanto’s MON87460 cspB (RNA chaperone) transgenic corn (Castiglioni et al., 2008) 

or Performance Plants’ ENHANCED RESPONSE TO ABA1 (ERA1) drought-inducible 

antisense RNAi technology (Yield Protection Technology®)(Devine, 2009). 

RAV1/2/2L and ABI5 transgenic cotton generated more protein content in both 

watering regimes (figure 4.27). Cotton seed protein is used in fish meal and cattle feed 

(Owre 2007).  Global cottonseed production has a potential to meet the protein 

requirements for millions of people every year, but unfortunately it is underutilized due to 

the presence of toxic gossypol within seed glands.  In the last few years Dr. Keerti 

Rathore’s group has been successful in reducing the gossypol content by interfering with 

expression of the DELTA-CADINENE SYNTHASE during seed development 

(Sunilkumar et al., 2006).  Thus RAV1/2/2L and ABI5 transgenic cotton has a potential 

application in increasing edible cotton meail production, if crossed to delta-cadinene 

synthase RNAi lines.  

Lateral roots help in extracting water and nutrients from soil. Increased lateral 

root mass under well watered conditions might not be a very good character for 

production as the plant will be using a big chunk of assimilated carbon in generating root 

biomass, when it might not be efficient for value-added traits of fiber length or seed 

protein.  However, bigger lateral root mass might be a very useful character under deficit 

watering and dryland cultivation.  In the case of limited lateral root growth, most of the 

rain water will seep to the lower layers of soil and will become unavailable, whereas 

plants with bigger lateral roots will be able to utilize it more efficiently. Water deficit 

leads to a preferential root growth into the soil zones that remain moist.  Deeper root 

growth into wet soil is considered as second line of defense against drought (Taiz and 

Zeiger, 2006).  The transgenic cotton lines generated bigger roots (table 4.4) as recorded 

under deficit watering conditions in greenhouse.  Enhanced root growth into moist soil 

zones during stress requires allocation of assimilates to the growing root tips (Taiz and 

Zeiger, 2006).  Thus enhanced root growth generates a competition for assimilates 
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between roots and fruits.  This might be an additional reason (in addition to late 

flowering), why we see reduced fruit weight in RAV1/RAV2 transgenic cotton (table 

4.8).  Importantly, both ABI5 lines either showed similar fruit weight (line 38-1-1-1) or 

higher fruit weight (38-13-4-1) compared to wild type.  Interestingly, ABI5 x RAV 

crosses show synergistic effect in generating lateral root mass and generated fruit mass > 

Wild type and ≤ ABI5 (table 4.4).   

Use of ethylene (ethephon) is common in production agriculture for 

enhancingroot growth.  The increased root growth observed in ABI5 transgenic cotton 

might be a result of ABA and ethylene cross talk (if true it would be the first evidence 

thereof).  RAV TFs have also been identified as Ethylene response DNA binding Factors 

(RAV1- EDF4; RAV2-EDF2 and RAV2L; EDF1) (Stepanova et al., 2002).  As per 

Stepanova and co-workers (2002), EDF1-4 is ethylene-inducible.  EIN3 binds to the 

promoter of EDF1 and activates its transcription.  In response, EDF1 protein binds to its 

targets and triggers a subset of ethylene responses (Stepanova, 2001).  Knockout mutant 

analysis suggested that the functions of the EDF genes are largely redundant and weak 

ethylene insensitivity was observed in a quadruple edf1 edf2 edf3 edf4 mutant.  The ctr1 

mutation in quadruple edf knockout background partially suppressed the classical triple 

response of ethylene shown by ctr1. The RAV2 and RAV2L genetic characterization as 

TEM1 and TEM2 loci (Castillo and Pelaz., 2008) in Arabidopsis, RAV1 function  in 

ROS scavenging in Capsicum annum ( Lee et al., 2010), Stepanova’s finding as EDFs, 

RAV2 (EDF2) playing a role in suppression of RNA silencing by the silencing 

suppressors of two unrelated viruses, HcPro (of tobacco etch virus) and P38 (of turnip 

crinkle virus) (Endres et al., 2010) and our evidence presented here of their functions  as 

ABA effectors suggest that RAVs are nodes in a crosstalk network, rather than effectors 

of any single signal transduction pathway.   

Plants subjected to drought tend to reduce their leaf area.  The smaller leaf area 

transpires less water, and thereby helps conservation of a limited water supply in the soil 

over a longer growth period.  Reduction in leaf area can thus be considered a first line of 
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defense against drought (Taiz and Zeiger, 2006).  Reduced leaf area (although,  not 

significantly) in transgenic cotton under defict irrigation in greenhouse (table 4.7) thus 

might have served plants to maintain higher water potentials for unfaltered growth 

maintainance.  This is possibly the reason that transgenic plants subjected to a severe 

drought did not show reduced stomatal conductance and showed  higher photosynthesis 

per unit leaf area (figure 4.12; table 4.2) because of lower leaf surface area.  Moreover, 

delayed flowering of  RAV1/2 transgenics correlated with lower leaf area at the time of 

drought treatment onset (visual observation).  Importantly, this developmental delay 

might help plants get a better stand at an early seedling establishment stage in the field 

(real world conditions).  Altered  carbon partitioning in transgenic cotton, where we see 

bigger roots at the expense of leaf area, may be an adaptive strategy that helps plants 

thrive better under challenged environments, like we have seen under imposed drought in 

the greenhouse.  This is also a practical difference in pot-grown cotton (in greenhouse) 

where limited space and available water in pot didn’t help plants get additional leaf 

growth.  In contrast, in the field those transgenics generated more leaf area and biomass 

(table 4.10), possibly because of extended lateral roots resulting into long term water and 

nutrient supply.  

Plants subjected to drought tend to reduce their internodal length and become 

stunted.  Remarkably, the transgenics have longer internode lengths and a concomitant 

increase in stem weight (table 4.5; table 4.6; figure; 4.16) under deficit watering 

conditions in the greenhouse, which we interpret as a “less stressed phenotype”.  

Oxidoreductases play significant roles in responses to biotic and abiotic stresses (Reddy 

et al., 2007; Jacquot et al., 2009).  The higher activity of antioxidant enzymes reduce the 

intensity of lipid peroxidation, and thus reduced damage to the plants during osmotic 

stresses (Lai et al., 2007).  Induction of lipid peroxidation in CaRAV1- and/or CaOXR1-

silenced plants coincided with decreased tolerance to high salinity and drought (Lee et 

al., 2010).  Also, CaOXR1 (Capsicum annum oxidoreductase 1) protein positively 

controls CaRAV1-mediated plant defense during biotic and abiotic stresses, thus 

overexpression of the CaRAV1 and/or CaOXR1 may result in the scavenging of ROS to 

reduce the damage by osmotic stresses in plants (Lee et al., 2010).  Importantly, RAV1 x 
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ABI5 stacked transgenic cotton  lines have >2 fold higher transcript levels of CuZnSOD  

(figure 5.5) under severe drought conditions and >1.6 fold high after rewatering.  ABI5 

cotton also showed the same trend but to a lower extent, emphasizing the synegistic 

effect of RAV1 x ABI5 in combating drought stress.  Higher GST transcript level in 

RAV1xABI5 (~1.64 fold) under imposed drought (figure 5.6) and a high level (~ 2 fold 

compared to wild type) in all transgenics in recovery from drought stress (figure 5.6) 

indicates that less stressed phenotype is because of better combating of oxidative stress 

by increased level of ROS scavangers (GST, CuZnSOD and possibly others) .   

ADH  is highly inducible by anoxia and other bitioc and abiotic stresses (Taiz and 

Zeiger, 2006) and was also evident in our drought experiment in greenhouse (figure 5.7). 

Remarkably, reduced ADH transcript in transgenics (and RAV1 x ABI5, where we see 

enhanced effect (i.e. reduced ADH transcript compared to individual parents) under well 

watered, drought and recovery conditions supports the evidence of less stressed 

phenotype.  Similarly, lower DREB transcript in transgenics under imposed drought and 

after rewatering (figure 5.8) provide an additional evidence of less stressed phenotype.   

This data indicates that the improved drought resistance in transgenic RAV1/2 

and ABI5 might be attributed to better ROS scavenging and transgenic plants showed 

lower stress in imposed drought treatments in the greenhouse. 

In drought experiments we observed that transgenic plants were less wilty and 

leaves remained turgid compared to wild type plants.  It is a well-known phenomenon 

that leaves that are capable of osmotic adjustment can maintain turgor at lower water 

potential than non-adjusted leaves.  Maintaining turgor enables the continuation of cell 

elongation and facilitates higher stomatal conductance at lower water potential (Taiz and 

Zeiger, 2006).  Thus osmotic adjustment is an acclimation process that enhances 

dehydration tolerance.  Compatible solutes (eg. proline) accumulation in response to 

osmotic stress requires the activation of genes involved in its biosynthesis.  P5CS 

transcript (P5CS is a rate limiting enzyme in the proline biosynthesis and play role in 

ROS scavenging as well) was ~1.8 fold higher in RAV1 x ABI5 cotton under severe 

drought (figure 5.4). Interestingly, all the transgenic cotton lines following re-watering 

showed (~1.5 to ~2.1 fold) higher P5CS transcript accumulation compared to wild type 
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(figure 5.4).  This result indicates better osmotic adjustments of transgenic cotton as 

plants maintained higher photosynthesis (fig 4.12; table 4.2) under drought and had a 

faster recovery from drought stress. 

Higher stem weight in plants reflects the food reserve that can be mobilized to 

maturing fruit and seeds.  Stem reserve mobilization has been studied in wheat (Gupta et 

al., 2011) as a mechanism of drought tolerance.  Gupta and co-workers (2011) reported 

that drought-sensitive cultivars have reduced internode biomass.  Increased stem reserve 

mobilization of fructans (a major water-soluble carbohydrate) and increased sucrose 

synthase (Sus, key enzyme in the breakdown of sucrose and is considered a biochemical 

marker for sink strength) activity in grains of tolerant cultivar was recorded. Time for 

grain maturation in tolerant cultivars is also significantly increased under control and 

stress conditions.  Transgenic cotton in the current study developed longer internodes and 

had higher stem weights (table 4.5; table4.6).  This suggests that transgenic cotton might 

have better stem reserve mobilization leading to increased fruit weight in drought 

subjected transgenic plants in greenhouse ( ABI5 38-13-4-1 and  ABI5 X RAV1 38-13-4-

1 x 42-13-7-2 ), increased protein content in seeds, and improved fiber qualities under 

deficit irrigation conditions in the field.  A recent report showed that overexpression of 

potato Sus gene in cotton enhanced Sucrase synthase activity leading to enhanced leaf 

expansion, improved seed set, and promoted fiber elongation resulting in increases in 

cotton fiber yield (Xu et al., 2012).  

We observed significantly thicker leaves in ABI5 (38-13-4-1) and ABI5 x 

RAV1/2 (38-13-4-1 x 42-13-7-2; 38-13-4-1 x 41-4-8-1) (table 4.7)  [ These transgenic 

lines also showed better performance in photosynthesis under drought and/or had a faster 

recovery in photosynthetic capacity after re-watering (table 4.2). These lines also had  

higher (RAV1 x ABI5) or similar (RAV2 x ABI5)  total dry biomass (table 4.3), showed 

longer internode  length (table 4.5), had more dry stem weight (table 4.6), had reduced 

leaf area (table 4.7), big lateral root system (table 4.4) and more (38-13-4-1 and 38-13-4-

1 x 42-13-7-2) /or similar (38-13-4-1 x 41-4-8-1) fruit weight (table 4.8). Other than 

better phenotypic characters, these lines showed, higher GhGST  (fig 5.6), GhCuZnSOD 

(fig  5.5) and GhP5CS (fig 5.4) transcript under drought (in RAV1 x ABI5 ) and recovery 
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(in all three).  These lines also had reduced ADH (fig 5.7) in drought (RAV1 and RAV1 

x ABI5) and recovery (in all three), reduced DREB (fig 5.8) transcript in drought and 

recovery in all three].  Leaf thickness may be the consequence of increased lignification 

by the enhanced activity of COMT transcript (Vincent et al., 2005) or by cuticular wax 

layer thickenings (Qin et al., 2006).  

Overexpression of AP2/EREBP transcription factors WXP1, SHN, and WIN1, in 

transgenic Arabidopsis and Medicago sativa plants increased leaf wax content (Aharoni 

et al., 2004; Broun et al., 2004; Zhang et al., 2005; Yang et al., 2011) and the transgenic 

plants were more drought tolerant.  Similar to SHN1/WIN1 overexpression Arabidopsis, 

pro35S:RAV1 Arabidopsis plants in current study had shiny and more curled leaves 

(visual observation) suggesting the enhanced ethylene signaling effect on wax 

biosynthesis by RAV TFs.  ABI5 overexpression in Arabidospsis also showed the similar 

results in current study (visual observation).  Overexpression of MYB96 confers drought 

tolerance and also regulates cuticular wax biosynthesis by direct binding to the promoters 

of genes such as KCS (ketoacyl-CoA synthase), KCR and ECR that encodes fatty acid 

elongating enzymes, and constitute a rate-limiting step in cuticular wax biosynthesis (Seo 

et al., 2009; Seo et al., 2011). Expression of genes involved in wax biosynthesis in ABI5 

and RAV overexpressing Arabidopsis, and ABI5 and RAV X ABI5 cotton and might be 

an interesting topic to study. 

RAV1/2 and RAV X ABI5 cotton is delayed in flowering time. Northern blot 

assays in  RAV1 and RAV2 overexpressing cotton lines revealed that GhFTL transcript 

level is downregulated (fig 5.2).  However, when the RAV cotton starts flowering it 

blooms very heavily and shows extended flowering duration (figure 4.20).  In several 

areas of irrigated southwestern U.S. such as low deserts of Arizona and Southern 

California, long seasons provide an opportunity for cotton to undergo a second fruiting 

cycle, called as top crop (Silver tooth and Terry, 1989; Unruh and Silvertooth, 1997).  

Extended flowering duration in RAV transgenics might have practical advantages in such 

climatic regions.  Despite the short growing season in west Texas, RAV transgenics 

generated fruit at higher node positions (fig. 4.25) and had longer fiber (table 4.12).  Thus 

RAV cotton have higher yield potential  in climatic condition as of Arizona and Southern 
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California.  Twin sister of FT (TSF) and Brother of FT have been shown to co-regulate 

flowering in Arabidopsis (Yamaguchi et al., 2005; Yoo et al., 2010). Thus, additional 

florigen genes complementing the action of FT might exist in cotton.  

Thus, I conclude here from three times repeated independent greenhouse 

experiments that transgenic cotton expressing ABI5 and RAV1/2 X ABI5 shows better 

drought resistance over wild type parent in photosynthetic assimilation and exhibits the 

characters of drought avoidance (bigger lateral root system), drought tolerance (longer 

internodal length and higher stem weight) and drought escape (late flowering in ABI5 x 

RAV, that may lead to better plant stand under dryland conditions) possibly due to 

enhanced activity of antioxidants (GST, CuZnSOD) and better osmotic adjustments 

(supported by increased P5CS transcript in drought stress). 

 
6.3 Model for longer fiber in RAV1/2 transgenic cotton:  

Fiber elongation is the property most often detrimentally affected by drought stress.  

Increased durability and strength of cotton fiber offers the opportunity to replace 

synthetic fibers that require more than 200 million barrels of petroleum per year to 

produce in the USA alone.  In order for producers to maintain a strong competitive edge 

in the changing world cotton market, both yield and quality must be improved.  Yet it is 

long been known that these two parameters are inversely related.  The negative 

correlation between high fiber strength and length versus high lint production may have 

diminished the interest of breeders.  Some improvements have been made in lint 

productivity through additive or partially dominant quantitative inheritance (Gannaway 

and Dever 1992).  It has been known since the 1920s that two genes control seed fuzz; N1 

acts as a dominant gene and produces seeds with no fuzz.  A second gene, n2, acts as a 

recessive to produce the black, or naked, seed condition (Kearney and Harrison, 1927).  

Both of these genes are found in G. barbadense and G. hirsutum.  The two loci are 

homeologues found on chromosomes 12 and 26, respectively. The n2 locus also has 

multiple alleles that are subject to a number of modifier genes producing either 

completely or partially naked seed (Percy and Kohel, 1999; Endrizzi and Ray, 1991). 
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Black-seeded G. hirsutum varieties typically have low yields.  Use of DNA markers in 

crosses of upland and Pima identified several QTLs for fiber fineness, length, and 

strength that account for about 35-50% of variance which interestingly were located on 

the D subgenome, from an ancestor that does not produce spinnable fiber (Jiang et al. 

1998).  Genome-wide mapping of fiber-related genes shows more transcription factors 

map to the Dt subgenome than At, whereas more fiber development genes are from At 

subgenome than Dt (Xue et. al., 2010).  Few mutants are known to influence cotton fiber 

development.  A recessive allele, immature fiber (im), expresses on a normal mature seed 

but has a fine, weak fiber typical of immature seed that has undergone severe stress 

(“tight lock”) (Kohl and McMichael, 1990).  Two dominant fiber mutants that affect 

length are Ligon lintless-1(Li1) and Ligon lintless-2 (Li2) (Hinchliffe et al., 2011).  Li1 

maps to chromosome 22 and is pleiotropic, affecting leaf laminae and branch growth and 

resulting in dwarf plants with extremely short fiber.  Li2 has a fiber similar to Li1 but 

normal vegetative growth.   

Recently a candidate gene on chr 18 for Li2 (encoding a putative plectin-related 

cytoskeletal protein) has been identified by microarray expression analysis (Hinchliffe et 

al., 2011).  Transcriptome analyses in the fuzzless-fiberless mutants Xuzhou Xu142 fl and 

N1N1 have identified several R2R3 MYB class transcription factors, interacting factors, 

and presumed downstream targets involved in fiber initiation (Walford et al., 2011), 

differentiation, and elongation (Machado et al. 2009; Lee et al. 2006).  Cotton fibers 

share a similar model of cell fate determination with the leaf trichomes in Arabidopsis 

(Guan et al., 2011).  The timing of fiber initiation, proposed to be mediated by N1, has a 

great impact on the number of lint fibers, because the later initials always develop as fuzz 

fibers (Lee et al., 2006).  Both cotton fiber yield and quality can be improved by 

increasing the number of lint fibers, which is the result of increasing auxin levels in the 

epidermis of cotton ovules at the fiber initiation stage that transforms more fuzz cells into 

lint cells (Zhang et al., 2011). The plant stress hormone abscisic acid (ABA) is associated 

with increases in catalase, H2O2, and mitogen-activated protein kinase6 (GhMPK6) 

expression during fiber development (Luo et al., 2011) and elongation (Padmalatha et al., 
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2012).  Fiber-specific and H2O2-inducible marker gene expression in the linted, fuzzless 

Xinxiangxiaoji (XinFLM), N1 and n2 mutants suggest that the XinFLM mutant may be 

involved in H2O2 production upstream of GhMYB25 and GhEXPANSIN1 genes (Zhang et 

al., 2011).  PROTODERMAL FACTOR1 (GbPDF1) is strongly induced in fiber cell 

primordia and immature ovules prior to the formation of fiber initials, and reduced in the 

Xu142 fl mutant at five days post-anthesis (Deng et al., 2012). It encodes a Pro- and Gly-

rich protein with two putative transmembrane helices and several repeating motifs, which 

vary among cotton homeologues.  RNA interference knockdown of GbPDF1 results in 

reduced fiber lint percentage concordant with the observed delay of fiber initiation in 

RNAi transgenics, suggesting that PDF1 is a “patterning” gene controlling fiber cell 

primordia fate. 

Harmonic regulation of multiple genetic pathways is important for stress 

adaptation.  Methods that can genetically engineer value-added vegetative traits for stress 

adaptation and seed quality by modulating expression of ABA-related TFs might be 

beneficial in meeting the increasing global demand in future.  By overcoming the 

limitations of targeted gene expression and by transactivation of endogenous plant stress 

adaptation pathways, the volume and quality of plant products, especially from 

environments under stress, will be improved. 

Abiotic stress-induced up-regulation of GhRAV in cotton suggests a role in 

combating stress.  As discussed before, the RAV TFs play roles in different growth and 

developmental stages possibly due to involvement in different signaling pathways.  It 

suggests that their targets and interacting partners may be of myriad functions.  Based on 

knowledge of how cotton fiber elongates, different pathways suggested by experts 

converge on ROS homeostasis. Also, growth of cotton fibers, roots, and root hairs seems 

to share similar mechanism.  Here I synthesize several working models of how the 

transgenic cotton lines in this dissertation may be affecting fiber length by crosstalk 

between hormone signaling and stress signaling pathways. 

 

6.3.1 ABA model 
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Increases in cytoplasmic free calcium ions ([Ca2+]c) stimulate exocytosis by  increased 

activity of annexins and support cell expansion in roots (Cramer and Jones, 1996) and 

fiber (Qin and Zhu, 2011).  ABA stimulates ROS accumulation and induces stomatal 

closure via activation of plasma membrane calcium permeable channels (Pei et al., 2000) 

through NADPH oxidase encoded by Atrboh D/F (Kwak et al., 2003).  Another NADPH 

oxidase encoded by  RHD2/ AtrbohC  catalyzes ROS production and rhd2 mutant in 

Arabidopsis exhibits defects in root hair elongation due to defects in setting up the high 

[Ca2+]i  at the tip (indicates the importance of  ROS production in cell elongation eg. root 

and fiber in cotton).  Furthermore, root growth is reduced in Atrboh df double mutants 

emphasizing the need of ROS production in maintaining root growth. The superoxide 

anion produced by a plasma membrane NADPH oxidase can be converted to H2O2 by 

superoxide dismutase (SOD) in the plant apoplast.  Rop (Rho-related GTPases from 

plants) proteins activate RHD2/AtrbohC resulting into ROS production and facilitate 

Ca2+ influx for growth which modulates actin dynamics and other processes required for 

growth (Foreman et al 2003; Qin and Zhu 2011).  Thus a similar mechanism might 

operate in controlling cell expansion in different tissue types (eg. root and fiber in RAV 

cotton). Furthermore, abi1-1 and abi2-1 mutations in Arabidopsis disrupt ABA induced 

activation of Ca2+ permeable channel (Ica) (Murata et al., 2001), where abi1-1 is defective 

in ROS production and abi2-1 in ROS signaling (in H2O2 induced stomatal closure and 

activation of Ica ) indicating that other mechanisms exist of ABA signaling via ROS as 

secondary messengers in addition to NADPH oxidases.  In an attempt to look at gene 

expression in cotton fiber initials, Taliercio and Boykin (2007) identified genes 

associated with GTP-mediated signal transduction and components of a Ca+2 mediated 

signaling pathway were up-regulated. Staining of cellular Ca+2 revealed that fiber initials 

had more Ca+2 than other ovule cells, supporting a role for Ca+2 in fiber development.   

Fiber in A-genome species of diploid cotton is longer than those of the F-genome. 

ABA-induced ROS production in elongating cotton fibers might have lead to reduction in 

total cell length in fiber of F-genome species (Hovav et al., 2008).  Comparative 

microarray study of A and F-genomes by Wendel group at Iowa State University (Hovav 

et al., 2008) revealed the better control of H2O2 level in A-genome by GAST1-like, 
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COP1/BONZAI and PEX1 genes involved in Reactive oxygen species (ROS)  scavenging 

and cell stress in elongating cells.  GAST1-like is a gibberelin induced cysteine-rich 

protein family member.  Up regulation of GAST1-like homologs stimulates H2O2 

scavenging, perhaps via redox-active cysteines, and cell elongation (Wigoda et al., 2006).  

COP1/BONZAI is a member of a calcium-dependent membrane-binding protein family 

and has been shown to promote growth and development in addition to repression of cell 

death (Yang et al., 2006).  PEX1 encodes a central protein involved in biogenesis of the 

peroxisome, and help cell to get rid of ROS such as H2O2 (Lopez-Huertaz et al., 2000).  

GAST1-like (Hovav et al., 2007), COP1/BONZAI and PEX1 genes have only been 

detected in fiber-specific EST libraries (among more than 30 EST libraries that exist for 

cotton in a diverse set of tissues and organs (http://cottonevolution.info/).  Also, 

expression of other genes involved in ROS scavenging including Ascorbate Peroxidase, 

Glutathione Peroxidase and Lipolic Acid Synthase have been reported to be up-regulated 

in A- genome during fiber elongation stage (Hovav et al., 2008).  

  As discussed above, we speculate that drought resistance by RAV 

overexpressing transgenic cotton might be due to better control of oxidative stress, but it 

seems like a “chicken and egg” problem. We demonstrated RAV1 and RAV2 as positive 

effectors of ABA in maize mesophyll protoplast transient gene expression assay (Rock 

and Gampala, 2008), in transgenic and knockout Arabidopsis mutants (chapter 3; ABA 

hypersensitivity to seed germination, root growth inhibition and delay in flowering time) 

and in transgenic cotton (control of stomatal conductance in deficit irrigation under field 

conditions; table 4.9 B, C, D).  Thus, RAVs might influence up-regulation of ROS 

production. On the other hand, it is also likely that RAVs play the role of antioxidants 

(Lee et al., 2010) in a combination with action of other antioxidants [(eg. GST; fig 5.6) 

and (CuZnSOD; fig 5.5)].  The ROS production could maintain the fiber elongation and 

root growth (bigger roots in RAV cotton) under mild stress due to increased [Ca+2
 ]i  at 

the tip of elongating cell leading to cell expansion. Further, toxicity caused by ROS up-

regulates the anti oxidants to maintain a reducing cellular chemistry and supports cell 

growth and expansion. Thus, it is proposed that redox homeostasis drives the cell 

response to endogenous and exogenous stimuli and maintains the cell growth.  When the 
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redox homeostasis is disturbed, oxidative stress may lead to cell death (Trachootham et 

al., 2008).  

6.3.2 A model of Enhanced Ethylene signaling by pro35S:RAV1/EDF4 and 

pro35S:RAV2/EDF4 in cotton fiber elongation 

A microarray study on elongating cotton fibers identified 15 fiber up-regulated 

metabolic pathways, and among them ethylene biosynthesis ranked the highest (Shi et al., 

2006).  Furthermore, ethylene biosynthesis genes ACO1-3 were highly up-regulated in 

fiber (at 10-15 DPA) compared to ovules suggesting its importance in elongating fibers  

(Shi et al., 2006).  Sucrose Synthase (SuS) suppression in cotton represses fiber initiation, 

fiber elongation and seed development (Ruan et al., 2003).  Tubulin 1 (GhTUB1) is 

highly expressed in elongating fibers as observed by Northern blot, RT-PCR and in situ 

hybridization (Li et al., 2002).  Remarkably, in vitro ovule culture in the presence of 

ethylene induced the expression of SuS, TUB1 and Expansin1 and -2 (Shi et al., 2006), 

further supporting the evidence of ethylene playing a major role in fiber elongation.  

Cytosolic APX1 (GhAPX1) was identified to be highly accumulated during cotton fiber 

elongation by proteomic analysis (Li et al., 2007).  In vitro cultured wild-type cotton 

ovules treated with exogenous H2O2 or ethylene induced the expression of GhAPX1 (Li et 

al., 2007) suggesting the role of ethylene in fiber elongation involves H2O2.  Further, the 

same group showed evidence that only cytosolic APX1 and not other homologs (viz. 

cytosolic APX2, glyoxysomal APX or stomatal APX) is up-regulated during fiber 

elongation (Qin et al., 2008).  Stepanova (2001) showed that EDFs/RAVs are ethylene 

signaling positive effectors.  Overexpression of RAV1 and RAV2 in cotton leading to 

longer fiber may be an effect of elevation in ethylene signaling.  Further study on 

expression of GhAPX1 in RAV transgenic cotton elongating fibers may substantiate this 

claim. 

Followed by ethylene signaling, saturated very long chain fatty acid (VLCFA) 

biosynthesis is one of the three -most up-regulated biochemical pathways in elongating 

cotton fiber cells (Shi et al., 2006; Qin et al 2007).  KCS gene (3-ketoacyl-CoA synthase) 

is involved in the first and rate limiting step in VLCFA biosynthesis.  Several KCS 

homolog genes including KCS12 and KCS13/CER6 were highly up-regulated in fiber 
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elongation stage (10 dpa), suggesting the role of VLCFAs in promoting cotton fiber 

elongation (Qin et al., 2007).  Addition of Lignoceric acid (C24:0) fatty acid during in 

vitro ovule culture resulted in up-regulation of ethylene biosynthesis genes ACO1-4, 

indicating that ethylene biosynthesis is downstream of VLCFA.  

Comparative proteomics of wild type and fiberless mutant indicates that 

biosynthesis of pectic precursors is important for cotton fiber elongation (Pang et al., 

2010).  Also, nucleotide sugar metabolism, important for pectic polysaccharide 

biosynthesis, is the most significantly up-regulated biochemical process during fiber 

elongation (Pang et al., 2010).  Ethylene and VLCFA promotes cotton fiber and 

Arabidopsis root hair growth by activating the pectin biosynthesis network, especially 

through UDP-L-rhamnose (UDP-Rha) and UDP-D-galacturonic acid (UDP-GalA) 

synthesis.  Expression levels of pectic polysaccharide biosynthesis genes (UGP1, UGD, 

UER) increased when either ethylene or lignoceric acid (C24:0) was added to the in vitro 

ovule culture medium.  Fiber growth in in vitro ovule culture was significantly increased 

with addition of UDP-L-rhamnose, UDP-D- galacturonic acid, or UDP-D-glucuronic 

acid, which are readily incorporated into the pectin fraction of cell walls.  The short root 

hairs of Arabidopsis uer1-1 and gae6-1 mutants were complemented either by genetic 

transformation of the respective cotton cDNA or by adding a UDP-GalA or UDP-Rha to 

the growth media.  In addition, cut1 mutant (in very long chain fatty acid biosynthesis) 

and ein2-1 (an ethylene signaling mutant) showed significantly lower expression of UER 

and GAE6 genes and have very short root hairs but are restored to wild type length by 

exogenous application of UDP-GalA and UDP-Rha.  These studies suggest that 

nucleotide sugar metabolism is downstream to ethylene and VLCFA pathways and plays 

an important role in root hair and fiber elongation.  Expression studies of genes involved 

in nucleotide sugar metabolism (UER, UGD, UGP1, GAE) in elongating fibers of RAV 

transgenic cotton may further support the hypothesis of enhanced ethylene signaling 

resulting into longer fibers in RAV cotton.   

 

6.3.3 Model for interaction with other genetic components  
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Myb TFs have been shown to play an important role in cotton fiber and Arabidopsis 

trichome development.  GhMYB109 encoding a R2R3 MYB transcription factor is 

expressed specifically in cotton fiber initials and elongating fibers (Suo et al., 2003). 

Promoter analysis of GhMYB109 GUS fusion in transgenic cotton confirmed the ovule 

and fiber-specific expression (Pu et al., 2008).  Importantly, antisense suppression of 

GhMYB109 resulted in reduced fiber length (Pu et al., 2008) and several genes related to 

cotton fiber growth were down-regulated, suggesting that GhMYB109 is required for 

cotton fiber development.  Another Myb gene, GhMyb25, was identified from 

transcriptome comparisons between wild-type and fibreless mutants (Wu et al., 2006). 

RT-PCR data revealed that it is specifically expressed in ovules and is up-regulated at 0 

dpa fiber initials relative to non-fiber ovule epidermal cells (Wu et al., 2006). GhMYB25-

silenced cotton had reduced fiber length.  However, ectopic over-expression of 

GhMYB25 had only a subtle effect on increasing cotton fiber initials and leaf trichome 

number.  Another R2R3 MYB, GhMYB25-Like is expressed in developing ovules at -3 

dpa, with increased expression at 0-dpa ovules, and  in elongating fibers at +3dpa, 

declining thereafter.  RNAi of GhMYB25-Like resulted plants with fibreless seeds in 

cotton (Walford et al., 2011).  Reduced expression GhMYB25 and GhMYB109  and 

absence of any change in transcript level of GhMYB25-Like in GhMYB25- and 

GhMYB109-silenced transgenic lines indicated that GhMYB25-Like acts upstream of 

these two MYBs (Walford et al., 2011).  Overexpression of GhMYB25-Like did not 

result into increase in fiber initials, suggesting that there may be other factors that interact 

with GhMYB25-Like to differentiate epidermal cells into fiber cells (Walford et al., 

2011). GbML1 has been identified as the interacting partner for GbMYB25 and ectopic 

expression of GbML1 in Arabidopsis leads to increase in number of trichomes on stems 

and leaves, suggesting it is an important factor with potential to increase fiber length by 

biotechnological manipulation (Zhang et al., 2010).  A putative homeodomain leucine 

zipper (HD-ZIP) transcription factor, GhHD-1, is expressed in trichomes and developing 

fibers (Walford et al., 2012).  GhHD-1 expression analysis in RNAi-silenced lines for 

GhMyb25L, GhMyb25, and GhMyb109 shows that it acts downstream of GhMYB25-Like 

and upstream of GhMYB25 and GhMYB109.   Microarray analysis of RNAi silenced 
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GhHD-1 and GhHD-1 over-expression lines indicates that it potentially regulates the 

level of ethylene and reactive oxidation species (ROS) through a WRKY transcription 

factor and calcium-signaling pathway genes to activate downstream pathways necessary 

for cell expansion and elongation (Walford et al., 2012).  RD22 is an ABA inducible gene 

in Arabidopsis (Yamaguchi-Shinozaki et al., 1993).  The promoter of RD22 homolog in 

cotton [GhRDL1 (RD22 like 1)] contains a MYB binding motif.  GaMYB2, a fiber- 

specific gene in cotton was able to trans-activate the expression of RDL1  in planta 

(Wang et al., 2004).  GhMYB2 and GhRDL1 are highly expressed during fiber cell 

initiation.  They were also, detected to co-localize in the nuclei of ectopic trichomes in 

siliques of transgenic Arabidopsis (Guan et al., 2011).  Over-expression of GhRDL1 or 

GhMYB2 in Arabidopsis activated fiber-like hair production in 4-6% of seeds and co-

overexpression of GhRDL1 and GhMYB2 resulted in 8% of seeds showing seed hairs 

(Guan et al., 2011).   

 Although gene suppression studies of GhMyb25, GhMyb25L and GhMyb109 in 

cotton shows their vital role in fiber elongation, overexpression of any of these TFs was 

unable to improve fiber length significantly.  Nonetheless, recently Sun et al (2012) has 

shown a 10% increase in fiber length by overexpression of the second RRM domain of 

Brassica napus Flowering Locus A (FCA) and was concomitant with 35 to 66% increase 

in yield per plant.  However, the data reported is only from experiments in greenhouse 

conditions.  Another study as discussed before is from overexpression of potato Sus 

leading to more fiber and longer fiber (Xu et al., 2012). Yet the data  reported is also 

from greenhouse observations and didn’t provide quantitative results for fiber length.  A 

study by Randy Allen’s group (Lee et al., 2010) reported overexpression of GhXTH1 

leading to xyloglucan endotransglycosylases /hydrolases activity resulted into 15-20% 

longer fiber in greenhouse and irrigated field conditions. 

 To my knowledge, none of the studies have ever shown fiber length increase 

under deficit irrigation or dryland conditions.  The importance of RAV transgenic cotton 

seems to be compelling, where we have achieved more than 9% fiber length increase 

under both deficit irrigation and well watered field conditions.  
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6.4 Model for high gin turnout in ABI5 transgenic cotton 
ABI5 had higher gin turn out at lower (6-9) and higher (10-12) node positions as tested in 

field trials under well watered and deficit irrigation regimes (table 4.13).  The auxin 

indole acetic acid (IAA) accumulates in cotton fiber initials at high levels. Targeted 

expression of the IAA biosynthetic gene iaaM in the epidermis of cotton ovules at the 

fiber initiation stage increased the gin turn out of transgenic cotton, resulting in a >15% 

increase in lint yield (Zhang et al., 2011).  ABI5 transgenic cotton in the current study 

showed up to 8% increase in gin turn out without yield penalty, thus leading to increases 

in the most important economic yield of cotton which is fiber. It might be possible that 

there exists a cross talk between ABA and auxin at fiber initiation stage. A study of auxin 

signaling factors and auxin biosynthesis gene iaaM at fiber pre-initiation stages (-3 to 

0dpa) might be helpful in establishing such a genetic interaction.  

A recent study on role of ROS homeostasis in cell differentiation has uncovered 

the function of a bHLH transcription factor UPBEAT1 (UPB1) (Tsukagoshi et al., 2010).  

A CHIP-chip (chromatin immunoprecipitation microarray hybridization) assay revealed 

that UPB1 represses a set of peroxidases at the time of cell differentiation and modulates 

the balance of ROS between the zones of cell proliferation and differentiation in roots 

(Tsukagoshi et al., 2010).  Importantly, this pathway is independent on auxin and 

cytokinin hormonal signaling (Tsukagoshi et al., 2010).  This study suggests that factors 

like UBP1 might exist in cotton that may control the number of cells differentiating at the 

time of fiber intiation and may involve ABA and ethylene signaling that has a role in 

modulating ROS. 

The high lint percent observed in ABI5 transgenics might have resulted from 

interactions with PROTODERMAL FACTOR1.  An RNAi study on PDF1 gene in cotton 

was conducted by Deng et al (2012).  RT-PCR assays revealed that PDF1 is expressed 

preferentially during fiber initiation and early elongation.  PDF1 promoter::GUS reporter 

study in transgenic cotton further substantiated its expression in epidermis of ovules and 

developing fibers.  RNAi silencing of PDF1 leads to reduced fiber initiation and results 

in lower lint percentage and shorter fibers.  Interestingly, PDF1 RNAi lines have higher 

hydrogen peroxide accumulation and reduced expression of several genes related to 



 Texas Tech University, Amandeep Mittal, December 2012 
  
   

142 
 

ethylene and pectin synthesis or sugar transport during fiber growth.  Thus, PDF1 plays 

an important role in hydrogen peroxide homeostasis, as we propose for RAV and ABI5 in 

transgenic cotton.  

 

6.5 Potential of RAV X ABI5 interactions in generating more and long 
fiber 
RAVs X ABI5  stacked transgenic lines showed synergy (especially RAV1 X ABI5) for 

phenotypic characters in terms of  improving stress free phenotype (average longer 

internode, bigger lateral root system, delayed flowering) and better yield characters (more 

fruits , lower reduction in photosynthesis in response to drought).   

Table 4.13 shows that pro35S:RAV1 line 42-13-7-2 and pro35S:RAV2 41-24-8-1 have 

unaltered gin turnout, but the longest fiber (table 4.12), supporting evidence from the 

literature on high correlation between longer fiber and lower yields.  This variability is 

also observed in independent RAV2 lines. For instance, RAV2 line 41-5-3-1 had fiber 

lengths comparable to wild type but gin turnout was significantly higher (Tables 4.12 and 

4.13).  ABI5 lines show  higher gin turnout compared to wild type (3.3% to 8.2% in two 

treatments at both node positions) (Tables 4.12 and 4.13) and  only one line 38-1-1-1 

showed 6.6 % significantly longer fiber length at node positions 10-12.  Remarkably, 

none of the transgenic lines had shorter fiber length.  Either they had longer fiber or 

higher gin turn out, unifying the idea of economic importance of RAV/ ABI5 transgenic 

cotton.  Fiber analysis of RAVs and ABI5 crosses will now be of prime importance 

where we can expect to get both economically important characters stacked ie. high gin 

turnout and longer and high quality fiber.  Marker gene expression results for RAV1 X 

ABI5 stacked double transgenic lines give the hope that the stacked lines have gained the 

edge over both the parents.  Thus we have set the stage that shows B3 and bZIP stacking 

in crop plants can help improving the quality and quantity as seen in cotton.   
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