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Summary 
In this study using the technique of gene homology and Rapid 

Amplification Of cDNA Ends (RACE), three genes involved in the 

mechanism of drought tolerance are identified. A homologue of fructose 

bisphosphate aldolase (GaAldp) was identified, sequenced and characterized, 

which is induced under drought and salt stress and is suggested to help in 

stress tolerance by adjusting the osmotic potential of the stressed plants to a 

level where plant can retain its available water and absorb maximum water 

present in the soil. Upon restoring the water to the plant, when roots have 

absorbed enough water, GaAldp is down regulated to reduce the water 

potential and prevent from absorbing more water. Two genes involved in 

epicuticular wax biosynthesis were found to be differentially expressed 

under drought stress. One of them is a homologue of eceriferum 3 gene of 

Arabidopsis thaliana (GaCer3) which is upregulated when irrigation is 

stopped and upon rewatering expression is more enhanced. Thus periodic 

events of drought stress can significantly increase the expression of this 

gene. This increase in expression can be co-related with the increase in 

epicuticular wax load under drought stress and ultimately decreasing the 

water loss by transpiration. 

The other wax gene is a homologue of 3-ketoacyl Co-A synthase 

(Gakcs1) and is suppressed under drought stress and is supposed to reduce 

the amount of C26- C30 alcohols and aldehydes thus altering the 

composition of wax but not significantly affecting the amount of wax 

production. The expression of both of these wax genes was found to be 

significantly reduced under salt treatment. Moreover 13 novel ESTs in 

G.arboreum were identified and deposited to the Genbank database.  

These genes were further characterized by investigating the upstream 

and downstream events of these genes in the corresponding metabolic 
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pathways by using heterologous microarray technique. As currently no 

cotton microarray platform is available which represents the whole genome 

so microarray platforms of model organisms i,e Arabidopsis thaliana and 

Oryza sativa were validated for study of drought tolerance in Gossypium 

arboreum by using Comparative Genome Hybridization (CGH) microarray 

experiments with G.arboreum DNA and A. thaliana and O. sativa whole 

genome platforms. In the hybridization of G.arboreum to A.thaliana 

platform 9562 genes showed a significant level of hybridization to labeled 

targets which is indicative of gene homology between two texa. While in 

case of O.sativa platform, 6402 genes showed significant hybridization or 

homology to G.arboreum. 11% of the probes were found to be conserved 

among three texa. These results validated the use of 9562 genes of 

A.thaliana platform for expression studies in G.arboreum under drought 

stress. So the genes which didn’t significantly hybridized cotton DNA were 

excluded and Two color heterologous expression microarray experiment was 

performed with RNA from drought stressed and control plants and identified 

200 genes significantly upregulated under drought stress.  

Mapping of upregulated genes on metabolic pathways shows that 

along with GaAldp, two other genes of Calvin cycle are also upregulated 

under drought stress. One of them is Phospho ribulo kinase (PRK) and the 

other is rubisco activase (RCA) and both of these enzymes are involved in 

the biosynthesis of substrate for GaAldp. Thus under drought stress the 

enzymes of Calvin cycle are regulated in a perfect way which support the 

formation of sugars. These sugars may play a role in the drought tolerance 

by osmoprotection. On the other hand wax biosynthesis pathway also shows 

the upregulation of two more genes along with GaCer3 under water deficit 

conditions. One of these genes is Acyl CoA binding protein which is 50fold 

upregulated and enhance the production of Acyl CoA pool required for the 

synthesis of very long chain fattyacids. GaCer3 plays a regulatory role in the 



IX 
 

removal of fattyacids from elongase complexes. Another gene upregulated is 

the Adenosine triphosphate Binding Cassette transporter (ABC transporter) 

transports wax from the epicuticular cells to the cutin. The upregulation of 

these key enzymes leads to the increased wax load on the external surfaces 

of the G.arboreum plant. 

Moreover in this study 6 signalling proteins, 14 transcription factors 

and 14 other regulatory proteins (kinases and phosphatases etc) were 

identified which are significantly upregulated under drought stress. While 

upregulated functional proteins included 13 membrane proteins and 

transporters, 4 detoxification proteins, 6 redox proteins, 12 stress responsive 

proteins and 5 ubiquitin proteins. 
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INTRODUCTION 
Cotton (Gossypium sp.) is the world's most important textile fiber and the 

second most important oil seed crop. This natural fiber finds use in many products 

which range from clothing to home furnishing and medical products. Cottonseed oil 

is used for culinary purposes and the cake from the extraction of oil is used as a 

fertilizer and as a source of protein for livestock. World consumption of cotton fiber 

is approximately 115 million bales or approximately 27 million metric tons per year 

(National Cotton Council, http://www. cotton.org/, 2006), and the contribution made 

by cotton to the food and fiber industry continues to grow in importance. Cotton 

production provides income for approximately 100 million families, and 

approximately 150 countries are involved in cotton import and export. Its economic 

impact is estimated to be approximately $500 billion/year worldwide. China is the 

largest producer and consumer of raw cotton, but more than 80 countries, including 

Australia, some African countries, India, Pakistan, the United States, Mexico, and 

Uzbekistan, also produce cotton. 

Pakistan is the fourth largest producer of cotton in the world after China, India 

and America. Cotton accounts for 8.6 percent of value added in agriculture and about 

1.9 percent of GDP (Economic survey 2006-2007). In addition to providing raw 

material to the local textile industry, the lint cotton is a major export item. It 

contributes 61% to the total exports of Pakistan. In the year 2006-2007 cotton 

production was 13 million bales from an area of 3.07 million hectares and it is 

targeted to be 14.1 million bales from an area of 3.2 million hectares in the period of 

2008-09. Oil production from cotton seed forms a great proportion of vegetable oil 

and it was found to be 478 thousand tons in the year 2006 (Economic Survey, 2006-

2007). Cotton production is the backbone of Pakistan’s textile industry which 
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accounts for 46% of total manufacturing and provides employment to 38% of 

manufacturing labor force. Thus Pakistan’s economy largely depends upon cotton 

production. 

Cotton is a summer crop and warm and humid climates with sandy soil are the 

most suitable conditions for its growth. Although cotton can be grown between 

latitudes 30° N and 30° S, yield and fiber quality are considerably influenced by 

climatic conditions. Best qualities are obtained with high moisture levels resulting 

from rainfall or irrigation during the growing season and a dry warm season during 

the picking period.  In Pakistan cotton is irrigated by occasional rainfalls however 

major portion of the crop water requirements is met by supplementary irrigation. 

Main source of supplementary irrigation is valuable resource of ground water and 

surface water. 

For the last decade Pakistan is suffering from the occasional shortages of 

rainfall and thus less water to feed the irrigation system. Moreover the low water use 

efficiency is aggravating the problem. The current estimated irrigation efficiency in 

Pakistan is 35.5%. This means that only 35.5% of the total water that reaches the 

fields is actually used by the crops. So a great chunk of freshwater has to be reserved 

to meet the irrigation requirements of this crop sacrificing other important needs and 

adding to the growing cost.   

The marginal availability of water has detrimental effect on plant metabolism 

and ultimately on growth and yield. Water stress stunts overall plant growth and 

reduces the number and size of the leaves produced, which in turn reduces the amount 

of sunlight intercepted by the leaves. Decreased rate of photosynthesis results in the 

reduction of crop production. Cotton requires comparatively less water than other 

crops but non availability of required amount has direct impact on the yield.  Only for 

the year 2006 the availability of water for cotton was 10.8 percent less than the 

previous year’s supply and it caused 0.1% decrease in crop production. This is an eye 
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opener not only for the crop management departments but also for the crop scientists. 

Such falls in water resources can lead to a severe decrease in the cotton crop 

production which has now become the backbone of the country.  

Major challenges cotton production facing today include low water use 

efficiency, comparatively less per hectare yield and susceptibility to drought. Most of 

the cotton productions rely on a furrow irrigation system which is a luxurious way of 

using valuable irrigation water. This method not only plays a role in depletion of 

freshwater resources but also effects the degradation of agricultural soils through rise 

in soil water table and salt build up in the surface soils. Sprinkler and drip systems are 

also adopted as an irrigated method in water scarce regions. However, hardly about 

0.7 percent of land in the world is irrigated by this method (Postel, 1992). Scientists 

have already taken an initiative and working on efficient water irrigation systems and 

good crop management practices to increase water use efficiency. 

The challenge of boosting up cotton crop production could be achieved by 

cultivating improved varieties e.g. Bt Cotton which is pest resistant and have higher 

yield. However making cotton drought tolerant in Pakistan is the issue which has not 

been addressed previously by the scientists. Global warming is inducing unstable 

weather patterns worldwide. Regions that once experienced normal rainfall are 

becoming semi-arid and places that had typically less-than-optimal rainfall are 

finding the challenges of growing crops more difficult with each season. Increasing 

drought tolerance in crops is highly valuable to Pakistan and will be even more 

critical as our environment continues to change as a consequence of global warming. 

Moreover freshwater scarcity has been claimed as the second greatest environmental 

threat and to avoid this threat we have to produce crops which can produce higher 

yields by consuming less amount of water. 

Plants are facing the challenges of biotic and environmental challenges for 

centuries and during the course of time they have adapted some physiological and 
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structural changes which equipped them to survive in dry areas. Some of the 

structural adaptations include reduced number of stomata, waxy layer to reduce 

transpiration of water, succulence of certain plant parts to store water, modified root 

system to absorb maximum available water and trichomes on the leaves to absorb 

atmospheric water. Rapid screening of germplasm of a specific crop for identification 

of these traits of drought tolerance and incorporation of the same in high-yielding 

varieties using conventional and biotechnological tools is a promising technology 

towards producing drought tolerant crops.  

Cotton belongs to genus Gossypium which includes approximately 45 diploid 

(2x=26) and five tetraploid (4x=52) species. Diploid species fall into eight genomic 

groups (A–G, and K). The African clade, comprising the A, B, E, and F genomes 

(Wendel and Cronn, 2003), occurs naturally in Africa and Asia, while the D genome 

clade is indigenous to the Americas. A third diploid clade, including C, G, and K, is 

found in Australia. All tetraploid species, including Gossypium hirsutum and 

Gossypium barbadense, are classic natural allotetraploids that arose from interspecific 

hybridization between an A genome and D genome like ancestral species. The closest 

relatives of the original tetraploid progenitors are the A genome species Gossypium 

herbaceum (A1) and Gossypium arboreum (A2) and the D genome species 

Gossypium raimondii (D5), (Brubaker et al., 1999).  

The most valuable diploid ancestor of today’s cultivated cotton is Gossypium 

arboreum which is commonly called as tree cotton. Gossypium arboreum 

(G.arboreum) is native to India and Pakistan and has been domesticated and 

cultivated for almost 2000 years. G. arboreum (Figure 1.2.) possesses many favorable 

traits for cotton production, which the upland cotton cultivars lack. For example, the 

drought tolerance, resistance to diseases like root rot, and insect pests like bollworms 

and aphids (Mehetre et al. 2003) make G. arboreum well adapted to dry land 

conditions and low input cultivation practices.  
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Figure 1.1: Phylogeny and evolution of Gossypium species. The phylogenetic data is from 
Wendel and Cronn (2003), the genome sizes are from Hendrix and Stewart (2005), and 
genomic designations follow Endrizzi et al. (1985) and Percival (1987). The species in bold 
face are cultivated. MYA: million years ago. 
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This species has adaptive features, including a deep root system, resistance to 

insect pests/diseases and indehiscent bolls making it a good source for introducing 

genetic diversity into the New World cotton species (Stewart 1994). The diploid 

cotton species are not only the reservoir of important pest and disease resistant genes, 

and improved agronomic and fiber traits but also offer better opportunities to study 

gene structure and function through advance techniques of gene knockouts 

(Sakhanokho et al., 2004). 

 

Figure 1.2 :  A Typical Gossypium arboreum (diploid cotton) plant 

Scientists are working to understand the mechanism of drought tolerance in 

different crop plants. They have identified various genes which play role in stress 
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tolerance by using tools of physiology, expression profiling, comparative genetics, 

microarrays and QTL linkage studies. In case of cotton this kind of study becomes 

challenging due to the scarcity of information about this crop at the molecular level. 

In similar consequences where genome for a particular organism is not sequenced 

scientists use the tool of comparative genomics to identify unknown genes. It takes 

advantage of the high level of gene conservatism in structure and function (i.e., little 

variation across diverse taxa) and applies this principle in an interspecific manner in 

the search for functional genes and their genomic organization. Thus comparative 

studies require the gene sequencing data and related information from a close relative 

of target organism. Morant et al., (2002) isolated homologues of large gene families 

using comparative genomics.  

Arabidopsis thaliana is a small flowering plant of family Brassicaceae found 

in states as well as many European and Asian countries. Arabidopsis is popular as a 

model organism in plant biology and genetics. Its genome is one of the smallest plant 

genomes and was the first plant genome to be sequenced. It is only 8-12 inches tall, 

life cycle of only 6 weeks, easy to grow, Self-fertilizing makes thousands of seeds per 

plant, closely related to vegetables and commercially available plants. Arabidopsis 

share taxonomical lineage with Gossypium up to sub-class Dilleniidae (Figure 1.3.).  

 

Figure 1.3. Showing taxanomical relationship between Arabidopsis thaliana and 
Gossypium. 
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Due to the wealth of knowledge available about this model plant, it can serve 

excellent in order to identify unknown sequence in cotton and ultimately for gaining 

fundamental knowledge of complex mechanism of drought stress. There is an 

opportunity to transfer this information to other crop plants and work for their 

improvement.  

Surfaces of the aerial portions of cotton plant are also covered with a complex 

mixture of lipids termed cuticular waxes, Epicuticular waxes form the outermost 

layer over the cuticle and are visible on leaves, stems and bud surfaces as a bluish-

white colored coating called glaucousness or waxy bloom. The absence of this 

epicuticular wax layer gives plant stems a bright green appearance when compared 

with the more glaucous wild-type plant. The majority of waxes is derivatives of fatty 

acids (Kolattukudy, 1973) and provides a hydrophobic barrier between a plant and its 

environment. Leaves are the major photosynthetic tissues in crop plants and often the 

first to be damaged by environmental stress. On leaf blades, they are thought to serve 

as a barrier against environmental stresses, including drought (Chatterton et al., 1975; 

Jordan et al., 1984), supra-optimal solar radiation (Reicosky and Hanover, 1978; 

Mulroy, 1979) and freezing temperatures (Thomas and Barber, 1974). Recent success 

in the modification of plant lipids in transgenic plants (Ohlrogge, 1994) underscores 

the potential for developing crop plants with modified leaf epicuticular waxes and 

increased resistance to extreme environmental pressures. 

The outer covering of the plants, called cuticle, acts as the first protective 

barrier against UV radiation and bacterial and fungal attacks, and it regulates non-

stomatal water loss. Cuticular waxes are a mixture of several compounds, such as 

very-long-chain fatty acids (VLCFA; >18C), fatty aldehydes, primary and secondary 

alcohols, ketones, and esters. The proportion of these compounds differs among plant 

species and even among the different tissues of an individual plant. VLCFA, the 

precursor of most wax components, is produced by elongation of fatty acids (C16 or 

C18) through the addition of two-carbon moieties from the donor malonyl-CoA at 
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each step in a series of four reactions (condensation, reduction, dehydration, and 

second reduction) catalyzed by the fatty acid elongation (FAE) system. Other 

components of the wax are produced by modifications of elongated fatty acids, either 

through decarbonylation, which produces aldehydes, secondary alcohols, alkanes, and 

ketones, or through acyl reduction, which forms primary alcohol, which in turn 

combines with free fatty acids to give wax esters (reviewed in Post-Beittenmiller 

1996). The pathway of epicuticular wax biosynthesis is given below in figure 1.4. 

 

Fig.1.4 :. The major common components of  wax layer are very long chain fatty acids (VLCFA, 
chain length is greater than 18 carbon), very long chain fatty acid derived fatty aldehydes, alkanes 
(hydrocarbons), primary alcohols, secondary alcohols, ketones, and wax esters. The composition of 
wax varies in different tissues and at different developmental stages. Based on the analysis of about 
20 eceriferum (cer) mutants, a wax biosynthesis pathway has been proposed in Arabidopsis and is 
depicted here. 
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Identification of genes involved in drought tolerance of drought adaptive 

cultivars of Gossypium arboreum and the genes involved in cuticular wax 

biosynthesis could be a useful tool to study mechanism of stress tolerance in plants. 

But the limitation of molecular information in cotton is the major hurdle to achieve 

this task. In order the resolve this problem I have used the tool of gene homology at 

the level of single gene and high throughput approach. For single gene approach the 

sequence information of Arabidopsis genome was used to identify homologues in G. 

arboreum and for high throughput approach microarray platforms of A. thaliana and 

Oryza sativa were used.  

This study is a major effort in identifying new genes associated with plant 

stress mechanism, especially drought tolerance and their characterization. Once 

identified, these novel genes will be introduced to other drought stress susceptible 

plants.  By this way, the chances of survival of important plant species against biotic 

and abiotic stresses would be increased and thus the yield of important cash crops 

would be increased. This would not only pave a way towards sustainable crop 

management by making crops drought tolerant but would also help to save our 

valuable resources of freshwater to be used for growing food crops and grow crops in 

the water scarce areas. 

OBJECTIVES 
1. Identification of wax genes in cotton under drought stress. 

2. To determine the sequence of candidate genes. 

3. To study the sequence alignment. 

4. Investigation of the full-length genes. 

5. Characterization of identified genes. 
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2. REVIEW OF LITERATURE 

2.1. Abiotic stress: 
Abiotic stresses include potentially adverse effects of salinity, drought, flooding, 

metal toxicity, nutrient deficiency, UV exposure, photoinhibition, high temperature, low 

temperature and air pollution etc.  

Plants can experience abiotic stress resulting from the shortage of an essential 

resource or from the presence of high concentrations of toxic or antagonistic substance. In 

some cases, such as the supply of water, too little (drought) or too much (flooding) can both 

impose stress on plants. The tolerance of plants to stress has been widely shown to vary with 

physiological growth stage, developmental phase, size of plants and genetic variability. There 

is also growing evidence that all of these stresses are inter connected, for instance during 

drought stress, plant also suffers nutrient deficiency as most of the nutrients in the soil are 

available to plant when dissolved in water, Moreover water shortages effect transport of 

materials in different parts of the plants and imbalanced localization of these products can 

cause toxification. All of these factors complicate the management of abiotic stress in an 

agriculture situation and make up the jobs of physiologists, molecular biologists, and plant 

breeders more difficult as they attempt to understand the genetic and physiological bases of 

stress response and stress tolerance as part of crop improvement programs. 

 Stresses induce various biochemical and physiological responses in plants. To 

understand plant stress, the mechanism by which these responses are regulated must be 

characterized and understood. Study of molecular responses can help in this direction. 

Products of a number of genes are thought to function in stress tolerance and response. The 

term tolerance is defined as the ability of cells and organisms to endure an internal stress 

induced by an externally applied stressor. Stress-inducible genes were used to improve stress 

tolerance of plants by gene transfer (Shinozaki and Yamaguchi-Shinozaki, 2000). Neither 

DNA nor mRNA can identify how much protein is produced inside a cell or what it does 
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once created. Chemical modifications such as phosphorylation play a key role in controlling 

protein activity; these modifications cannot be detected by screening nucleotides. Messenger 

RNA tells you what might happen, and the protein tells what is happening.  Various types of 

libraries are used to study genomics or proteomics. 

2.2. Basic concept of stress: 
In common with all living organisms, plants acquire the materials they need for 

energy and growth from their surroundings. In the case of plants, this acquisition usually has 

to be made against a concentration gradient. For land plants, tissue water must be retained 

against gradients of atmospheric and soil water potential, which can vary from small in 

humid tropical forests to very large in hot, dry deserts. The concentrations of many essential 

ions in plants are often a thousand-fold greater than those in the soil solution from which 

their roots extract them. So plants has to invest considerable amounts of metabolic energy to 

gain nutrients against the water potential when limited supplies are present in the surrounding 

environment  

Plants can be pre-adapted to stress conditions but often various protection 

mechanisms are induced by the stress treatment itself. This implies that plants are able to 

perceive stress signals and that after perception signal transduction occurs which leads to 

change in gene expression (Kazuo Shinozaki and Kazuko Yamaguchi-Shinozaki, 1997) 

ultimately various cellular mechanisms are set in place, which allows the plant to cope with 

the imposed stress. These mechanisms are for instance osmo-adjustment and osmo-

protection, changes in the pathways affecting ion and water fluxes, production of protection 

proteins etc. In case of osmo-adjustment the osmotic potential of the cell is lowered to favor 

water uptake and maintenance of turgor. Osmoprotectants stabilize proteins and membranes 

when present in high concentrations and include a variety of compounds such as amino acids 

such as proline, quaternary ammonium compounds e.g. betaines (Hayashi et al., 1997), 

polyols (pinitol, mannitol), sugars such as fructans (Bohnert et al. 1995) and specific proteins 

such as Dehydrins (Ingram and Bartels, 1996). The introduction of genes leading to increased 
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levels of such compounds in transgenic plants has resulted in increased stress tolerance. The 

genes used for this were often of microbiological origin. Certain gene products might also be 

involved in the repair of damage caused by the stress (Koornneef and Peeters 1999). 

Cytosolic calcium has also been implicated in the transduction of a variety of external stimuli 

such as red light, mechanical stress, low temperature, fungal elicitors and gravity (reviewed 

by Capel et al. 1998, Edward et al., 2000). 

When studying the response to stress, one should take into account that organs can 

differ in the degree of saturation of the membrane lipids. For example seeds and pollen can 

survive extreme desiccation, whereas the vegetative parts and flowers are susceptible to such 

conditions. In addition to these cellular mechanisms, plants can control their water status by 

regulating water uptake and water loss. Such adaptations result in stress resistance, which is 

called "avoidance". 

Abiotic stresses can have components in common like insufficient water supply may 

be due to excessive loss of water, or insufficient uptake of water. The latter may be due to 

high concentration of osmotic material in water (salt). Chilling and freezing may also lead to 

osmotic stress (Tasi-Hung et al., 2002). Coping with other abiotic stresses like UV light, 

heat, touch, heavy metals, wounding and hypoxia (Majeti and Helena 2003), plants have 

different mechanisms.  

The genetic approach in stress physiology is based on finding genetic differences in 

stress responses and to relate this to the structure and function of the gene involved. The use 

of genetic variation with a “detectable” phenotype is an important tool to identify genes 

related to stress and stress tolerance, because it allows the identification of the respective 

genes by various techniques. To solve the problem reporter genes, enhancer or gene trapping 

and reverse genetics are used. 
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2.3. Drought stress: 
Dehydration stress is one of the most serious yield-reducing stresses in agriculture. 

Drought stress is especially important in countries where crop agriculture is essentially rain-

fed. In Pakistan, drought years have a devastating effect on regional food security. While 

irrigation is the method of choice in averting drought stress in many areas of the world, 

alternative low-input approaches are being explored, and biotechnology offers a promising 

array of tools that may be useful in achieving drought tolerance in plants. One such tool is the 

low input approach to crop production by which crops are modified to suit the environment 

in which they are growing, rather than modifying the environment to meet the needs of the 

crop. This approach is advantageous in areas where water supplementation by irrigation is 

either difficult or unaffordable.  

Due to the sedentary mode of life, plants resort to many adaptive strategies in 

response to different abiotic stresses, such as salt, drought, cold, heat and flooding.  These 

factors tend to alter plant-environmental equilibrium and represent a driving force away from 

cellular homeostasis (Epstein et al., 1980).  Among all the osmotic stresses to which plants 

may be exposed, drought-stress is probably the most limiting on plant distribution and 

productivity, both in natural and agricultural systems (Hanson and Hitz, 1982). Drought-

stress leads to disruption of water potential gradients, loss of turgor, disruption of membrane 

integrity, and denaturation of proteins (Ingram and Bartels, 1996).   

The ability of the plant to respond to and survive cellular water deficit depends on 

whole-plant mechanisms that integrate cellular responses (Bray, 1997).  Responses to water 

deficit depend on the species and genotype, length and severity of water loss, age and stage 

of development, organ and cell type, and subcelullar compartment (Bohnert et al., 1995).  

The responses to water loss may occur within a few seconds (such as changes in the 

phosphorylation status of a protein), or within minutes, hours or days (such as changes in 

gene expression and plant morphology) (Bray, 1997). 
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Plants respond to drought with physiological and developmental changes.  Many 

plant genes have been shown to be induced by drought stress and function in drought 

tolerance. 40 independent cDNAs (Responsive for Drought and Early Responsive for 

Drought) for drought inducible genes in Arabidopsis thaliana and analyzed the structures of 

their gene products (Shinozaki and Yamaguchi-Shinozaki, 1996). Sequence analyses of these 

genes indicate that their gene products may function in drought tolerance and response in 

Arabidopsis. Urao et al. (1993) suggested that a MYB-related transcription factor is involved 

in the regulation of genes that are responsive to water stress in Arabidopsis. A number of 

genes that respond to desiccation at the transcriptional level have been described recently. 

Drought can be considered as a set of climate pressures that can result from a 

combination of heat, aerial, or soil water deficits, as well as salinity. The diversity of drought 

created from these phenomena has led to the selection of numerous types of resistance 

mechanisms that operate at different levels of life organization (molecule, cell, organ, plant, 

and crop). Decades of research have been dedicated to the understanding of these 

mechanisms, with a premise that the improved understanding would contribute to the long-

term improvement of plant and crop production under drought conditions (Graeme C. 

Wright. and Nageswararao C. Rachaputi 2004). 

Among several responses at the cellular level, drought stress is known to cause 

specific alterations in the gene expression patterns of plants, commonly mediated by the 

hormone ABA (Chandler and Robertson, 1994). These changes have been described in 

cultivated tomato (Lycopersicon esculentum Mill.) and other members of the genus, 

including drought-tolerant wild species such as Lycopersicon pennellii Corr. and 

Lycopersicon chilense Dun. (Bray, 1988; Cohen and Bray, 1990; Plant et al., 1991; Chen and 

Tabaeizadeh, 1992a, 1992b; Kahn et al., 1993). However, the significance of drought-

induced genes in the performance of the plant during stress cannot be understood without 

knowledge of their function. Transcript accumulation of four ABA- and drought-induced 

cDNAs has been compared between L. esculentum and L. pennellii, demonstrating similar 
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but not identical patterns of expression in the two species and their interspecific hybrid (Kahn 

et al., 1993). These studies showed that expression of one of these genes was also spatially 

regulated. In the present study, DNA sequence evidence demonstrates this gene to be a 

member of a small gene family encoding LTPs. 

Expression of a number of genes is induced by both drought and low temperature. 

Previous experiments have established that a cis-acting element named DRE (for 

dehydration-responsive element) plays an important role in both dehydration- and low-

temperature-induced gene expression in Arabidopsis. Both the DREB1A and DREB2A 

proteins specifically bound to the DRE sequence in vitro and activated the transcription of the 

b-glucuronidase reporter gene driven by the DRE sequence in Arabidopsis leaf protoplasts. 

Expression of the DREB1A gene and its two homologs was induced by low-temperature 

stress, whereas expression of the DREB2A gene and its single homolog was induced by 

dehydration. These results indicate that two independent families of DREB proteins, DREB1 

and DREB2, function as trans-acting factors in two separate signal transduction pathways 

under low-temperature and dehydration conditions, respectively (Liu et al., 1998).  CBF1 

protein has a molecular mass of 24 kDa, CBF1 has an AP2 domain, which is a DNA-binding 

motif of about 60 amino acids present in the Arabidopsis proteins APETALA2, 

AINTEGUMENTA, and TINY.  CBF1 can function as a transcriptional activator that binds to 

the C-repeat/DRE DNA regulatory element and, thus, is likely to have a role in cold- and 

dehydration-regulated gene expression in Arabidopsis (Stockinger et al., 1997). 

In plants, low temperature and dehydration activate a set of genes containing C-

repeat/dehydration-responsive elements in their promoter. an apparent homologue of the 

CBF/DREB1 proteins (CBF4) that plays the equivalent role during drought adaptation. In 

contrast to the three already identified CBF/DREB1 homologues, which are induced under 

cold stress, CBF4 gene expression is up-regulated by drought stress, but not by low 

temperature. Over expression of CBF4 in transgenic Arabidopsis plants results in the 
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activation of C-repeat/dehydration-responsive element containing downstream genes that are 

involved in cold acclimation and drought adaptation (Haake et al., 2002). 

2.3.1.  Biological  mechanisms  of  drought  stress 
response: 

Drought, salt loading, and freezing are environmental conditions that cause adverse 

effects on the growth of plants and the productivity of crops. Plants respond to these stresses 

at molecular and cellular levels as well as physiological level. Expression of a variety of 

genes has been demonstrated to be induced by these stresses. (Shinozaki, K. and Yamaguchi-

Shinozaki, K., 1996; Thomashow, M.F., 1994; Ingram, J. and Bartels, D., 1996; Bray, E.A., 

1997). The products of these genes are thought to function not only in stress tolerance but 

also in the regulation of gene expression and signal transduction in stress response (Fig.1). 

(Shinozaki, K. and Yamaguchi-Shinozaki, K., 1996; Shinozaki, K. and Yamaguchi-

Shinozaki, K., 2000). 

 

Fig. 2.1.  Schematic representation of molecular responses to drought stress in plant cells. 
Molecular and cellular responses to drought stress include perception of dehydration signal, 
signal transduction to cytoplasm and nucleus, gene expression, and responses and tolerance 
to drought stress 
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Genetic engineering is thought to be useful for improving the stress tolerance of 

plants. Several different approaches were attempted to improve the stress tolerance of plants 

by gene transfer (Holmberg and Bulow, 1998). The genes selected for transformation were 

those involved in encoding enzymes required for the biosynthesis of various 

osmoprotectants.( Tarczynski, M. and Bohnert, H., 1993; Kavi Kishor et al ., 1995; Hayashi 

et al ., 1997). Other genes that have been selected for transformation include those that 

encoded enzymes for modifying membrane lipids, LEA protein, and detoxification enzyme 

(Kodama et al., 1994; Ishizaki-Nishizawa et al., 1996; Xu et al ., 1996; McKersie et al ., 

1996). In all these experiments, a single gene for a protective protein or an enzyme was 

overexpressed under the control of the 35S cauliflower mosaic virus (CaMV) constitutive 

promoter in transgenic plants, although a number of genes have been shown to function in 

environmental stress tolerance and response. The genes encoding protein factors that are 

involved in regulation of gene expression and signal transduction and function in stress 

response seem to be useful to improve the tolerance of plant to stresses by gene transfer as 

they can regulate many stress-inducible genes involved in stress tolerance.  

Various genes respond to drought-stress in various species, and functions of their 

gene products have been predicted from sequence homology with known proteins. Many 

drought-inducible genes are also induced by salt stress and low temperature, which suggests 

the existence of similar mechanisms of stress responses. Genes induced during drought-stress 

conditions are thought to function not only in protecting cells from water deficit by the 

production of important metabolic proteins but also in the regulation of genes for signal 

transduction in the drought stress response (Shinozaki and Yamaguchi-Shinozaki, 1996; 

Thomashow, 1994; Ingram, J. and Bartels, D., 1996; Bray, E.A., 1997; Shinozaki, K. and 

Yamaguchi-Shinozaki, K., 1996; Shinozaki, K. and Yamaguchi-Shinozaki, K., 2000). Thus, 

these gene products are classified into two groups (Fig. 2.2). The first group includes proteins 

that probably function in stress tolerance; such as chaperones, LEA proteins, osmotin, 

antifreeze proteins, mRNA binding proteins, key enzymes for osmolytes biosynthesis, water 
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channel proteins, sugar and proline transporters, detoxyfication enzymes and various 

proteases.  

 

 

Fig. 2.2. Drought-stress inducible genes and their possible functions in stress tolerance and 

response. Gene products are classified into two groups. The first group includes proteins that 

probably function in stress tolerance (Functional proteins), and the second group contains 

protein factors involved in further regulation of signal transduction and gene expression that 

probably function in stress response (Regulatory proteins). 
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LEA proteins, chaperones and mRNA binding proteins have been analyzed 

biochemically and shown to be involved in protecting macromolecules like enzymes, lipids 

and mRNAs from dehydration. Proline, glycine betaine and sugars function as osmolytes and 

protecting cells from dehydration. Key enzymes of several osmolytes have been cloned and 

analyzed biochemically. Water channel proteins, sugar transporters and proline transporters 

are thought to function in transport of water, sugars and proline through plasma membranes 

and tonoplast to adjust osmotic pressure under stress conditions. Detoxification enzymes, 

such as glutathione Stransferase, superoxide dismutase, and a soluble epoxide hydrolase are 

involved in protection of cells from active oxygens. Proteases including thiol proteases, Clp 

protease, and ubiquitin are thought to be required for protein turnover and recycle of amino 

acids. The second group contains protein factors involved in further regulation of signal 

transduction and gene expression that probably function in stress response: protein kinases, 

transcription factors and enzymes in phospholipids metabolism.(Shinozaki, K. and 

Yamaguchi-Shinozaki, K., 1996; Thomashow, M.F., 1994; Ingram, J. and Bartels, D., 1996; 

Bray, E.A., 1997;  Shinozaki, K. and Yamaguchi-Shinozaki, K., 2000) Genes for a variety of 

transcription factors that contain typical DNA binding motifs, such as bZIP, MYB, MYC, 

ERF/AP2 and Zinc fingers, have been demonstrated to be stress inducible. These 

transcription factors function in further regulation of various functional genes under stress 

conditions.  

Various protein kinases, such as MAP kinases, calcium dependent protein kinases 

(CDPK), SNF1 related protein kinase and ribosomal S6 kinase were demonstrated to be 

induced or upregulated by dehydration.(Yamaguchi-Shinozaki, K., 2000 ; Holmberg, N. and 

Bulow, L., 1998; Tarczynski, M. and Bohnert, H., 1993; Kavi Kishor et al ., 1995; Hayashi et 

al ., 1997; Kodama et al ., 1994; Ishizaki-Nishizawa et al ., 1996; Xu et al ., 1996; McKersie 

et al ., 1996; Mizoguchi, T., Ichimura, K. and Shinozaki, K., 1997; Xu et al ., 1998 ) Stress-

inducible genes for protein phosphatases are reported.(Xu et al .,1998). These protein kinases 

and phosphatases may be involved in modification of functional proteins and regulatory 

proteins involved in stress signal transduction pathways. Phospholipids, such as inositol 
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1,4,5-triphosphate, diacylglycerol and phospahtidic acid are believed to be involved in stress 

signaling process in plants.(Yamaguchi-Shinozaki, K., 2000). Enzymes involved in 

phospholipids metabolism of which genes are stress inducible may play important roles in 

stress signaling as well. Existence of variety of drought-inducible genes suggests complex 

responses of plants to drought stress. Their gene products are involved in drought stress 

tolerance and stress responses. 

H2O2 serves an important stress signaling function and promotes stomatal closure, 

whereas ascorbic acid (Asc) is the major antioxidant that scavenges H2O2. Dehydroascorbate 

reductase (DHAR) catalyzes the reduction of dehydroascorbate (oxidized ascorbate) to Asc 

and thus contributes to the regulation of the Asc redox state. In this study, we observed that 

the level of H2O2 and the Asc redox state in guard cells and whole leaves are diurnally 

regulated such that the former increases during the afternoon, whereas the latter decreases. 

Plants with an increased guard cell Asc redox state were generated by increasing DHAR 

expression, and these exhibited a reduction in the level of guard cell H2O2. In addition, a 

higher percentage of open stomata, an increase in total open stomatal area, increased stomatal 

conductance, and increased transpiration were observed. Guard cells with an increase in Asc 

redox state were less responsive to H2O2 or abscisic acid signaling, and the plants exhibited 

greater water loss under drought conditions, whereas suppressing DHAR expression 

conferred increased drought tolerance. Our analyses suggest that DHAR serves to maintain a 

basal level of Asc recycling in guard cells that are insufficient to scavenge the high rate of 

H2O2 produced in the afternoon, thus resulting in stomatal closure. 

2.4. Epicuticular layer 
The aerial surfaces of plants are almost entirely covered with a waxy cuticle. Being 

the outermost layer of the plant and the first line of contact with the environment, the cuticle 

has several functions. The main function is as a barrier. The cuticle protects the tissue 

beneath from mechanical damage by the elements (Baker & Hunt, 1986) or from insects 

(Walker, 1988; Eigenbrode, 1996) and acts as the primary defence against pathogens (Carver 
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et al., 1996). The cuticle is a site of communication with insects or microbes either to repel or 

attract depending on their interaction with the plant. The cuticle can also protect the 

photosynthetic tissues from excess light by reflecting light (Vogelmann, 1993), and acts as a 

barrier against loss from the plant (Kerstiens, 1996a). The cuticle is virtually impermeable to 

polar molecules, such as water, CO2 and apoplastic solutes. This means that there is little 

uncontrolled water, or cellular content, loss from aerial tissues, but it also means that gas 

exchange between photosynthesising tissues and the atmosphere is limited (Schreiber et al ., 

1996). Controlled water loss and gas exchange therefore has to take place through stomatal 

pores. 

2.4.1. Cuticle structure: 
The cuticle is not a simple homogenous layer deposited on the external surface of the 

epidermal cells. The cuticle changes and matures as the leaf matures. Immature, unexpanded 

leaves are covered with a thin procuticle that is made up solely of amorphous, nonlamellate 

waxes. As the leaf expands the cuticle thickens and lamellae appear as more constituents are 

added (Jeffree, 1996). Lamellation of the procuticle occurs as cutin and polysaccharides are 

laid down in layers, and this becomes the cuticle proper. Above the cuticle proper waxes are 

deposited and this becomes the epicuticular wax layer. As more wax is deposited in the 

epicuticular wax layer, wax crystals are formed above a thin amorphous layer of waxes. This 

is not true of all species, Arabidopsis thaliana accession C24 has no discernable wax crystals 

structures on its leaves, but does form crystal structures on stems (Jenks et al., 1995). Wax 

crystal structure is dependent on wax composition, which is determined by various 

environmental (Prior et al., 1997) and developmental conditions. Beneath the epicuticular 

wax layer and the lamellar polysaccharide and cutin layer, two thick cutin layers are 

deposited (Jeffree, 1996), the internal and external cuticular layers. The stages of cuticle 

development described are illustrated in Fig. 2.3. 

Polymerised cutin has a large pore size, so contributes little to the hydrophobicity of 

the cuticle. The primary function is more likely to be structural and to provide rigidity to the 
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tissues beneath. Waxes are also embedded within the polymerised cutin matrix. As the 

cuticle develops the primary cell wall beneath becomes incorporated into the cuticle proper 

and the secondary cell wall develops. This secondary cell wall is more fibrous than the 

primary cell wall and contains lipophilic globules (Jeffree, 1996). Wax deposition continues 

as the leaf expands and the cuticle develops, increasing the overall wax load and thickness 

(Riederer & Schneider, 1990; Riederer & Markstädter, 1996). The cuticle matures alongside 

the leaf. Once the leaf has finished expanding, the cuticle is no longer added to, unless 

damaged by wounding, and lasts the lifetime of the leaf (Jeffree, 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3. Development of the plant cuticle. In the early leaf epidermis rapidly dividing cells 

are covered with highly water repellent wax layer, the procuticle (a). This amorphous wax 

layer is added to (b–d) as the leaf expands. (b) Lamellation of the procuticle occurs by the 
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deposition of polysaccarides and cutin layers and becomes the cuticle proper (CP). (c) 

Epicuticular waxes (EPW) are deposited on the outer most surface of the cuticle in a film and 

the primary cell wall (PCW) becomes fiborous and incorporated into the cuticle layer. The 

secondary cell wall (SCW) forms beneath the primary cell wall. (d) Two thick polymerised 

cutin layers (internal cutin layer, ICL, and external cutin layer, ECL) are deposited, and are 

discernable by their structure and chemical compositions. In some plant species, as more 

waxes are deposited, wax crystals form over the amorphous wax film. Redrawn from Jeffree 

(1996). 

 2.4.2. Cuticular waxes 
Waxes are an important component of the cuticle. Wax is a general term for the very 

long chain hydrocarbons that are found embedded within the cuticle and in the crystalline 

epicuticular wax layer. Complex mixtures of very long chain hydrocarbons and their 

derivatives make up the cuticular waxes that cover the surfaces of all plants (Kolattukudy, 

1996; Post-Beittenmiller, 1996) as well as being components of seed lipids. These long chain 

hydrocarbons are produced from C 16:1 and C 18:1 fatty acid precursors that are produced in 

the cellular plastids. The fatty acids are elongated extraplastidially, by the addition of two-

carbon moieties donated by malonyl- CoA, to produce very long chain fatty acids (VLCFAs), 

that is, fatty acids with more than 18 carbon atoms. VLCFAs are then modified by reduction 

to aldehydes, then decarbonylation to produce odd number chain length alkanes, two 

oxidation reactions to produce secondary alcohols and ketones; by acyl-reduction to produce 

aldehydes and then reduction to produce primary alcohols; and by b -ketoacyl-elongation to 

produce b -diketones and other acyl esters (Lemieux, 1996). The principle components of 

Arabidopsis leaf epicuticular waxes are very long chain alkanes (C29, C30 and C33) 

followed by primary alcohols (C26, C28 and C30) (Jenks et al., 1995). 
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2.4.3. WAX GENES 
Although studies using mutant isolines have not always displayed a clear correlation 

between wax quantity/composition and transpiration rate, additional circumstantial evidence 

for a role of plant wax in controlling transpiration rate is nonetheless provided by their 

inducibility in response to water stress. Leaves, bracts, and bolls of Gossypium hirsutum L. 

(cotton) produced up to 41% more total wax per area and longer-chain-length alkanes in 

drought stressed field plots than plants in irrigated plots (Bondada et al., 1996). Likewise, 

leaves of Rosa cultivars (rose) that developed during drought produced up to 14% more total 

wax per area and longer-chain-length alkanes (Williams et al., 2000; Jenks et al., 2001). 

Similar drought treatments resulted in 25% more wax on Abutilon theophrasti Medic. 

(velvetleaf) (Levene and Owen, 1995), 23% more on Agropyron desertorum (Fisch.) Schult. 

(crested wheat grass) and 33% more on Medicago sativa L. (alfalfa) (Jefferson et al., 1989), 

and likewise various Triticum spp. (Johnson et al., 1983) and Sorghum (Premachandra et al., 

1994) had more wax after exposure to drought stress. Low atmospheric humidity likewise 

appears to induce wax synthesis (Baker, 1974; Maier and Post-Beittenmiller, 1998).  
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Fig. 2.4. conversion of major constituents in the stem cuticular wax biosynthetic pathway. 
[1] 3-ketoacyl-ACP synthetase II (KASII), [2] palmitoyl-ACP thioesterase, [3] stearoyl-ACP 
thioesterase, [4] acyl-CoA synthetase, [5-12] each a unique chain-length-specific acyl-CoA 
elongase complex, [13] primary alcohol generating acyl-CoA reductase, [14] aldehyde 
decarbonylase, [16] alkane hydeolase, [17] secondary alcohol oxidase, [18] acyl-CoA 
thioesterase, [19] fatty acyl-CoA:fatty alcohol transacylase (Kolattukudy, 1996)  

Dellaert et al., (1979) reported the first cuticular wax mutants in Arabidopsis and 

named them eceriferum (CER), which in latin is “without wax”. Later on various researchers 
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identified, isolated, cloned and found the role of  different CER genes. The Arabidopsis 

CERl protein is involved in cuticular wax deposition on siliqules, stems, and leaves of that 

plant. CER1 protein is involved in the conversion of long chain aldehydes to alkanes, The 

similarity of the CER1 protein with a group of integral membrane enzymes, which process 

highly hydrophobic molecules, points to a function of the CER1 protein as a decarbonylase 

(Aart et al.,1995). The CER2 gene has been cloned by chromosomal walking (Xia et al. 

1996) and by T-DNA tagging (Negruk et al. 1996). The deduced CER2 protein shares 

sequence similarity with GL2, the product of the Glossy gene of maize, which is also 

involved in cuticular wax accumulation (Tacke et al. 1995). On the basis of the wax 

composition in CER2 mutants, it was suggested that CER2 encodes an elongase activity. 

Unfortunately, the sequence analysis in this case does not help to elucidate the function of 

this gene, because no similarities were found with enzymes required for fatty acid 

biosynthesis. CER3 gene encodes a 795 amino acid. Unlike other CER genes that have been 

cloned, high levels of the CER3 transcript were found in all tissues from wild type plants, 

that is, leaves, stems, roots, flowers, and apical meristems (Hannoufa et al., 1996) 

Pruitt et al. (2000) described the isolation and characterization of FIDDLEHEAD 

gene, which encodes a protein that is probably involved in the synthesis of long-chain lipids 

found in the cuticle and shows similarity to a large class of genes encoding proteins, related 

to b-ketoacyl-CoA synthases and chalcone synthases. These findings highlight a role for 

lipids both in pollen recognition and epidermal cell adhesion. 

Using the Arabidopsis expressed sequence tag database, Miller et al. (1999) had 

identified a novel gene, designated CUT1, that encodes a VLCFA condensing enzyme 

required for cuticular wax production. Furthermore they indicated that CUT1 is involved in 

the production of VLCFA precursors used for the synthesis of all stem wax components in 

Arabidopsis. In CUT1-suppressed plants, the C24 chain-length wax components 

predominate, suggesting that CUT1 is required for elongation of C24 VLCFAs. CUT1 is 

currently the only known gene with a clearly established function in wax production.Fiebig et 

al. (2000) identified and positionally cloned a homologue of CUT1, that is CER6 and 
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demonstrate that the predicted CER6 amino acid sequence resembles that of fatty acid–

condensing enzymes, consistent with its role in the production of epicuticular and pollen coat 

lipids more than 28 carbons long.  

An Arabidopsis fatty acid elongase gene, KCS1, with a high degree of sequence 

identity to FAE1, encodes a 3-ketoacyl-CoA synthase which is involved in very long chain 

fatty acid synthesis in vegetative tissues, and which also plays a role in wax biosynthesis.  

Complete loss of KCS1expression resulted in decreases of up to 80% in the levels of C26 to 

C30 wax alcohols and aldehydes, but much smaller effects were observed on the major wax 

components, i.e. the C29 alkanes and C29 ketones on leaves, stems and siliqules.  There was 

redundancy in the elongase KCS activities involved in wax synthesis, decarbonylation and 

acyl-reduction wax synthesis pathways. FAE1 KCS, a seed-specific elongase-condensing 

enzyme from Arabidopsis, is involved in the production of eicosenoic (C20: 1) and erucic 

(C22: 1) acids. Alignment of the amino acid sequences of FAE1 KCS, KCS1, and five other 

putative elongase condensing enzymes (KCSs) revealed the presence of six conserved 

cysteine and four conserved histidine residues( Ghanevati M.and Jan G. Jaworski 2001) The 

N-terminal region was shown to be involved in substrate specificity. One chimeric enzyme 

that included A. thaliana sequence from the N terminus to residue 114 and B. napus sequence 

from residue 115 to the C terminus had substrate specificity similar to that of A. thaliana 

FAE1 KCS.  This study was successful in identifying a domain involved in determining 

substrate specificity in FAE1 KCS and in engineering an enzyme with novel activity 

(Blacklock B.J and Jan G. Jaworski, 2002). 

Millar et al. (1999) identified 15 Arabidopsis Expressed Sequence Tags (ESTs) 

(Newman et al. 1994; Cooke et al. 1996) with significant sequence similarity to Fatty Acid 

Elongation1 (FAE1), a gene involved in the synthesis of very long chain length fatty acids in 

seeds (James et al. 1995). The predicted amino acid sequence of these ESTs shared 

homology with those of condensing enzymes (Chalcone Synthase, Stilbene Synthases, and ß-

ketoacyl-Acyl Carrier Protein Synthase III). One of the genes coding FAE1-like proteins is 

CER6 (syn. CUT1). A highly homologous gene, designated CER60, has exons that share 
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88% identity and 94% similarity with those of CER6, (Fiebig et al., 2000). Like CER6, the 

KCS1 mutant has an alteration in a unique FAE1-like gene that causes reduction in wax chain 

lengths (Todd et al., 1999). In contrast however, the KCS1 mutant did not have reduction in 

visual stem glaucousness or wax quantity relative to wildtype as did CER6, suggesting 

potential redundancy in elongation activity. The KCS1 gene is expressed in many tissues 

including stems, siliques, leaves, flowers, cotyledons, and roots. Whether KCS1 plays a role 

in metabolism of other non-wax lipids in roots and other tissue is unclear. Interestingly, the 

fiddlehead (fdh) mutant showing postgential fusion was caused by mutation in another FAE1 

gene on chromosome two that is highly similar to CER6 and KCS1 (Yephremov et al., 1999; 

Pruitt et al., 2000). Unlike CER6 and KCS1, the major cuticular wax constituents on fdh 

stems appear unchanged from wildtype. 

Bonaventure et al. (2003) identified an Arabidopsis FATB gene as a major 

determinant of saturated fatty acid synthesis. The total wax load of mutant plants was 

reduced by 20% in leaves and by 50% in stems, implicating FATB in the supply of saturated 

fatty acids for wax biosynthesis. 

  Hansen et al. (1997) found that Mutations at the glossyl (gl1) locus of maize 

(Zea mays L.) quantitatively and qualitatively affect the deposition of cuticular waxes on the 

surface of seedling leaves. The epi23 cDNA was isolated from Senerio odora (Kleinia 

odora). The GL8 gene, which encodes a 1.4-kb transcript, is present in wild-type seedling 

leaves.This gene exhibits highly significant sequence similarity to a group of enzymes from 

plants, eubacteria, and mammals that catalyzes the reduction of ketones. This finding and the 

chemical composition of the wax on the surface of the gl8 mutant suggests that the GL8 

protein probably functions as a 3-ketoacyl-CoA reductase during fatty acid elongation in the 

cuticular wax biosynthetic pathway (Xu et al., 1997). Recently A paralogous gene, gl8b, has 

been identified that is 96% identical to gl8a. The gl8a and gl8b genes map to syntenic 

chromosomal regions, have similar, but not identical, expression patterns, and encode 

proteins that are 97% identical. Both of these genes are required for the normal accumulation 

of cuticular waxes on seedling leaves. The chemical composition of the cuticular waxes from 
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gl8a and gl8b mutants indicates that these genes have at least overlapping, if not redundant, 

functions in cuticular wax biosynthesis (Dietrich et al, 2005). 

Previous genetic and phenotypic analyses have shown that the maize Glossy15 (Gl15) 

gene is required for the expression of juvenile epidermal traits after leaf 2. Moose and Sisco, 

1996 reported the molecular cloning of the Gl15 gene and found that the pattern of Gl15 

mRNA expression was regulated by upstream factors such as Corngrass1. The Gl15 gene 

encodes a putative transcription factor with significant sequence similarity to the Arabidopsis 

regulatory genes APETALA2 and AINTEGUMENTA, which act primarily to regulate floral 

organ identity and ovule development. This finding expands the known functions of 

APETALA2-related genes to include the control of both vegetative and reproductive lateral 

organ identity. 

Of the wax genes cloned, only CER2 (Negruk et al., 1996a; Xia, 1996), CER3 

(Hannoufa et al., 1996), and GL15 (Moose and Sisco, 1996) may be regulatory genes. Broun 

et al. (2004) reported the identification of WIN1, an Arabidopsis thaliana ethylene response 

factor-type transcription factor, which can activate wax deposition in over expressing plants. 

They constitutively expressed WIN1 in transgenic Arabidopsis plants, and found that leaf 

epidermal wax accumulation was up to 4.5-fold higher in these plants than in control plants. 

A significant increase was also found in stems. Interestingly, ≈50% of the additional wax 

could only be released by complete lipid extractions, suggesting that not all of the wax is 

superficial. Gene expression analysis indicated that a number of genes, such as CER1, KCS1, 

and CER2, which are known to be involved in wax biosynthesis, were induced in WIN1 over-

expressors. This observation indicates that induction of wax accumulation in transgenic 

plants is probably mediated through an increase in the expression of genes encoding enzymes 

of the wax biosynthesis pathway. 

  Chen et al. (2004) used insertional mutagenesis of Arabidopsis ecotype C24 to 

identify a novel mutant, designated WAX2, which had alterations in both cuticle membrane 

and cuticular waxes. Arabidopsis mutants with altered cuticle membrane have not been 
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reported previously. Compared with the wild type, the cuticle membrane of WAX2 stems 

weighed 20.2% less, and when viewed using electron microscopy, it was 36.4% thicker, less 

opaque, and structurally disorganized. The total wax amount on WAX2 leaves and stems was 

reduced by >78% and showed proportional deficiencies in the aldehydes, alkanes, secondary 

alcohols, and ketones, with increased acids, primary alcohols, and esters. Besides altered 

cuticle membranes, WAX2 reveals a potential role for the cuticle as a suppressor of 

postgenital fusion and epidermal diffusion and as a mediator of both fertility and the 

development of epidermal architecture (via effects on stomatal index).  WAX2 has 32% 

identity to CER1, a protein required for wax production but not for cuticle membrane 

production.  

Long-chain acyl-CoA synthetase (LACS) activities are encoded by a family of at least 

nine genes in Arabidopsis (Arabidopsis thaliana). These enzymes have roles in lipid 

synthesis, fatty acid catabolism, and the transport of fatty acids between sub cellular 

compartments.  Schnurr et al., (2004) showed that the LACS2 gene (At1g49430) is expressed 

in young, rapidly expanding tissues, and in leaves expression is limited to cells of the adaxial 

and abaxial epidermal layers, suggesting that the LACS2 enzyme may act in the synthesis of 

cutin or cuticular waxes.  The composition of surface waxes extracted from LACS2 mutant 

leaves was similar to the wild type, and the total wax load was higher than the wild type 

(111.4 μg/dm2 versus 76.4 μg/dm2, respectively). However, the thickness of the cutin layer 

on the abaxial surface of LACS2 leaves was only 22.3 ± 1.7 nm compared with 33.0 ± 2.0 nm 

for the wild type.  

Expression of a number of genes is induced by both drought and low temperature. 

Previous experiments have established that a cis-acting element named DRE (for 

dehydration-responsive element) plays an important role in both dehydration- and low-

temperature-induced gene expression in Arabidopsis. Both the DREB1A and DREB2A 

proteins specifically bound to the DRE sequence in vitro and activated the transcription of the 

beta-glucourinidase reporter gene driven by the DRE sequence in Arabidopsis leaf 

protoplasts. Expression of the DREB1A gene and its two homologs was induced by low-
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temperature stress, whereas expression of the DREB2A gene and its single homolog was 

induced by dehydration. These results indicate that two independent families of DREB 

proteins, DREB1 and DREB2, function as trans-acting factors in two separate signal 

transduction pathways under low-temperature and dehydration conditions, respectively (Liu 

et al., 1998).  CBF1 protein has a molecular mass of 24 kDa, CBF1 has an AP2 domain, 

which is a DNA-binding motif of about 60 aa present in the Arabidopsis proteins 

APETALA2, AINTEGUMENTA, and TINY.  CBF1 can function as a transcriptional activator 

that binds to the C-repeat/DRE DNA regulatory element and, thus, is likely to have a role in 

cold- and dehydration-regulated gene expression in Arabidopsis (Stockinger et al, 1997). 

In plants, low temperature and dehydration activate a set of genes containing C-

repeat/dehydration-responsive elements in their promoter. An apparent homolog of the 

CBF/DREB1 proteins (CBF4) that plays the equivalent role during drought adaptation. In 

contrast to the three already identified CBF/DREB1 homologs, which are induced under cold 

stress, CBF4 gene expression is up-regulated by drought stress, but not by low temperature. 

Overexpression of CBF4 in transgenic Arabidopsis plants results in the activation of C-

repeat/dehydration-responsive element containing downstream genes that are involved in 

cold acclimation and drought adaptation (Haake et al. 2002). 

2.5. Compatible osmolytes: 
The class of small molecules known as "compatible osmolytes" includes certain 

amino acids (notably proline), quaternary ammonium compounds (e.g. glycinebetaine, 

prolinebetaine, B-alaninebetaine, and choline-O-sulfate), and the tertiary sulfonium 

compound 3-dimethylsulfoniopropionate (DMSP). The quaternary ammonium compounds 

and DMSP are derived from amino acid precursors.  

Osmolytes are involved in signaling/regulating plant responses to multiple stresses, 

including reduced growth that may be part of the plant’s adaptation against stress. In plants, 

the common osmolytes are proline, trehalose, fructan, mannitol and glycinebetaine.6 The 
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protection mechanisms are not yet fully understood, but they are thought to work via osmotic 

adjustment, stabilizing macromolecules, and scavenging ROS. One proposed transgenic 

strategy has been to overproduce osmolytes. However, transgenic plants overproducing 

osmolytes often exhibit impaired growth.  

Fructose-1, 6 bisphosphate (FBP) aldolase is known as a key enzyme in cellular 

metabolism, catalyzing the reversible aldol condensation/cleavage reaction between 

glyceraldehydes 3-phosphate and dihydroxyacetone phosphate to yield FBP. It is involved in 

multiple pathways including glycolysis, gluconeogenesis and the Calvin cycle. Two classes 

of FBP aldolases exist which are distinguished by their structure and mechanistic properties 

(Perham, 1990; Rutter, 1964). In higher plants several isoenzymes of FBP aldolase exist 

which are localized to the cytoplasm or the chloroplast (Razdan et al., 1992; Lebherz et al., 

1984). In the cytoplasm the enzyme is involved in the glycolytic pathway, whereas in the 

chloroplast the enzyme is part of the calvin cycle.  

But the research of last two decades has highlighted the regulatory role of this 

enzyme. It has been reported that a moderate decrease of plastid aldolase activity inhibits 

photosynthesis, alters the level of sugars and starch and inhibits growth of potato plants 

(Haake et al., 1998). Chloroplastic FBP aldolase gene is differentially expressed under 

temperature stress (Michelis and Gepstein, 2000), herbivore attack (Voelckel and Baldwin, 

2003), salt- stress (Zorb et al., 2004; Nguyen et al., 2006) and in Selenium metabolism 

(Agalou et al., 2006).  The evidences of over expression of this gene under biotic and abiotic 

stresses make it a strong candidate for study under drought stress and ultimately 

understanding the mechanism of drought tolerance in plants.  

2.5.1. Proline: 
Proline accumulation is a common metabolic responses of higher plants to water 

deficits, and salinity stress, and has been the subject of numerous reviews over the last 20 

years (Stewart and Larher, 1980; Thompson, 1980; Stewart, 1981; Hanson and Hitz, 1982; 
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Rhodes, 1987; Delauney and Verma, 1993; Samaras et al, 1995; Taylor, 1996; Rhodes et al, 

1999).  

Proline protects membranes and proteins against the adverse effects of high 

concentrations of inorganic ions and temperature extremes (Pollard and Wyn Jones, 1979; 

Paleg et al, 1981; Nash et al, 1982; Paleg et al, 1984; Brady et al, 1984; Gibson et al, 1984; 

Rudolph et al, 1986; Santarius, 1992; Santoro et al, 1992). Proline may also function as a 

protein-compatible hydrotrope (Srinivas and Balasubramanian, 1995), and as a hydroxyl 

radical scavenger (Smirnoff and Cumbes, 1989).  

This highly water soluble imino acid is accumulated by leaves of many halophytic 

higher plant species grown in saline environments (Stewart and Lee, 1974; Treichel, 1975; 

Briens and Larher, 1982), in leaf tissues and shoot apical meristems of plants experiencing 

water stress (Barnett and Naylor, 1966; Boggess et al, 1976; Jones et al, 1980), in desiccating 

pollen (Hong-qi et al, 1982; Lansac et al, 1996), in root apical regions growing at low water 

potentials (Voetberg and Sharp, 1991), and in suspension cultured plant cells adapted to 

water stress (Tal and Katz, 1980; Handa et al, 1986; Rhodes et al, 1986), or NaCl stress 

(Katz and Tal, 1980; Tal and Katz, 1980; Treichel, 1986; Binzel et al, 1987; Rhodes and 

Handa, 1989; Thomas et al, 1992). 

Selection for hydroxyproline-resistant mutants of barley and winter wheat has 

succeeded in identifying lines that accumulate greater quantities of proline than wild-type 

(Kueh and Bright, 1981; Dorffling et al, 1993). However, it appears that the concentrations 

of proline accumulated by these mutants may be an order of magnitude smaller than required 

to produce a significant physiological effect on osmotic stress tolerance (Lone et al, 1987). In 

winter wheat the hydroxyproline-resistant lines are significantly more frost tolerant than 

wild-type (Dorffling et al, 1993). Salt tolerant and polyethylene glycol resistant mutants of 

Nicotiana plumbaginifolia have been derived from protoplast culture and appear to have 

enhanced proline accumulation in comparison to wild-type (Sumaryati et al, 1992).  
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Proline accumulation in maize root apical meristems in response to water deficits 

involves increased proline deposition to the growing region, and appears to require abscisic 

acid (ABA) (Ober and Sharp, 1994; Sharp et al, 1994).  

2.5.2. Trehalose 
Trehalose, a non-reducing disaccharide, protects biological molecules in response to 

different stress conditions in many microorganisms. Plant biologists are interested in 

channeling trehalose metabolism to enhance stress tolerance in plants. Trehalose is made 

from UDP-glucose and glucose-6-phosphate via a two step process.  

The conversion of UDP-glucose and glucose-6-phosphate to trehalose-6-phosphate is 

catalyzed by trehalose-6-phosphate synthase, encoded by the bacterial otsA gene. In the 

second step, glucose-6-phosphate is converted to trehalose by a phosphatase encoded by the 

bacterial otsB gene. Tobacco plants transformed with bacterial otsA have a greater ability to 

retain water and a greater ability to photosynthesize under water stress. 

2.6. Reactive Oxygen Species (ROSes) 
Reactive oxygen species are produced in plants typically following exposure to 

environmental conditions such as drought, cold, or air pollution. Plants sense drought 

conditions by the buildup in reactive oxygen species and then respond by reducing the 

amount of water that escapes from their leaves. Reducing the amount of DHAR decreases the 

ability of the plant to recycle vitamin C, thus reducing the ability to eliminate the buildup in 

reactive oxygen species that occurs with the onset of a drought.  

Central to signal transduction pathways related to drought and other stresses are 

reactive oxygen species (ROS), which are molecules formed by the incomplete one-electron 

reduction of oxygen. Under stress, ROS formation is usually exacerbated. Drought stress 

leads to the disruption of electron transport systems; therefore, under water deficit conditions, 

the main sites of ROS production in the plant cell are organelles with highly oxidizing 
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metabolic activities or with sustained electron flows: chloroplasts, mitochondria, and 

microbodies.1 ROS are generally damaging to essential cellular components, and plants have 

evolved various ROS scavenging mechanisms. These include the enzymes superoxide 

dismutase (SOD), catalase, and peroxidases, as well as oxidized and reduced glutathione.1 

Fig. 1 shows the relationship between ROS-scavenging mechanisms, stress, and the damage 

to cellular membranes and macromolecules.  

Researchers have focused on expressing genes for enzymes involved in ROS 

scavenging to enhance plant protection against oxidative stress. Transgenic alfalfa (Medicago 

sativa) expressing Mn-superoxide dismutase cDNA tended to have reduced injury from 

water-deficit stress, and this improvement was also seen in field trials in yield and survival. 

At the University of Cape Town in South Africa, researchers are trying to unlock the 

secrets of the resurrection plant Xerophyta viscosa in an attempt to achieve drought tolerance 

in crops. These plants can be a source of drought tolerance genes for transgenic crop 

improvement. To withstand periods of drought, resurrection plants practically "die" (by 

losing all their vegetative parts) and then "rise again" when water becomes available. Their 

vegetative tissues lose all free water and then rehydrate once water becomes available again. 

Resurrection plants minimize ROS formation and also upregulate various antioxidant 

protectants during drying and rehydration. The group has identified a novel stress-inducible 

antioxidant enzyme, XvPer1, by differential screening of a cDNA library of X. viscose.  

2.6.1. VITAMIN C 
Of the antioxidants found in plants, ascorbic acid (Asc) is the most abundant. Asc is 

present in plant species in millimolar concentrations that range from 10 to 300 mM 

(Smirnoff, 2000) and serves as the major contributor to the cellular redox state. In its 

antioxidant role, Asc is used by ascorbate peroxidase (APX) to convert H2O2 to water. A 

study has suggested that H2O2 may also function in a divergent pathway that controls 

stomatal movement (Kohler et al., 2003). H2O2-induced stomatal closure was reversed by 
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exogenous application of ascorbate, which is consistent with its role as a scavenger of H2O2 

(Zhang et al., 2001). Consequently, plants with increased ascorbate are predicted to exhibit 

reduced responsiveness to ABA or H2O2 signaling. 

University of California, Riverside researchers reported the development of 

technology that increases crop drought tolerance by decreasing the amount of an enzyme that 

is responsible for recycling vitamin C. (Chen and Gallie, 2004). They found that decreasing 

the amount of the enzyme dehydroascorbate reductase or DHAR would reduce the ability of 

plants to recycle vitamin C, making them more drought tolerant through improved water 

conservation. The researchers accomplished this by using the plant's own gene to decrease 

the amount of the enzyme three fold. Researchers used tobacco as a model for crops that are 

highly sensitive to drought conditions. However discovery is expected to be applicable to 

most if not all crop species as the role of vitamin C is highly conserved among plants. 

Chen et al. (2003) reported that the level of vitamin C could be boosted by increasing 

the amount of this same enzyme. The U.S. Department of Agriculture and California 

Agricultural Experiment Station funded the six years of research that led to these findings. 

Vitamin C serves as an important antioxidant in plants as it does in humans and among its 

many functions in both, it destroys reactive oxygen species that can otherwise damage or 

even kill cells. Once used, vitamin C must be regenerated otherwise it is irrevocably lost. The 

enzyme dehydroascorbate reductase, or DHAR, plays a critical role in this recycling process. 

This reduction in vitamin C recycling causes plants to be highly responsive to dry growth 

conditions by reducing the rate of water that escapes from their leaves. Thus, they are better 

able to grow with less water and survive a drought.  

2.7. MICROARRAYS 
Microarray experiments are a great source of knowledge in which thousands of genes 

are studied simultaneously in a single experiment. Various microarray platforms are 

commercially available for different plant species e.g Arabidopsis, Rice, Maize, soybean etc 
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which make this kind of experiments very convenient. Unfortunately they are not available 

for all species and the fabrication and production of microarray platform for individual 

species is quite expensive and time taking. 

Cotton genome research has picked up pace in the last couple of years with the 

availability of a large amount of EST sequence data and concluded in the establishment of 

oligo nucleotide microarray platforms.  

An alternative approach, based on the generation of a list (Global Match File) where 

Gene Chip target sequences are aligned to EST-derived clusters/singletons from the species 

of interest [TIGR Transcript Assemblies, TIGR TA [9]]. This means that: (i) any alignment 

can be assessed among an available plant Gene Chip target sequence and its heterologous 

counterpart transcript; (ii) an updated and high quality annotation (based on TIGR TA) can 

be used for this transcript; (iii) a subset of "highly reliable" probesets in the GeneChip 

species can be generated whose alignments to ESTs of the species of interest are above a 

threshold and thus can be considered without further substantial scrutiny. 

Studying gene expression in polyploids is complicated by genome wide gene 

duplication and the problem of distinguishing transcript pools derived from each of the two 

homeologous genomes such as the A- and D-genomes of allotetraploid Gossypium. Short 

oligonucleotide probes designed to specifically target several hunDREd homeologous gene 

pairs of Gossypium were printed on custom NimbleGen microarrays. These results 

demonstrate that relative expression levels of homeologous genes may be measured by 

microarrays and that deviation from equal expression levels of homeologous loci may be 

common in the allotetraploid nucleus of Gossypium (Udall et al, 2006). 

2.7.1. Heterologous Microarrays 
Microarray has been a technology that is widely used in many aspects of genomics 

research, including gene discovery, gene expression profiling, mutation assay, high-

throughput genetic mapping, gene expression mapping (eQTL mapping), and comparative 
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genome analysis. It involves robotically printing tens of thousands of cDNA amplicons or 

genespecific long (70 mers) oligonucleotides as array elements on a chemically-coated glass 

slide, followed by hybridizing the array with one or more fluorescent-labeled cDNA or 

cRNA targets derived from mRNA isolated from particular tissues, organs, or cells. 

Therefore, it allows the simultaneous monitoring of the expression/activities of all genes 

arrayed on the array in a single hybridization experiment.  

Microarray technique has revolutionized the world of science by the generation of 

such a huge amount of information in a single experiment. But unfortunately technical 

difficulties and high production cost has limited the availability of microarray platforms only 

to the model species.  Heterologous microarray experiments are a great source of information 

for species where microarray platforms have not been developed or are under process. cDNA 

microarray platforms has been validated to be used for heterologous expression analysis 

across family, order and class. However the conversion from cDNA to oligonucleotide chips 

reduced the charm of using such experiments owing to the increased specificity and 

sensitivity to mismatch. Recently Bangarsi et al (2006), used tomato affymatrix chip for 

identification of early sweetening genes in potato and established that short nucleotide probes 

maintain their usefulness when used within a family.  

The emerging field of comparative environmental genomics involves the cross-

species comparison of broad scale patterns of gene expression. Often, the goal is to elucidate 

the evolutionary basis or ecological implications of genomic responses to environmental 

stimuli. DNA based microarrays represent powerful means to investigate the differences at 

the DNA level under different conditions among the control and experimental units. These 

type of microarrays are becoming very popular owing to their application in the study of 

genetic diseases, mutations and chromosomal abrasions. DNA microarrays are not only 

useful in animal models but also have many applications in the study of various aspects of 

plant evolution, development and improvement.  
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Microarrays whether these are expression arrays or comparative genome 

hybridization (CGH) arrays, are extremely useful. The application of genomic tools to studies 

on non-model species is becoming increasingly feasible. The use of a microarray generated 

from one species to probe gene expression in another, a method termed ‘heterologous 

hybridization’, eliminates the need to fabricate novel microarray platforms for every new 

species of interest. In this review, recent advances in heterologous hybridization are 

reviewed, and the technical caveats of this approach are discussed (Buckly, 2007). 

2.7.2.  Comparative  genome  hybridization  (CGH) 
arrays 

New technologies based on DNA microarrays and comparative genomics hold great 

promise for providing the background biological information necessary for understanding the 

diverse plant genomes. Microarray analysis has been used in a wide range of applications 

across the biological sciences, most frequently to examine simultaneous changes in the 

expression of large numbers of genes in response to experimental manipulation or 

environmental variation. Other applications of microarray methods include the assessment of 

divergence in gene sequences between species and the identification of fast-evolving genes. 

Arrays are presently available for only a limited range of species, but with appropriate 

controls they can be used for related species, thus avoiding the considerable costs associated 

with development of a system de novo. Arrays are in use or preparation to study stress 

responses, early development, and symbiosis in Acropora and Montastraea. Ongoing projects 

on several corals are making available large numbers of expressed gene sequences, enabling 

the identification of candidate genes for studies on gamete specificity, allorecognition and 

symbiont interactions. Over the next few years, microarray and comparative genomic 

approaches are likely to assume increasingly important and widespread use to study many 

aspects of the biology of coral reef organisms. Application of these genomic approaches to 

enhance our understanding of genetic and physiological correlates during stress, 
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environmental disturbance and disease bears direct relevance to the conservation of coral reef 

ecosystems (foret et al.2007). 

Microarray analysis was used to identify changes in gene expression in velvetleaf that 

result from competition with corn. The plants were grown in field plots under adequate N 

(addition of 220 kg N ha21) to minimize stress and sampled at the V6 growth stage of corn 

(late June). Leaf area, dry weight, and N and P concentration were similar in velvetleaf plants 

grown alone or with corn. Competition, however, did influence velvetleaf gene expression. 

Genes involved in carbon utilization, photosynthesis, red light signaling, and cell division 

were preferentially expressed when velvetleaf was grown in competition with corn. A less 

clear picture of the physiological impact of growth in monoculture was provided by the data. 

However, several genes involved in secondary metabolism and a gene preferentially 

expressed in response to phosphate availability were induced. No differences were observed 

in genes responsive to water stress or sequestering/transporting micronutrients (Horvath et al. 

2007). 

2.7.3. Cotton microarrays 
Cotton is the world's most important natural textile fiber and a significant oilseed 

crop. Cotton fiber is the trichome of a single cell and provides the excellent model of single 

cell to study cellulose biosynthesis and other developmental processes. Only in the past 

decade, scientists in the cotton research produced a large amount of data and genomic 

resources such as bacterial artificial chromosomes (BACs), ESTs, linkage maps, QTLs and 

integrated genetic and physical maps provide landmarks for sequence analysis and assembly. 

To facilitate cotton genomics research, microarrays have been developed from the cotton 

ESTs in several laboratories worldwide. The first batch of cotton microarrays was fabricated 

from 70-mers oligos designed from the 7–10 dpa fiber nonredundant (NR) or unigene ESTs 

of G. arboreum by Arpat et al in 2004 

(http://cottongenomecenter.ucdavis.edu/microarrays.asp). Each microarray consists of 12,227 

elements corresponding to 12,227 NR fiber ESTs, with a duplicate of each element. Using 
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the microarrays, Arpat et al. compared the expression of the genes between 10-dpa fibers at 

elongation or primary cell wall synthesis stage and 24-dpa fibers at secondary cell wall 

disposition stage.  

cDNA microarrays are the preliminary arrays designed for cotton from cDNA clones. 

Li et al. in 2006 printed 9126 cDNA clones and used them for the study of development of 

fiber, some other groups also developed cDNA microarrays for cotton but due to the non-

availability of a large number of EST sequences and high cost of sequencing the cDNA 

clones, cDNA microarrays were not found the best way for microarray studies. 

With the increasing resources of EST sequences on public databases and the initiation 

of cotton genome sequencing project, some groups have developed new short oligonucleotide 

array platforms also called custom arrays. Wilkins group has fabricated two Agilent 

microarray platforms of cotton, One is Cotton fiber microarray which contains 22,460 non-

redundant fibre only genes in duplicates. These ESTs/genes are derieved from fibre only 

libraries or the EST libraries made from cotton ovary. This platform contains 100% of the 

fibre transcriptome of diploid cotton (Arabidopsis thaliana) and 65% of the transcriptome of 

cultivated tetraploid cotton (G.hirsutum). The elements are printed on a slide in a randomized 

manner instead of the conventional ordered manner. The fabrication of four duplicated arrays 

per slide and randomized printing design have significantly minimized the systematic 

problems that are frequently encountered in the conventional array design (one array per 

slide and ordered printing), thus further enhancing the reproducibility and accuracy of the 

microarray analysis results (Zhang et al.2008). 

 Recently this platform has been upgraded by Thea A. Wilkins lab, with the addition 

of 16,000 cotton non redundant ESTs from other tissues of the cotton. This platform which 

contains all the fibre genes with the addition of other known EST’s of cotton. This platform 

contains 38,000 non-redundant Oligos/genes and could be used for the study of different 

aspects of cotton, but still ~60% of genes on this platform are from fibre libraries as fibre is 

the most studied part in the cotton plant. Albady et al. 2008 used these platforms for mining 
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of independent microarray studies from Pima and Upland (TM1) cotton using double feature 

selection and cluster analyses (Alabady et al 2008). They identified species-specific and 

stage-specific gene transcripts that argue in favor of discrete genetic mechanisms that govern 

developmental programming of cotton fiber morphogenesis in these two cultivated species.  

Double feature selection analysis identified the highest number of differentially 

expressed genes that distinguish the fiber transcriptomes of developing Pima and TM1 fibers. 

These results were based on the finding that differences in fibers harvested between 17 and 

24 day post-anthesis (dpa) represent the greatest expressional distance between the two 

species. This powerful selection method identified a subset of genes expressed during 

primary (PCW) and secondary (SCW) cell wall biogenesis in Pima fibers that exhibits an 

expression pattern that is generally reversed in TM1 at the same developmental stage. Cluster 

and functional analyses revealed that this subset of genes are primarily regulated during the 

transition stage that overlaps the termination of PCW and onset of SCW biogenesis, 

suggesting that these particular genes play a major role in the genetic mechanism that 

underlies the phenotypic differences in fiber traits between Pima and TM1. Conclusion The 

novel application of double feature selection analysis led to the discovery of species- and 

stage-specific genetic expression patterns, which are biologically relevant to the genetic 

programs that underlie the differences in the fiber phenotypes in Pima and TM1. These 

results promise to have profound impacts on the ongoing efforts to improve cotton fiber 

traits.  

Recently, several additional batches of EST- or cDNAbased microarrays with 

different formats and elements have been reported in cotton. Shi et al. (2006) reported the 

fabrication of microarrays from unigene ESTs derived from 5–10 dpa ovules of the Upland 

cotton cv. Xuzhou 142 and using the amplicons of the EST clones as the array elements. The 

microarrays each consist of 11,962 uniEST elements. Using the microarrays, they 

comparatively studied the wild-type Xuzhou 142 versus its fuzzlesslintless (fl) mutation 

using the RNAs isolated from the ovules at stages of 0-, 3-, 5-, 10-, 15-, and 20-dpa. It was 
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found that ethylene biosynthesis is one of the most significantly upregulated biochemical 

pathways during fiber elongation. 

Wu et al. (2006) also fabricated a set of microarrays from amplicons of 10,410 cDNA 

clones derived from −3- to 0-dpa ovules of the Upland cotton cv. DP16. The arrays were 

analyzed with RNAs isolated from 0-dpa whole ovules, outer integument, and inner 

integument/ nucellus of five lintless mutation lines against the wild-type DP16. Of the 10,410 

gene elements on the array, 60 to 243 transcripts were found to significantly differentially 

express between each pair of the wild type and mutant when the array was hybridized with 

the RNAs isolated from the 0-dpa whole ovules. Of these differentially expressed genes, 

70.6% were upregulated and 29.4% downregulated in the fiber mutant, suggesting that the 

mutation caused not only gene downregulation, but also gene upregulation. However, when 

the whole ovule was dissected into three layers, outer integument, inner integument, and 

nucellus, of which cotton fibers develop from the epidermal cells of the outer integument, 

and analyzed with the outer integument against the inner integument and the nucellus, the 

number of the genes downregulated in the mutants was reduced to 13. These include an Myb 

transcription factor, a putative homeodomain protein, a cyclin D gene, and some fiber-

expressed structural and metabolic genes, suggesting that these genes may be involved in the 

process of fiber initiation. 

Udall et al. in 2006, introduced a new methodology of cotton microarrays which 

involves custom short-oligonucleotide microarrays based on A- and D-genome-specific 

single nucleotide polymorphism (SNPs) or small insertion/deletions (indels). Short 

oligonucleotide probes designed to specifically target several hunDREd homeologous gene 

pairs of Gossypium were printed on custom NimbleGen microarrays. These results 

demonstrate that relative expression levels of homeologous genes may be measured by 

microarrays and that deviation from equal expression levels of homeologous loci may be 

common in the allotetraploid nucleus of Gossypium. Through comparisons of the progenitor 

diploid genomes, ortholog- and homeolog-specific polymorphisms were identified by 

scanning the 24,363 assembled contigs for polymorphisms between the A- and D-genome 
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ESTs. A total of 2277 SNPs and 98 small indels from 701 genes were identified and probe 

pairs targeting these polymorphisms were included on a custom DNA microarray 

Recently Flagel et al.(2008) compared homoeolog (genes duplicated by polyploidy) 

contributions to the transcriptome of a natural allopolyploid and a synthetic interspecific F1 

hybrid, both derived from a merger between diploid species from the Gossypium A-genome 

and D-genome groups. Relative levels of A- and D-genome contributions to the petal 

transcriptome were determined for 1,383 gene pairs. This comparison permitted partitioning 

of homoeolog expression biases into those arising from genomic merger and those resulting 

from polyploidy. Within allopolyploid Gossypium, approximately 24% of the genes with 

biased (unequal contributions from the two homoeologous copies) expression patterns are 

inferred to have arisen as a consequence of genomic merger, indicating that a substantial 

fraction of homoeolog expression biases occur instantaneously with hybridization. The 

remaining 76% of biased homoeologs reflect long-term evolutionary forces, such as duplicate 

gene neofunctionalization and subfunctionalization. Finally, it was observed that a greater 

number of genes biased toward the paternal D-genome and that expression biases have 

tended to increases during allopolyploid evolution.  

Improvement of cultivated strains of cotton will benefit from improved knowledge of 

the function of specific genes in the cotton genome. Efforts to improve cotton cultivars focus 

largely on both fiber production (quality and quantity), and resistance to stress, especially in 

challenging environments. As for all other crops, cotton often faces the challenges of biotic 

and abiotic stresses. It is still a great challenge to introduce the traits of stress tolerance in this 

crop, owing to the limited information about drought tolerant cultivars, limited genome 

sequences, and the deficiency of functional annotation of the sequenced genes. To study 

drought tolerance genes and other stress response genes as a functional group, microarrays 

provide one of the better tools. At present there is no cotton microarray platform which 

covers the whole genome, so in this study we have tried heterologous microarray 

experiments to provide some useful information about the cotton genome in genera,l and 

stress related genes in particular.  
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3. MATERIALS AND METHODS 

3.1.  Identification  of Wax  and  other Drought  related 
Genes in Cotton under Drought Stress 

3.1.1. Plant material and growth conditions 
Seeds of cotton variety (Gossypium arboreum) FDH-786 were grown in composite 

soil (peat, sand and soil, 1:1:1) in green house of Centre of Excellence in Molecular Biology 

(CEMB), University of the Punjab, Lahore. Temperature in the green house was 25°C ± 2°C 

during the day and night, with relative humidity near 50%. Metal halide lamination lamps 

(400W) were used to supplement natural radiation. Light radiation reached a maximum of 

1,500µmpl.m-2. s-1 at the top of canopy at midday. The volume of the water added to the 

pots was calculated periodically to maintain the pots at 15% GH. 

3.1.2. Stress Treatment and sampling 

One month old seedlings of G.arboreum of equal length and same growth condition 

were subjected to stress treatment. Drought treatment was given to the plants either by 

withholding watering for 15days or air drying until 15% of the plant weight was lost in the 

form of moisture. ABA treatment was given to the plant by placing the plant in a beaker 

containing 200µM solution of Abscisic Acid (Sigma) for 24 hours. Salt treatment was given 

by placing the plant in a beaker containing 250mM solution of NaCl for five hours according 

to Liu and Baird method (2003) with some modification. Control plants were either placed in 

the beaker containing water or maintained in the soil until samples were collected. Leaf, stem 

and root samples of the control and treated plants (under all the three treatments) were 

collected at the same time and stored in RNA laterTM (Sigma). 
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3.1.3. Isolation of RNA from plant tissues 

Total RNA was isolated from drought stressed and control plant tissues by using the 

method of Jaakola et al. (2001) with some modifications. Leaves, stems or roots stored in 

liquid nitrogen were ground in liquid nitrogen using pastel and morter to the fine powder and 

transferred to the 50ml polypropylene tube. Extraction buffer containing following 

ingredients was added to the fine tissue powder at the rate of 1.2ml/ 0.1g. 

Extraction buffer: 
 

2%  CTAB  
2%   PVP 
100mM TRIS HCl (pH 7.5) 

  25mM EDTA 
0.5% Merceptoethanol 

  2N NaCl  
 0.025g/50ml  

 Tissues stored in RNA later were ground in the extraction buffer using pestle and 

mortar in the fume hood. The mixture was transferred to a 50ml polypyrene tube, vortexed 

and incubated at 70°C for 20minutes with vortexing every five minutes. Centrifuged at 

10,000rpm for 10min at 4°C. Aliquoted 1.2ml supernatant in 1.5ml tubes while keeping on 

ice. Spinned at 13,000rpm for 20min at 4°C. Transferred supernatant into new tubes at the 

rate of 700µl/ 1.5ml tube. Added equal volumes of Chloroform isoamyl alcohol (24:1) to 

each tube. Mixed by vortexing and spinned at 13,000rpm for 15min at room temperature. 

Collected the clear supernatant carefully without disturbing the middle layer. Repeated 

chloroform isoamyl extraction and added ¼ volume of 10M LiCl. Mixed by inverting the 

tubes and incubated at 4°C overnight. Collected RNA by spinning at 14000rpm for 20min at 

4°C. Washed the pellet with 70% ethanol and air dried. Dissolved pellet in 200µl of pre-

warmed at 65°C SSTE buffer containing following ingredients. 
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SSTE Buffer: 
 

1M  NaCl 
0.5% SDS 
10 mM Tris HCl (pH : 7.5) 
1mM EDTA 
Combined  the contents of each four tubes in a single tube and added equal volumes 

of Phenol-Chloroform isoamyl (pH: 4.5). Vortexed and spinned at 14,000 rpm at room 

temperature. Collected supernatant and extracted with Chloroform isoamyl alcohol. 

Collected supernatant, added 2volumes of 100%ethanol and incubated at -20°C overnight. 

Spinned at 14K at 4°C and washed pellet with 70% ethanol. Air dried and dissolved in 20µl 

of water. 

 Quantity and quality of RNA was measured using nanodrop spectrophotometer and 

RNA with 260/280 ratio near 2.00 was considered of high purity. Intactness of RNA was 

accessed by resolving 1µg of RNA on 1% agarose/Ethedium Bromide gel and viewing the 

brightness and intactness of ribosomal RNA bands.  

3.1.4. Primer Designing 

A list of genes was selected which have a potential role in the mechanism of drought 

tolerance in plants. The idea was to take epicuticular wax production as a measure of drought 

tolerance in plants because the plants with thicker layers of epicuticular wax on leaves and 

other arial plant parts transpire less water to the atmosphere and has more ability to store 

water. So most of the wax genes and some of the genes which have a role in regulation of 

photosynthesis were selected. Again photosynthetic genes were included in the list of 

potential drought tolerant genes because  during drought stress photosynthesis is effected 

greatly and is responsible for the death of the plants and the genes which regulate 

photosynthesis can play a role in developing drought tolerance in sensitive  plants.  

So the wax and photosynthetic genes of Arabidopsis and Oryza were blast against the 

EST database of cotton to find out the potential homologous EST’s. E-value of -4 was 
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considered as the threshold and EST’s with homology of less than -4 were considered as non-

homologous EST,s. Primers were designed from the conserved region present between cotton 

EST and the sequence of already identified genes. Following is the list of primers designed 

and used in the RT-PCR. 

Table 3.1. Primers used for the amplification of ESTs 

No. Primer 

ID 

Gene Name Homologous 

EST in Cotton

Primer Sequence (5´- 3´) 

1 Cer1F Eceriferum1 BQ411163 ATGATGTGGTCCACCATTAGTAGTT

2 Cer1R Eceriferum1 BQ411163 AAGTTAAGGCCGGACTGTATCTATC

3 Cer2F Eceriferum2 DW479907 GTAGTCAAGTTTGAAAGCAAACCAT

4 Cer2R Eceriferum2 DW479907 GTAAACTAAAGGAGAAAAGGGCAAC

5 Cer5F Eceriferum5 CB350553 CTATGGAGATAGAGGTAGCAAGCTG

6 Cer5R Eceriferum5 CB350553 ATCTCAAGTGCAATGCTAAGTCTCT

7 Gl1F Glossy1 BG445997 CTATTATGATGGGGTATGGATCAAC

8 Gl1R Glossy1 BG445997 CAAATGGCCTCTAAGATTGTAGAAA

9 Gl8F Glossy8 ES805953 GTACCACAAAGGTAACTCAAGCTGT

10 Gl8R Glossy8 ES805953 TGTATACTTTCATCCTTGTCCTTCC

11 Gl15F Glossy15 BQ401537 CAGATGAGAAATCTAACGAAGGAAG

12 Gl15R Glossy15 BQ401537 ATCATCCCCTTTACAAGTTTGTTCT

13 FdhF Fiddlehead DT569096 ATGCCTTGTACAAAAAGATCAAGTC

14 FdhR Fiddlehead DT569096 TGTGGCACAGTTTTCTTTAGACATA

15 Win1F Win1 DW483719 CACAAGACATGGTACAATCAAAGAA

16 Win1R Win1 DW483719 TCCTATCTTCTTCTCCCATTAGGTT

17 Acs1F Acs1 ES810147 GGGACGTGAAACTATTACTTGAAGA

18 Acs1R Acs1 ES810147 AGATGGTTTCAAAGTCACCACTTAC

19 Wax2F Wax2 DW500084 TACAGAAGATGAATGGTGAAGTGAA

20 Wax2R Wax2 DW500084 GAGAAAGCAGAGTAGCTGTGTTAGG

21 Cer3F Eceriferum3 DW488352 GGATGCATTTGGTGAAGAGG 



50 
 
 

 

22 Cer3R Eceriferum3 DW488352 CACAAATTACCAAAGAAAAATAAGG 

23 KCS1F Ketoacyl 

CoA 

synthase 

DW177379 GATGGCGTTTCGAGATTCA  

24 KCS1R Ketoacyl 

CoA 

synthase 

DW177379 TTGTCATCTCCTCCGTCGA  

25 Cut1F Fattyacid 

Elongase 

DW229464 TCGTGAATTAATGGCTGTCG 

26 Cut1R Fattyacid 

Elongase 

DW229464 GATGATGATGCCACATTGGT 

27 FBPF FBP 

aldolase 

DV489466 CTATAGGGCAAGCAGTGGTATCAACGCAGAGT

28 FBPR FBP 

aldolase 

DV489466 5'-ACCTCCAATTGTGGTTT-3' 

 

3.1.5. Reverse Transcriptase Polymerase Chain Reaction 

(RT-PCR) 

1µg of total RNA was reverse transcribed with random hexamer primer using 

RevertAidTM H minus first strand cDNA synthesis kit (Fermentas) according to 

manufacturer’s protocol. Temperature changes were performed in a thermocycler (MJ 

Research, Inc, model PTC-100TM). Primers were designed from G.arboreum EST’s which 

showed homology to Arabidopsis thaliana (A.thaliana) and Oryza sativa (O.sativa) drought 

tolerant genes [table. 1]. 

Reverse Transcriptase Polymerase Chain reaction (RT-PCR) was performed using 1 

unit of Taq polymerase, 1µM each of gene specific forward and reverse primers, 0.25mM 

dNTPs Mixture, 1X PCR buffer, 300ng of cDNA and 2mM MgCl2. PCR protocol used for 
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amplification of PCR product was initial denaturation at 94°C for 3 min, 40 cycles of 94°C 

for 30 sec, 64°C for 30sec, 72°C for 1min and final extension at 72°C for 10min. PCR 

product was resolved on 1% (w/v) agarose gel at 100Volts in 1X Tris Acetate EDTA (TAE) 

buffer and stained with ethidium Bromide. The bands were viewed under Ultra Voilet (UV) 

light and Gel was photographed using “GrabIT 2.5” software on gel documentation system. 

The experiment was repeated three times. 

 

3.2. To Determine the Sequence of Candidate Genes. 

Eluted PCR product was cloned in to PCR2.1 vector according to the protocol given in 

Invitrogen TA cloning kit (K 4500-01). The cloned DNA was transformed in to DH5α 

chemically competent cells. 

3.2.1. Transformation into Chemically Competent DH5α Cells 
2µl of ligated DNA was added to an aliquot of cells (40µl) and mixed by tapping. 

Incubated on ice for one hour and then incubated at 42°C for 60 seconds. Placed on ice for 5 

minutes and added 250µl of Soc- medium. Incubated on 37°C shakers for 1 hour. Spreaded 

40µl of IPTG (100mg/ml) and 40µl of X-gal (40mg/ml) on pre-warmed Lb-plates containing 

50mg/ml of kanamycine and let the solution absorb. Spreaded 200µl of cell culture on these 

plates and incubated at 37°C overnight. 

3.2.2. Screening of Positive Colonies 
After overnight incubation blue and white colonies appeared on plates. White colonies 

were assumed to contain the insert and blue colonies contained self-ligated vector. So white 

colonies were picked by a sterilized tooth- picks and inoculation culture in Lb media was 

grown for sixteen hours at 37°C with shaking at 250 rpm. 
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3.2.3. Plasmid DNA Isolation from Positive Colonies 

Overnight inoculation culture was grown at 37°C shaker in culture tubes. Harvested the 

cells at 5000rpm for 10 minutes and DNA was isolated by Alkaline Lysis with SDS mini 

preparation protocol. (Sambrook and Russell, 2001). 

3.2.4. Restriction Analysis of DNA 
To eliminate the chances of false-positive colonies, the presence of insert was tested 

with restriction digestion of DNA with EcoR1 and BamH1. The results were analyzed using 

vector map. 

 

Reaction Mixture: 

DNA to be digested 1µg 

10X NEB buffer 4 2µl 

EcoR1 (NEB) 10U/µl 1µl  

Water To make volume up to 20µl 

  

Mixed all the above reagents in a tube while placing on ice and incubated at 37°C for 

90 minutes. The digested product was resolved on 0.7% Agarose/ TAE gel, stained with 

Ethidium Bromide and electrophoresis was done at 80volts for 2 hours. Bands were viewed 

under UV-light with gel documentation apparatus and analyzed with Grab IT software. 

3.2.5. Sequencing of cloned DNA 
The quantified DNA was used as a template for Sequencing PCR and PCR reaction was 

set up using M13 sequencing primers.  

 

 

 



53 
 
 

 

Table 3.2: Sequence of M13 primers 

No Primer Name Sequence 

1 M13 forward 5`-GTAAAACGACGGCCAGTG-3` 

2 M13 reverse 5`-GTAAAACGACGGCCAGTG-3` 

 

Reaction Mix 

DNA to be sequenced 300-700ng 

10mM Primer (M13) 3.2µl 

5X Big Dye Terminator Buffer 1µl 

Big Dye Terminator 2µl 

Water To make up volume to 10µl 

Amplification was performed in thermocycler PC-100 (MJ research) with the cycling 

parameters of initial denaturation of 10sec at 96°C followed by 40 cycles of denaturation at 

96°C for 15sec, annealing at 52°C for 15sec and extension at 60°C for 4min. 

3.2.5.1. Precipitation and Suspension of PCR Product 
Added 20µl of 75% isopropanol in the PCR-Product. Incubated in dark at room 

temperature for 20 minutes. Centrifuged at 14000rpm for 20 minutes at room temperature. 

Marked the position of pellet and pipette out the supernatant without disturbing the pellet. 

Added 65µl of 75% isopropanol and centrifuged for 5 minutes. Removed supernatant 

carefully and air-dried the pellet. Suspended the pellet in 15µl of form amide. Poured the 

suspension in 96-well plate. Heat shocked plate at 95°C for 5 minutes and placed on ice for 
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ten minutes. Sequences were read using ABI model 3100 automated DNA sequencer (Perkin 

Elmer, Branchburg, NJ, USA).  

3.3. To study the sequence alignment. 

3.3.1.  Removal  of  Vector  Sequences  from  Electro
pherograms. 

Analyzing the vector PCR 2.1 map (figure 3.1) shows that the annealing sites of M13 

primers are away from the insertion site of PCR- Product, so the sequence reads with M13 

primers contain additional sequences of vector along with the sequence of PCR-Product. So 

before analyzing the sequences vector contamination was removed from sequence reads by 

using NCBI’s online software VecScreen 

(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html). 

 

Figure 3.1: Map of vector PCR 2.1 
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3.3.2. Nucleotide Blast 

Nucleotide sequences (after removing the vector contamination) were blast 

individually with non redundant (nr/nt) nucleotide database on NCBI genbank (National 

Center for Biotechnology Information), and the blast hits were filtered on the basis of E-

value and bit-score. The selected threshold was e-4 and the hits with E-vlaue more than that 

were considered as non-homologous. The hits above threshold were analyzed to find out the 

homology of the query sequence with already known genes.  

3.3.3. Protein Blast 

Uncontaminated sequences were translated into six frame amino acid sequences using 

expasy online servers (www.expasy.ch) and the longest open reading frame (ORF) was 

selected by analyzing the position of start codons (Methionine) and stop codons (stop). The 

sequences upstream of the ORF were considered as 5´ un-translated region (5´UTR) while 

the sequences downstream of ORF were believed to be 3´ un-translated region (3´UTR). The 

appropriate ORFs were saved and were used to find out the molecular weight, sub-cellular 

localization and polarity of the putative proteins using expasy online software portal. The 

ORF was blast against NCBI protein database (protein-protein blast) and the hits were 

filtered on the threshold of e-4 and analyzed to find the homology of the query with other 

plant proteins.  

3.3.4. Submission of Expressed Sequence Tags (ESTs) 

As complete genome has not been sequenced for any of the cotton species 

(Gossypium sp.) yet, the trimmed nucleotide sequences were blast against EST database of 

cotton (Gossypium sp.) to find the homologous ESTs. Hits showing e-value above threshold 

of e-4 were considered as novel EST’s of G.arboreum and were submitted to NCBI genbank.  
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Using the above searches and analyzing the homology, 3 sequences were selected 

with a possible in drought tolerance and as a candidate for further analysis and full length 

gene search.  

 

3.4. Investigation of the full-length genes. 

Full length cDNA search was performed using RNA ligase mediated 5´ and 3´ Rapid 

Amplification of cDNA Ends (RACE) using the GeneRacer kit (Invitrogen, Carlsbad, CA). 

4µg of total RNA was treated with calf intestinal phosphatase (CIP) to remove the 5′ 

phosphates. This eliminated truncated mRNA and non-mRNA from subsequent ligation with 

the GeneRacer™ RNA Oligo. Treated dephosphorylated RNA with tobacco acid 

pyrophosphatase (TAP) to remove the 5′ cap structure from intact, full-length mRNA. This 

treatment leaved a 5′ phosphate required for ligation to the GeneRacer™ RNA Oligo. 

Ligated the GeneRacer™ RNA Oligo to the 5′ end of the mRNA using T4 RNA ligase. The 

GeneRacer™ RNA Oligo provided a known priming site for GeneRacer™ PCR primers after 

the mRNA was transcribed into cDNA. Reverse transcribed the ligated mRNA using Cloned 

SuperScript™ III RT and the GeneRacer™ Oligo dT Primer to create RACEready first-

strand cDNA with known priming sites at the 5′ and 3′ ends (figure 3.2). 
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3.4.1. Amplification of 5´Ends 

5´ ends of ESTs were amplified from the RACE ready first-strand cDNA using a 

reverse genespecific primer (Reverse GSP) and the GeneRacer™ 5′ Primer (homologous to 

the GeneRacer™ RNA Oligo). Only mRNA that has the GeneRacer™ RNA Oligo ligated to 

the 5′ end and was completely reverse transcribed were amplified using PCR. Amplification 

was done by using Platinum ® taq DNA Polymerase High Fidelity (Invitrogen). Touchdown 

PCR cycling parameters used were, initial denaturation at 94°C for 2min, 5-cyles of 94°C for 

30sec and 72 for 1min, 5-cycles of 94°C for 30 sec and 70°C for 1min and 25 cycles of 94°C 

for 30sec, 65°C for 30sec, 68°C for 1min and final extension at 68°C for 10 min. Nested 

PCR was done with nested gene specific primers to avoid non specific amplification. 

Figure 3.2: Synthesis of RACE ready cDNA from mRNA 
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3.4.2. Amplification of 3´Ends  

To obtain 3′ ends, amplified the first-strand cDNA using a forward genespecific 

primer (Forward GSP) and the GeneRacer™ 3′ Primer (homologous to the GeneRacer™ 

Oligo dT Primer). Only mRNA that had a polyA tail and was reverse transcribed was 

amplified using PCR. Touchdown PCR cycling parameters used were, initial denaturation at 

94°C for 2min, 5-cyles of 94°C for 30sec and 72 for 1min, 5-cycles of 94°C for 30 sec and 

70°C for 1min and 25 cycles of 94°C for 30sec, 65°C for 30sec, 68°C for 1min and final 

extension at 68°C for 10 min. Nested PCR was done with nested gene specific primers to 

avoid non specific amplification. 

3.4.3. TA Cloning and Sequencing of Amplified Ends. 

PCR products were resolved on 1% agarose gel. PCR products showing single band 

were directly cloned in pCR®4-TOPO® cloning vector using TOPO TA Cloning® kit for 

sequencing (Invitrogen) and transformed into DH5α chemically competent cells. Plasmids 

from transformants were isolated and sequenced as above. 

3.4.4. Composing Full length Gene Sequences. 

Sequences obtained from 5´ and 3´ RACE PCR products were trimmed to remove the 

pCR®4-TOPO® vector, 3´oligo dt primer and of 5´ RACE RNA oligo sequences. The clean 

5´ and 3´ sequences were aligned with the known EST sequences (from which the primers 

were designed). 5´RACE PCR product sequences upstream of the known sequence were 

added upstream to EST sequence and 3´RACE product sequences downstream of the known 

EST sequence were added to the 3´end of the known sequence (figure 4). This full length 

sequence was used to design primers from both ends and used to amplify full length cDNA 

from RACE ready cDNA. This full length product was sequenced again to confirm the 

aligning of 3´and 5´ RACE PCR products. 
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3.5. Characterization of Identified Genes. 

3.5.1. Characterization of full length genes by expression 

analysis. 

For expression analysis primers were designed from 3´ un-translated regions (3´ 

UTR) of the drought related genes owing to the documented specificity of this region for a 

specific transcript and diversity among various members of the same family. Quantitative 

PCR Primers were designed using GenScript Real time primer design online tool 

(https://www.genscript.com/ssl-bin/app/primer) as given in the table.2.  200ng of cDNA from 

leaf, stem and root tissues of control, drought, ABA and salt treated plants was used as a 

template for semi-quantitative PCR. PCR product was resolved on 1% agarose gel labeled 

with Ethidium Bromide. The quantities of GaAldp transcripts in the control and treated 

samples were estimated and compared by visual inspection of Ethidium Bromide florescence 

under UV light.  

For the real-time RT-PCRs, the Primer3 software (Whitehead Institute for Biomedical 

Research in Cambridge, MA, USA) was used to design several primer pairs with a melting 

temperature of about 60°C, length 20 bp, and to generate amplicons between 110 and 200bp. 

Specific PCR primers were selected; the different melting curves were compared and the 

absence of non-specific bands was confirmed after electrophoresis in 1.8% w/v agarose gel. 

Efficiency of primer pairs was determined by running standard curves with five serial ten-

fold dilutions of cDNA. Real-time PCRs were performed in an iQ5 cycler (BIO-RAD, 

Hercules, CA) with a 96-well plate (Bio-Rad) and using the IQTM SYBR_ Green Supermix 

(Bio-Rad). Different concentrations of the construct were used as a standard to validate the 

iQ5 Cycler reaction and to determine the quantification range (Standard curve). The reaction 

conditions were as follows: initial denaturation at 95°C for 5 min followed by 35 cycles of 

denaturation at 94°C for 45 s, annealing at 60°C for 45 s, and extension at 72°C for 45 s and 

final elongation step at 72°C for 10 min. A melting curve analysis was performed by 
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continuously monitoring fluorescence between 60°C and 95°C with 0.5°C increments every 

30s. Statistical analysis of the real-time results was performed using iQ5 software (Bio-Rad) 

version 1.0 on the basis of CT values of the gene in different samples converted to their 

linear form using the mathematical term 2CT (Livak and Schmittgen 2001), normalized with 

GAPDH gene. 

Expression of the drought related genes under different treatments i.e drought, 

salinity and ABA was investigated in plant leaves, roots and stems by semi-quantitative and 

quantitative PCR. Moreover the transcript quantities were measured before stress, in stress 

and on rewatering.  

3.5.2. Identification of Introns in stress related genes. 

Genomic DNA was isolated from G.arboreum leaves by the method of Saha et al. 

(1997). 1 gram of plant tissue was ground in liquid nitrogen to a fine powder using pastel and 

mortar. Transferred  this fine powder to a 1.5ml tubes until they are half filled. Added 1ml of 

extraction buffer containing the following ingredients to the tubes containing tissue. 

Extraction buffer:    

0.2M    Tris HCl,  

5mM    EDTA,  

2%        PVP,  

0.2% Merceptoethanol 

Mixed the buffer by vertexing and spinned at 5,000 rpm at 4°C. Discarded the 

supernatant and added 0.45ml of lysis buffer of the following recepie. 
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Lysis buffer:         

0.2M TRIS HCl,    

1.4M NaCl,    

25mM EDTA,    

0.2%  merceptoethanol,   

2%  CTAB,  

2%  PVP 

Incubated at 65°C for 30min. Added equal volumes of Chlorofom-isoamyl alcohol 

(24:1) and spinned at 14,000rpm. Collected the supernatant and repeated extraction with 

chloroform- isoamyl alcohol. Mixed supernatant with 0.5 volumes of isopropanol and 

incubated at -20°C for 1 hour. Centrifuged at 14K for 15min to get the DNA pellet. Washed 

with ice cold 70% ethanol and air dried the pellet. Dissolved pellet in 100-200µl of TE buffer 

containing 40µg/ml of RNase and incubated at 65°C for 30min.  Spinned at 14K for 5min to 

remove the debris at the bottom. Collected supernatant and DNA was precipitated by 2.5 

volumes of ethanol at -70°C for 1 hour. Washed with 70% ethanol and air dried the pellet. 

Integrity of the genomic DNA was checked by electrophoresis using 0.7% agarose gel in 

TAE buffer. The purity and quantity was checked by 260/280 and 260/230 ratios using 

nanodrop spectrophotometer. DNA with 260/280 ration of 1.7-1.9 and 260/230 ratio of more 

than 1.00 was considered as of good quality. Polymerase Chain Reaction (PCR) with already 

tested primers was performed to further access the viability of DNA. 

For amplification of introns primers were designed from the 5´ and 3´ ends of the full 

length cDNA and were used to amplify the full length genes from Genomic DNA. Amplified 

products were cloned in TA cloning vector PCR2.1 for sequencing. The clones were 

sequenced using the above described method. Sequence of the full length cDNA was 

compared with the sequence from genomic DNA to find the potential splice sites and 

subsequent differentiation into intronic and exonic regions. 

 



62 
 
 

 

3.5.3. Identification of expression of other genes in the 

metabolic pathway. 

High throughput approach was also used to identify drought related genes in 

G.arboreum by making use of the inherent sequence homology among texa which have been 

diverged long ago in the process of evolution. Comparative genomic hybridization 

heterologous microarrays were implanted to find the genes in G.arboreum which are 

homologues to the known stress related genes of A.thaliana and O.sativa. In this process 

G.arboreum genomic DNA was labeled according to the procedure shown in the flow 

diagram (Figure 3.2). 

 

Genomic DNA 

 

Digestion of genomic DNA using Mse1 enzyme 

 

Dephosphorylation using SAP 

 

Purification 

 

PolyT tailing using terminal transferase 

 

Purification 
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Second strand synthesis and incorporation of T7 Promotor using klenow 

 

Purification 

 

Transcription and amplification of RNA 

 

Dye incorporation 

 

Purification 

Figure 3.3: Showing Flow diagram of the steps performed to generate labeled targets of 
G.arboreum and A.thaliana 

 

3.5.3.1. Purification of genomic DNA  

Genomic DNA was isolated from leaves of five G.arboreum plants by the method of 

Saha et al. (1997) with some modifications as described above and from A.thaliana using 

DNeasy Plant Mini Kit (QIAGEN) according to manufacturer’s instructions. Genomic DNA 

isolated from leaves of five plants of each species was pooled separately to be used for 

labeling. 
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3.5.3.2. Digestion and dephosphorylation of genomic DNA 

Reaction Mix:  

Genomic DNA          1.5 µg 

10X buffer R               2 µl 

Mse1  enzyme        10 U 

Water       To make up volume to 20 µl 

  

Reaction mix was incubated at 65C for 60 minutes in a thermo cycler. 5µl of sample 

was resolved on 0.7% (w/v) agarose TAE gel (stained with Ethidium Bromide) along with 

undigested DNA and 1kb ladder. Reaction mix was retained on 65C until a complete 

digestion was observed.  After complete digestion mixture was incubated on ice and 1U of 

Shrimp Alkaline Phosphatase (Fermentas) was added. Incubated at 37C for 30 minutes. 

Digested DNA was purified using MinElute Reaction Cleanup kit (Qiagen) according to 

manufacturer’s protocol. Purified DNA was quantified using nanodrop. 

 

3.5.3.3. Poly dT tailing by terminal transferase 

Reaction Mix 

Template   500ng 

Terminal transferase (NEB)     100U 

CoCl2   1X 

dTTP     4.6µM 

ddCTP     0.4µM 

Water      1X 

NEB buffer 4                          To make up volume to 50µl 
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Reaction mix was incubated at 37°C for 30min and then for 10 min at 70°C to 

inactivate enzyme. Tailed DNA was purified using MinElute Reaction Cleanup kit 

(QIAGEN) in 20µl volume.  

3.5.3.4. Incorporation of T7 promoter and second strand 

synthesis 

Reaction Mix:  

Tailed DNA   20µl 

T7 (A)18 Primer             15uM 

NEB buffer 2                    1X 

dNTP       50mM 

Water     To make up volume to 190µl 

 

The mixture was incubated at 95°C for 2 min, ramped down to 35°C @-1°C/sec, held 

at 35°C for 2 min and again ramped down to 25°C @ -0.5°C/sec. Held at 25C and added 50U 

of klenow fragment (New England BioLabs). Mixture was incubated at 37°C for 90 min and 

then at 75°C for 20min to stop the reaction. Purified the T7 ligated double stranded DNA 

using MinElute reaction clean up kit (QIAGEN) according to manufacturer’s instructions. 

Double stranded T7 DNA was quantified using nanodrop.   

3.5.3.5. In Vitro Transcription and Amplification of 

Aminoallyl RNA 

Reaction Mix: 

Double stranded T7 DNA  1ug 

dCTP, dGTP,dATP                      6µl (2µl each) 
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dUTP      0.5µl 

aminoallyl UTP                           1.5µl 

Buffer       1X 

Enzyme Mix                               2µl 

All the above reagents were from Mega script kit (Ambion). Reaction mix was 

incubated at 37C for 16 hours. Amplified aminoallyl incorporated RNA (aaRNA) was 

purified using Ambion mega Clear aRNA kit according to manufacturer’s instructions. 

aaRNA was quantified by nanodrop.  

3.5.3.6. aRNA Quality Analysis using the Bioanalyzer. 

5µl of purified aaRNA (150-200ng/µl) was aliquote in a tube for analyzing on 

Bioanalyzer (Agilent). 1µl of RNA from each species was loaded on RNA nanochip 

(Agilent) along with ladder according to manufacturer’s protocol and suggestions. Quality of 

each of the RNA sample was checked and results were saved in the form of a pdf file. 

3.5.3.7. Labelling of Amplified RNA 

5-7ug of aaRNA was aliquote in separate tubes and dried by vacuum centrifugation. 

Dried aaRNA pallet was dissolved in 5µl of coupling buffer (Ambion) and incubated at room 

temperature for 30min. 5µl of Monoreactive Cy3 or Cy5 dye in DMSO was mixed with 

aaRNA solution and incubated at room temperature in dark for 2 hours. Unincorporated dye 

was quenched with 4.5µl of 4M hydroxylamine and incubated at room temperature for 15 

minutes. Dye labeled aaRNA was recovered using RNeasy mini columns and wash buffers 

(QIAGEN).  
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3.5.3.8. Measurement of Dye Incorporation 

Dye incorporation was measured using nanodrop in built software (the Microarray 

Concentration module) that uses the Beer-Lambert equation to automatically calculate the 

fluorescent dye concentrations. The Beer-Lambert equation is 

A = E * b * c 

Where A is the absorbance represented in absorbance units (A), E is the wavelength 

dependent molar absorptivity coefficient (or extinction coefficient) with units of 

liter/molcm,b is the path length in cm, and c is the analyte concentration in moles/liter or 

molarity (M). 

3.5.3.9. Microarray platform 

As currently no cotton microarray platform is available which covers the whole 

genome so we used Oryza sativa NSF45K microarray platform and Arabidopsis Genome 

Array Ready Oligo Set (AROS) Version 3.0 printed in Galbraith Lab as probe. O.sativa 

platform contains 43,777oligos, with 41846 tigr loci and various positive and negative 

controls. Arabidopsis microarray platform contains 29,110 elements and 953 spots of various 

controls. 21451 are exon oligos which are contained in a single exon while 7659 are 

transcript oligos which are contained in multiple exons. So 75% of the elements are exon 

oligos which could be used in Comparative Genome Hybridization (CGH) array experiments.  

3.5.3.10. Microarray Hybridization  

3.5.3.9.1. DNA Probe Immobilization  
The slides were rehydrated by holding them printed sides downwards over a water 

vapor for 2 seconds. Snapped dried them on a heat block at 65C for 5 seconds with printed 

side upwards and cooled for 1 minute. Repeated the process 4 times, every time watching the 
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spots carefully, so that they don’t start merging. The probes were immobilized by UV-cross 

linking (in Stratalinker) at the power of 60,000 uJ/sec, with printed side of slides upward.  

Slides were washed in 1%SDS at room temperature for 5 minutes on belly shaker 

with the speed of 60rpm/sec. Removed SDS by dipping the slides in sterile water 5 times and 

transferred to absolute ethanol. Dipped few times and them incubated in it for 3 minutes on 

the shaker. Dried the slides using mini nanofuge with printed side upwards. Slides were 

observed for any visual streak or smear, when present ethanol wash was repeated.  

3.5.3.9.2. Hybridization Set up  
Reaction mix: 

20X SSC 6µl 

2% SDS 2.4 µl 

Blocking reagent 3µl 

Labeled targets 400 þmols 

water To make up volume to 60µl 

Denatured the target by incubating the mixture at 65C for 5 minutes, and incubating 

on ice. 15µl of water was added to each groove of hybridization cassette (ArrayIt TM). 

Microarray slide was placed in the cassette chamber with DNA side up. Glass cover slip was 

placed on the slide with white strips downwards and labeled target was applied from one 

side. Allowed the target to disperse and cover the whole slide. Placed the transparent cassette 

lid on and screws were tightened to ensure the seal. The hybridization cassette was incubated 

at 55C for at least 12 hours. 

3.5.3.9.3. Microarray Washing 
Microarray slide was removed from the hybridization cassette in dark and washed in 

a solution of 2X SSC and 0.5% SDS at 55C for five minutes. Then washed slides in 0.5% 

SSC for 5 minutes, and 0.05% SSC for five minutes with shaking. All the washing steps were 

performed while covered by eluminium foil. Dried the slides in a mini nanofuge for 30 sec 

with printed side upwards. Scanned immediately to save the florescence. 
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3.5.3.11. Scanning and spot finding 

Signal intensity of each spot on the microarray was extracted using genepix scanner. 

Microarrays were scanned at auto PMT, allowing the ratio of saturated spots up to 2%. 

Sofware settings were made to ensure that each spot contained at least 10 pixels. Scanned 

images were saved in the form of compressed tiff images for further analysis and jpeg images 

for presentation. Spot finding was done using genepix software and cross checking the slides 

for each spot. Saturated spots were not flagged as bad spots because in CGH arrays they 

represent the high copy number of genes. 

3.5.3.12. Data Mining  

Median intensities were normalized by Quantile Method [4] using pointallist software 

of Institute for System Biology. The mean of normalized intensities was used to sort out the 

results and an arbitrary threshold level was chosen to cut off the results below that, ensuring 

that the spots with only significant hybridization with the labeled targets could be included in 

data analysis. 

3.5.3.12.1. Using blast, mapman and other tools 

 All the Gossypium EST and core nucleotide sequences from NCBI GenBank 

database were downloaded and pooled together to form a “reference database”. Sequences of 

all the probes on the microarray platform (Arabidopsis or Oryza sativa) were blast against 

“reference database”. The hits with the expected value more than 1 i,e. less than 15base pair 

homology, were excluded and considered as no hits found. In order to find the conserved 

genes in three texa, we have pulled out the accession numbers of all the Gossypium 

EST/Corenucleotide hits for A.thaliana and O.sativa probe sets. Oligos with common 

Gossypium Accession number were taken as conserved between three texa.  Functional 

annotation of each of these conserved probes was downloaded from tigr rice genome and tair 

Arabidopsis databases and aligned. 
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Mapman annotation visualization tool was used to see the A.thaliana probes to which 

Gossypium genomic DNA hybridized significantly. Overview pathway was used to see 

overall distribution of the hybridized genes and cellular response pathway to find the stress 

related genes which show hybridization to G.arboreum genomic DNA. Homologues of 

probes involved in response to drought stress were identified and determined as drought 

related genes in G.arboreum.  

3.5.4. Double Channel Expression Microarray 

3.5.4.1. Experimental Design and Sample Collection 

Samples were collected from well-watered (control) and drought stressed plants from 

3 biological replicates of each group separately where each biological replicate consisted of 

at least 3 plants. RNA was extracted from each biological replicate and homogenized to 

reduce the biological variability. RNA from control and treated samples was amplified and 

both Cyanine-3 and Cyanine-5 labeled RNA was prepared from each sample to allow dye 

swap. A.thaliana microarray platform which was used in the previous comparative genome 

hybridizations was used in this experiment. A total of 4 hybridizations were performed 

including 2dye swaps and 2 technical replicates thus experiment was as follows: 

Table 3.3. Showing Experimental Design for Double Channel Expression Microarray 

Slide No. Cy3 Cy5 

1 Control Treated 

2 Control Treated 

3 Treated Control 

4 Treated Control 
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3.5.4.2. Sample Preparation and Hybridization 

Agilent's Low RNA Input Linear Amplification Kit PLUS was used to generate 

fluorescent cRNA (complimentary RNA) from the control RNA and drought stressed total 

RNA samples. This kit uses T7 RNA polymerase for amplification of RNA, which 

simultaneously amplifies target material and incorporates cyanine 3- or cyanine 5-labeled 

CTP.  

3.5.4.2.1 Preparation of Spike A and Spike B Mix 

  Spike A and B concentrates along with dilution buffer form Agilent Spike In kit 

were thawn at room temperature. Spike A and B concentrates were vertexed and incubated at 

37⁰C for 5 minutes, vertexed again and centrifuged to bring the contents to the bottom. Two 

tubes were labeled with A and B and 38µl of dilution buffer was added to each of them and 

then 2µl of SpikeA and B concentrates were added to corresponding  tubes to make 1:20 

dilution. 78µl of dilution buffer was added to two other tubes and 2 µl from each of first 

dilution was added to corresponding tubes to make the second dilution of 1:40. First dilutions 

were stored at -80⁰C for reuse.  

3.5.4.2.2. Preparation of Labeling Reaction 

Added 8.3µl (5µg) of sample total RNA in two separate tubes thus making 2 tubes for 

control and 2 tubes for treated samples. Added Spike A mix to one of the 2 sample tubes and 

Spike B mix to the other tube of each sample. After that 1.2 µl of T7 promoter primer was 

added to each of the tubes. Incubated at 65⁰C in a circulating water bath for 10 minutes. 

Placed the reaction on ice and incubated for 5 minutes. 

Mixed the following components in a tube. 
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Table 3.4. Showing the components and volumes of reaction mix used for first strand cDNA 
synthesis 

Components Volume(µl) per reaction Volume(µl) per 4.5 reactions 

5X First Strand Buffer 4 18 

0.1mM DTT 2 9 

10mM dNTP mix 1 4.5 

MMLV-RT 1 4.5 

RNase Out 0.5 2.25 

Total Volume 8.5 38.25 

 

Added 8.5µl of this reaction mix to each of the tubes containing RNA and the primer 

and mixed by pipetting.  Centrifuged briefly and incubated at 40⁰C for 2 hours. Moved 

samples to the 65⁰C circulating water bath and incubated for 15 minutes and then moved to 

the ice. Mixed following  components to a new tube at room temperature. 

Table 3.5. Showing the components and volumes of labeling reaction mix 

Components Volume(µl) per reaction Volume(µl) per 4.5 reactions 

Nuclease-free water 15.3 68.85 

4X Transcription Buffer 20 90 

0.1M DTT 6 27 

NTP mix 8 36 

50% PEG 6.4 28.8 

RNase OUT 0.5 2.25 

Inorganic Phosphatase 0.6 2.7 
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T7 RNA Polymerase 0.8 3.6 

Cyanine 3-CTP or Cyanine 5-
CTP 

2.4 Don’t add to the mix 

Total Volume 60 270 

 

Added 57.6µl of this mix to each of the tubes mixed by pipetting and added  2.4 µl of 

Cyanine 3-CTP to the samples containing Spike A mix and 2.4µl of Cyanine 5-CTP to the 

samples containing Spike B mix. Mixed and centrifuged briefly to  bring the contents to the 

bottom and incubated in a circulating water bath for 2 hours. 

3.5.4.2.3. Purification of Amplified labeled RNA   

 Qiagen’s RNeasy mini spin columns were used for the purification of labeled cRNA.  

Added 20μL of nuclease-free water to each of  cRNA sample, for a total volume of 100 μL. 

Added 350μL of Buffer RLT and mix well by pipetting.  Then Add 250μL of ethanol (96% 

to 100% purity) and mix thoroughly by pipetting. Transferred  the 700μL of the cRNA 

sample to an RNeasy mini column in a 2 mL collection tube. Centrifuged  the sample at 4°C 

for 30seconds at 13,000 rpm. Discarded  the flow-through and collection tube. Transferred 

the RNeasy column to a new collection tube and added 500 μL of buffer RPE (containing 

ethanol) to the column. Centrifuged  the sample at 4°C for 30seconds at 13,000rpm. 

Discarded the flow-through.  Again add ed 500μL of buffer RPE to the column. Centrifuge 

the sample at 4°C for 60seconds at 13,000rpm. Discarded the flow-through and the collection 

tube.  Eluted the cleaned cRNA sample by transferring the RNeasy column to a new 1.5 mL 

collection tube. Add 30μL RNase-free water directly onto the RNeasy filter membrane. After 

1 minute centrifuged at 4°C for 30 seconds at 13,000rpm. Maintained the cRNA sample-

containing flow-through on ice.  
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3.5.4.2.4. Quantification of cRNA 

cRNA was quantified using NanoDrop ND-1000 UV-VIS Spectrophotometer and following 
values were recorded. 

Cyanine 3 or Cyanine 5 dye concentration (pmol/µl) 

RNA absorbance ration (260nm/280nm) 

cRNA concentration ( ng/µl) 

yield and specific activity of each reaction was determined as follows:  

Yield of cRNA= (Concentration of cRNA) * 30 μL (elution volume) / 1000 of cRNA. 

Specific Activity= (Concentration of Cy3 or Cy5) in pmols / (Concentration of cRNA) in μg cRNA  

3.5.4.2.5. Hybridization 

Only those samples were used for hybridization which  have yield  more than 825ng 

and the specific activity of more than 8.0 pmol Cy3 or Cy5 per μg. For hybridization mix the 

reagents were mixed as follows: 

Table 3.6. Showing the components and volumes of hybridization reaction mix  

Components Volume/ Mass 

Cyanine 3-labeled amplified cRNA 1500ng 

Cyanine 5-labeled amplified cRNA 1500ng 

10X Blocking Agent 50µl 

Nuclease free water To bring volume to 240µl 

25X Fragmentation Buffer 10µl 

Total Volume 250µl 
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Mixed and incubated at 60⁰C for exactly 30 minutes to fragment RNA and then added 

250µl of 2X Hybridization buffer. Mixed well by careful pipeting and centrifuged briefly and 

placed sample on ice. 

Loaded a clean gasket slide into the Agilent SureHyb chamber base with the label 

facing up and aligned with the rectangular section of the chamber base. Slowly dispensed the 

hybridization sample onto the gasket well in a “drag and dispense” manner. Placed an array 

“active side” down onto the SureHyb gasket slide, so that the “Agilent”-labeled barcode is 

facing down and the numeric barcode is facing up. Placed the SureHyb chamber cover onto 

the sandwiched slides and slided the clamp assembly onto both pieces. Hand-tightened the 

clamp onto the chamber. Vertically rotate the assembled chamber to assess the mobility of 

the bubbles. Placed assembled slide chamber in rotisserie in a hybridization oven set to 65°C 

with rotation and incubated for 17hours. 

3.5.4.3. Microarray Washing 

Completely filled slide-staining dish #1 with Gene Expression Wash Buffer 1 at room 

temperature. Placed a slide rack into slide-staining dish #2. Added a magnetic stir bar. Filled 

slide-staining dish #1 and 2 with enough Gene Expression Wash Buffer 1 at room 

temperature. Placed dish 2 on a magnetic stir plate. Placed the empty dish #3 on the stir plate 

and add a magnetic stir bar. Removed one hybridization chamber from incubator and 

removed the array-gasket sandwich from the chamber base by grabbing the slides from their 

ends. submerged the array-gasket sandwich into slide-staining dish #1 containing Gene 

Expression Wash Buffer1. With the sandwich completely submerged in Gene Expression 

Wash Buffer1, slipped one of the blunt ends of the forceps between the slides. Gently turned 

the forceps upwards or downwards to separate the slides.  Removed the microarray slide and 

placed into slide rack in the slide-staining dish #2 containing Gene Expression Wash Buffer 1 

at room temperature. Repeated the procedure with the other 3 slides and stired for 1minute. 

During this wash step, removed Gene Expression Wash Buffer2 from the 37°C water bath 

and poured into the Wash 2 dish. Transferred slide rack to slide-staining dish #3 containing 
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Gene Expression Wash Buffer 2 at elevated temperature. Stired for 1minute and slowly 

removed the slide rack trying to minimize droplets on the slides. Placed slides in slide 

holders with the active side up and scanned immediately. 

3.5.4.4. Scanning and Feature Extraction 

Placed assembled slide holders into Agilent scanner carousel and scanned at 10µm 

with 100%PMT of both green and red channel and saved images as tif files. The data was 

extracted using Agilent feature Extraction software.  The Grid template file was uploaded for 

Arabidopsis thaliana non-agilent arrays and grid was placed manually. Bad spots were 

flagged and feature extraction protocol was optimized manually. The data obtained by 

feature extraction was compared with image files and verified for randomly selected spots. 

Quality controlled graphs generated by Feature extraction software were accessed to check 

the quality of arrays. 

3.5.4.5. Mining of Data 

Bad spots and agilent controls were filtered out from the data obtained by Agilent 

Feature Extraction software and data was normalized within array by “loess method” and 

between arrays by “quantile method”.  LIMMA's pooled correlation method was used to 

estimate the strength of the correlation between duplicated spots by fitting separate linear 

models to the expression data for each gene, but with a common value for between-replicate 

correlations. Normalized high quality data fitted into linear models. The empirical eBayes 

method in LIMMA, which computes paired t-test for differential expression was applied to 

identify the significance of differential expression. A correction for multiple testing using 

False Discovery Rates (FDR) was used and significant changes in gene expression limited to 

p < 0.05. The significantly differentially expressed gene list was used for pathway analysis. 

The upregulated genes were mapped on different metabolic pathways using MapMan 

Version 2.2.0 Copyright RZPD/MPIMG/MPIPP 2002-2008. Functional annotational 

clustering was done on the basis of gene ontology and charts were generated in Microsoft 

excel. 
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RESULTS 

4.1. Identification of wax and other drought 
tolerant genes in Cotton. 
 

4.1.1. RNA ISOLATION  

Isolation of good quality RNA from G.arboreum is difficult due to the presence of 

large amount of polysaccharides and phenolics and all the conventional methods fail with 

this particular plant. So different methods were tried and finally RNA was isolated from 

leaves, stems and root tissues of G. arboreum by the method of Jaakola et al. (1999) with 

modifications and resolved on 1%Agarose TAE gel at 100volts for 30 minutes, stained with 

Ethidium Bromide and viewed under UV light. It revealed the isolation of good qulitity RNA 

with distinct 28S and 18S ribosomal RNA bands. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Total RNA isolated from leaves, stems and roots of Gossypium arboreum 

 

3
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4.1.1.1. Purity and concentration of RNA 

Purity of RNA plays a major role in determining the success of downstream 

experiments like cDNA synthesis, PCR and other enzymatic reactions. Due to the presence 

of large amounts of phenolics and other contaminants in the G.arboreum tissues isolation of 

pure RNA is challenging. Purity of isolated RNA was measured by using NanodropTM 

spectrophotometer and measuring the absorbance at the wavelengths of 230, 260 and 280nm. 

For the above samples 260/280 ratio was in the range of 2.0 - 2.2 and 260/230 ratio was in 

the range of 2.1 – 2.4 as shown in the table. The amount of RNA obtained was higher in the 

leaf tissue as compared to stem and root tissues however the purity was comparable in all the 

tissues examined. 

Table 4.1: Nanodrop spectrophotometer readings for the concentration and purity of RNA 
isolated. 
Sample ID Concentration 

(ng/μl) 

260/280 ratio 260/230 ratio 

Leaf 1 1905 2.15 2.18 

Leaf 2 1515 2.15 2.18 

Leaf 3 3492 2.07 2.17 

Stem 1 439 2.16 2.36 

Stem 2 490 2.16 2.30 

Stem 3 567 2.05 2.25 

Root 1 256 2.11 2.23 

Root 2 325 2.20 2.25 

Root 3 280 2.09 2.22 
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4.1.1.2. RNA Quality Check using Bioanalyzer 

 

To further access the integrity 150ng of total RNA in 1ul RNase Free water was 

loaded on RNA nano 6000 chip (Agilent technologies) and quality was assessed by and 

automatically generated RNA Integrity Number (RIN), and 28S/18S ratio by Bioanalyzer. 

Samples with RIN more than 5 and 28S/18S ratio more than 1 were used for cDNA synthesis 

and other analysis.  

 

 

 

 

Figure 4.2: Bioanalyzer electrophoresis summary of good quality total RNA isolated from 
leaf, stem and root tissues of G.arboreum and used in the preceding experiments.  
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Figure 4.3: Bioanalyzer generated electropherograms of the good quality total RNA 
isolated from G.arboreum leaf, stem and root tissues. RNA integrity numbers (RIN) are also 
shown in each sample. 
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4.1.2. FIRST STRAND cDNA SYNTHESIS 

 

First strand cDNA was synthesized by Fermentas first strand cDNA synthesis kit 

using about 4μg of total RNA and the integrity of cDNA was checked by running it on 1.2% 

agarose gel stained with Ethidium bromide at 100 volts for 40 minutes. Comparison of 

cDNA size with lambda HindIII marker showed that the cDNA ranges between 100bp and 

1Kb which indicates towards the successful reverse transcription of mRNA. It agains verifies 

the integrity of RNA. 

 

 

 
 

 

Figure 4.4: First strand cDNA synthesized from total RNA. 

 

Lane 1: Lambda HindIII Marker 

Lane 1,2, 3: First strand cDNA

M             1        2       3        

564 bp 
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4.1.3. Amplification of various transcripts by RTPCR in control and 

drought stressed plants using above sets of primers. 

 

PCR conditions were optimized for RT-PCR according to annealing temperatures of 

the primers and distinct bands were amplified. Amplified products were resolved on 1% 

agarose gel stained with ethidium bromide. These bands were excised from the gel and DNA 

was eluted to be used for cloning and subsequent sequencing. 

 

 

 
                               A. 

 

 
 

                              B 
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Figure 4.5: Showing RT-PCR product amplified with wax gene primers from other species. 
(A). Cer 1, Cer2 and Cer 5 primers. (B) Acs1, Gl 15, Gl 8 and Gl1 primers (C) FDH, 
Wax2 and Win1 primers.  
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4.2.  To  determine  the  sequence  of  candidate 

genes. 
 

All the amplified fragments (14) were cloned in PCR2.1 and PCR4 sequencing 

vectors and were sequenced using M13 universal primers. Vector contamination was 

removed and sequence quality was accessed. Sequences with high quality were selected, 

analyzed and renamed with the suffix CEMBU. 

 

1. CEMBU01 

ACGCGGGGGTGTCAAAAAAGCTTGAGCTGAGAGATAAGAGAAAGCACTGAAAA

AGCAAAACCATGGCCTCTGCTTCTCTCCTCAAGACTTCACCAGTTTTAGACAAGT

CTGAGTGGGTTAAGGGTCACACCCTTCGCCAACCTTCCACTTCTGTGGTGAGGTA

CCACCCTGTTGCACCCTCCGGACTAACTGTGCGTGCAAGCTCATATGCCGATGAG

CTTGTCAAGACTGCTAAAGCTATTGCTTCTCCTGGCCGTGGAATTTTGGCCATGG

ATGAGTCCAACGCTACCTGTGGGAAACGTTTGGCCTCAATCGGGCTAGAAAACA

CGGAGGCTAACCGCCAAGCCTACAGGACGTTGCTTGTTTCANCTCCTGGCCTTGG

TCAGTACATCTCANGTGCCATCCTCTTTGAGGAAACCCTCTATC 

 

2. CEMBU02 

CGACTGGAGCACGAGGACACTGAATGGGAACATGGCGAAACCGATCTAGATAC

AGATGGAGACTGACTGGTGTATCGGGCCCGAGGAGACTTGCTCCTGCTCCTGCTC

CTACGACTATAACTGCAGCTACGACCGGGGCTTCGACTATACGGGCTACGGCTTC

TAGAGTAGCTGCGCCTAG 
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3. CEMBU03 

ACGTCTTCGCTATCGGTCACCCAGGAGTATTTAGCCTTGCAAGGTGGTCCTTGCA

GATTCACACGGGATTCCACGTGCCCCATGCTACTCGGGTCAGAGCGTAAGGNAG

TGATGCTTTCGGCTACTGGACTATCG 

 

4. CEMBU04 

AGTTGGTTAATCGAAAGAATTTCCGTAGAAACAGAACTTTCGTTTATACATCCCA

TTTTGATTCTGCCGATTAAATAGAATCAAATACAATCAAAAGTGAAATCANATTT

TGATCTAACNAAAAATTTGAAAATTGAAAACNGAAATANAATANGAT 

 

5. CEMBU05 

CTAATACGACTCACTATAGGGCAAGCAGTGGTATAACGCAGAGTACGCGGGGGT

GTCAAAAAAGCTTGAGCTGAGAGATAAGAGAAAGCACTGAAAAAGCAAAACCA

TGGCCTCTGCTTCTCTCCTCAAGACTTCACCAGTTTTAGACAAGTCTGAGTGGGTT

AAGGGTCACACCCTTCGCCAACCTTCCACTTCTGTGGTGAGGTACCACCCTGTTG

CACCCTCCGGACTAACTGTGCGTGCAAGCTCATATGCCGATGAGCTTGTCAAGAC

TGCTAAAGCTATTGCTTCTCCTGGCCGTGGAATTTTGGCCATGGATGAGTCCAAC

GCTACCTGTGGGAAACGTTTGGCCTCAATCGGGCTAGAAAACACGGAGGCTAAC

CGCCAAGCCTACAGGACGTTGCTTGTTTCANCTCCTGGCCTTGGTCAGTACATCT

CANGTGCCATCCTCTTTGAGGAAACCCTCTATCAAACCACAATTGGAGCCGT 

 

7. CEMBU07 

GATGGCGTTTCGAGATTCATGCAGCTTATAAAAGAGCCTTGCTAAGATTTCNTCC

TGACCGAGCATCTCAAACTGATATTCGCCAGCAGGTTTCGACGGAGGAGATGAC

AA 

 

8. CEMBU08 

TGCAGAATTCGGCTTAGGAGGTGTTTCCGAACCGTCATTGCTTCTTCTCCGGGAA

AAGAAGTTCACGACCCGTGGGCCTTCTACCTCCATGCGGCATTGCTCCGTCAGGC
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TTTCGCCAATTGCGGAAAATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGT

GTCTCAGTCCCAGTGTGGCTGATCATCCTCTCGGACCAGCTACTGATCATCGCCT

TGGTAAGCTATTGCCTCACCAACTACTAATCAAACCCGAGCCCCTCCTCNGGCGG

ATTCCTCCTTTNCTCCTCACCTACGGGGTATTACGCCTTTCCNCTTTTTCCC 

 

9. CEMBU09 

TTTTTTTTTTTTTTTTTTTTTTTTTTTATTATATTTCTCATTGCAGTTAATTTAATTTC

ATAATTTTCATGAAATATAATGCTGTACATAATGTAATTACCCTACAAACAATAA

CTCATCATCACATCATAAGATATATTTACAAGATTTAAAAGGCGGAAATTTCTGG

ATTAAAAAAAATGGACAATTTTNAAAACNGGAATCATTGTT 

 

10. CEMBU10 

TTCTCAGCTATGGATTCGTTGTTCAAGAAGACGGGGCTGAAACCTAAAGACATTG

ATATTCTTATTGTCAACTGCAGTCTCTTCTCCCCCACGCCATCTTTGTCTGCTATG

GTGATCAACAAATACAAGCTGAGGAGTAACATTAAGAGCTTTAATCTTTCGGGA

ATGGGGTGCAGTGCGGGGCTTATCTCCATTGATTTAGCTCGGGATCTTCTCCAAG

TATACTCGAATTCTAATGCAGTTGTTGTCAGCACAGAGATCATCACTCCCAACTA

CTACCAGGGTAAAGAAAGAGCTATGCTCCTTCCCAACTGTCTCTTCCGCATGGGT

GGTGCAGCAATCCTGTTGTCAAACCGCCGCTCAGAGAGGCGGAGAGCCAAGTAC

CGACTTGTCCACGTTGTTCGAACCACAAGGAGCTGATGACCAGGCCTACGATGC

GTGTTTGAGAGAGACAGAGCCAAGTTGGGATATCATTATCTAAGATCTCATGGCT

ATAGCTGGGAGGCTTAAAA 

 

11. CEMBU11 

AGATGACAAAGGAATCATCGGTGTTTCATTAGCTCGTGAATTAATGGCTGTCGCC

GGTGAGGCTTTGAAAACGAACATCACTACTTTAGGTCCTCTTGTTTTACCATTTA

AAGAACAGTTCATGTTCTTTGTCACCCTTGTTAGAAAGAAGATTTTGAAAGCCAA

AGTAATTCCTTATATACCCGATTTTAAGCTTGCTTTTGACCATTTTTGTATCCATG

CCGGTGGAAGAGCAGTATTAGATGAATTACAGAAGGATCTACAGTTAACAGATT
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GGCATATGGAACCATCAAGGATGACTTTATATAGATTCGGGAACACATCGAGTA

GTTCGTTATGGTATGAATTGGCTTACACAGAAGCTAAAGGTCGTGTCTCGGATGG

TGATCGGGTATGGCAGATAGCATTCGGGTCGGGTTTTAAGTGTAACAGTGCTGTG

TGGAGAGCTCTTANGTCGACTCCCATGGCGGAATCAAGGGGCAATCCATGGAAG

AATGAAATTGAAAAGTATCCGGTCNAGGTATCTTTTGCTTGATATTGTTGTCG 

 

 

12. CEMBU12 

GGGATTTCTATTTTCCCAAGAACTTCTTGCTTGGCTATTTTATCCTCTTCAAACTT

TTTCTTTTGATAAATTCTCAACTTTTTTCTAAGCGCACAAGTTTGTAAGACTCTCA

TACTCACCAAACTATACTATCTCTTAGGTTCACTCTTATGTGTCTTTATTTTAGAA

ACCACTGTGTTGTATCTACCTAACCTTCATTTCATGGCCCGATGTCCTAAGTTCGT

GCAAGGAACAAGAAAATTGAATTAATAGATTATTTTAAGGCTTAAGGTTTTCTTT

ATGGTTTAGCAAGAAATAGGGATTTAGGCTCAAAAGGTACTAGGGATTTTAAAT

TAAGCTCAGCTTTTTAGCTTGAAAATGTCTACCAAACAACGCCTTAGGTCATCCC

TTGTGCATATTT 

 

13. CEMBU13 

GAATGGACTGAAGGGGTAGAAAATCCATCTTTTCCTTGCACTTCCTCCACACTTT

CCATTTTTCTCTCTCTTTTTTTTACCCTATTTGATAGGGTTTTCATGTCCTTCTAGC

TCCAATCCATCTCATGCATTCGTGTCTTCCAGCTACATACGTTGACGTTTTAGCCT

TCTTCCTTGTCGGGTCTCTCTTTTTTCTCTCTTTGGAGGGTTTTTGGGCGGCTAAC

GGTGCAGATTTCACCTTCCGGGGTTTTTTTGAGCTGTACCCATGTCAAAGCTCTTT

TCTTTTAGTGGGACTGATGATTTTTGCCCTGGGGGGTCGATGTACCCCAACCCCA

GGAAATCAAGTCTCTTTTTTTGTCCTTGGACGTCTGTGGAATGATATTTTCCCTCC

TCCAAGAAGTCCCCCCACAATGGCCCTTTTGGTTTCCCTGGAAAAGGGTTTGAAC

AAAAAAACCCCCATTGGGGTTCTCCCCGAAAAAGGTTTTTTCAAATTTTAAAAAA

TTCCCGGGGGGCAAAAAAGAATTCCCGGCCTTGGGTTCCCAAAGTTGGGTTAAA

ATTGTAAGACACACTCCCGCGCGGATGAAAACTGGCAAAAATATACCACACTTT
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TGTGTCTCCTTTAGAGACACATATAAAGGGGCCTTTCTTCCCAGCCTCCAATTGC

GTAGAGGCCTTTGTTAGATATGTCCAGGGTCACAGAAATGTATTCCCTCTGTTAA

ACCTTCGTGGGAGTGCCAATTGGCCTGAAACTTATCCAAAGGTTGCCCCGAATTT

GGAGCAGTTTTCCCTCGCAAGGTGCCTTTTTTATTGGATAATGGGGTGGGTTTTT

GGTAAAGCAGCAGGTCCACTAGAGAGCTTGAAACTGAAGGAGTGCCCTGGGGTC

CACCCAATTTCGGTTTTTTGGGTCTTCTTATTAACTGGGTGGCAAGTTCCAATCTA

TCTCTCCTTGTGAACTGCTTGGGGATCAAGGACCTAAATGTAGGATTGCCTCCTC

TACCACCTTGTGAGTCCCTTCGATCGCTGTCTATCCGTAACTGCCAGGGGTTTGG

TGATGCTAGCTTGGCTGCGTTGGGGAAGTTGTGCCCTCAACTGCAGAATGTGGAG

TTGAGTGGGCTTCATGGAATAACACATGTTGGGTTTTTCCCATTGCTCGAGAGTT

GTGAGGCCGGTTTGGTGAAGGTTAATCTCAGCGGTTGTCCCAATTTAGGTAACAA

AGTTGTTTGTAAGATGGCTGATTTGCATGGTTGGACTCTAGAGATGCTGAATCTT

GATGGATGCAAGATCAGTGATGCTGGCTTGGTTGCAATTGCAGAGAACTGTCAG

TTGCTCAGTGTCCTCGTGCTCCAGTCG 

 

14. CEMBU14 

ACACTTTTGTGTCTCCTTTAGAGACACATATAAAGGGACGATTANCTGNAAGGCC

AAGAGAGGAGTTCCTGCGCTTGTGTCTCCAAGCGNTGGCTTACAATTGTAAGCA

ACATCCGCAGCGNNNNCCTCAGTGACAACAAGACTACCCAAGCATTGGATCTCA

CTATGAGAGCACAGATAAGAAGGGTGGAGATGTTTCTGACGTTGAAGATGAGGA

TGTTGCAAGTGGATACCTCTCTAGGAGTTTGGAAGGGAAAGAAAGCAACAGATG

TTANACTTGCTNGCTATTGCTTGTTGGAAACTGCTGNTCNTGNAGGATTGGGGCA

ANGCTTTTCATTCGAAGGAAGCNAATTCCNGGNCGTGGAAGTGACTACTGGTGG

GCCTGANGGNNATTTCTTGTGGGGTGACNTTNTCNANGGGTTTTTTTCNTTNGGG

ANTTGGCTACGGTAGAAANGANCCTTTCTTCCCAGCCTCCAATTGCGTAGAGGCC

TTTGTTAGATATGTCCAGGGTCACAGAAATGTATTCCCTCTGTTAAACCTTCGTG

GGAGTGCCAATTGGCCTGAAACTTATCCAAAGGTTGCCCCGAATTTGGAGCAGTT

TTCCCTCGCAAGGTGCCTTTTTTATTGGATAATGGGGTGGGTTTTTGGTAAAGCA

GCAGGTCCACTAGAGAGCTTGAAACTGAAGGAGTGCCCTGGGGTCCACCCAATT



89 
 
 

 

TCGGTTTTTTGGGTCTTCTTATTAACTGGGTGGCAAGTTCCAATCTATCTCTCCTT

GTGAACTGCTTGGGGATCAAGGACCTAAATGTAGGATTGCCTCCTCTACCACCTT

GTGAGTCCCTTCGATCGCTGTCTATCCGTAACTGCCAGGGGTTTGGTGATGCTAG

CTTGGCTGCGTTGGGGAAGTTGTGCCCTCAACTGCAGAATGTGGAGTTGAGTGG

GCTTCATGGAATAACACATGTTGGGTTTTTCCCATTGCTCGAGAGTTGTGAGGCC

GGTTTGGTGAAGGTTAATCTCAGCGGTTGTCCCAATTTAGGTAACAAAGTTGTTT

GTAAGATGGCTGATTTGCATGGTTGGACTCTAGAGATGCTGAATCTTGATGGATG

CAAGATCAGTGATGCTGGCTTGGTTGCAATTGCAGAGAACTGTCAGTTGCTCAGT

GTCCTCGTGCTCCAGTCG 

4.3. To Study the Sequence Alignment 
 

To study homology of the EST sequences, they were aligned by pair wise alignment 

tool with all the non-redundant cotton nucleotide sequences and EST sequences on the 

genbank database (NCBI). Out of 14 sequences, 13 were found to be novel for G.arboreum 

and were submitted to NCBI genbank database. 

 

Table 4.2: Showing the homology of the identified ESTs with other non redundant genes in 

NCBI genbank database. 

No Sequence Id Accession #  Bit score  E-value  Homology Results 

1 

Cembu01 

(456bp)  

DV489466  186  2e -46  Fructose 1,6-bisphosphate 

aldolase gene of 

Arabidopsis thaliana.  

2 

Cembu02 

(181bp)  

DW177376 49.3  5e-05 Splicing factor SR1E, SR1B

and SR1C of Arabidopsis  



90 
 
 

 

3 

Cembu03 

(135bp)  

DW177377  30  4.7  Heat shock transcription 

factor proteins of  

Arabidopsis thaliana 

4 

Cembu04 

(157bp)  

DW177378  143  2e-31  Chloroplast genes of 

Gossypium hirsutum  

5 

Cembu05 

(600bp)  

 389  2e-106  Cer3 gene of Arabidopsis 

thaliana which is involved 

in wax biosynthesis 

6 

Cembu07 

(111bp)  

DW177379  43.1  5e-3  Expressed proteins of Oryza 

sativa involved in 

intracellular trafficking and 

secreations.  

7 

Cembu08 

(327bp)  

DW177380  120  2e-26  Unknown protein of Oryza 

sativa  

8 

Cembu09 

(210bp) 

DW177381  58.3 1e-6 Chloride channel proteins, 

mitochondrial carrier 

proteins, acetyla coA 

oxidase etc  

9 

Cembu10 

(500bp) 

EE684056.1  2002 0.0 3-ketoacyl-CoA synthase 

gene of Gossypium hirsutum 

10 

Cembu11 

(546bp) 

EE684057  278 9e -74 Fattyacid elongase 3-

ketoacyle Co A elongase of 

Arabidopsis. 

11 

Cembu12 

(400bp) 

EE684058    No homology with any 

known DNA or protein 

sequence 
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12 

Cembu13 

(1350bp) 

 204 6e-51 Cyclin like F-box protein of 

Medicago and EIN3 binding 

F-box protein of 

Arabidopsis 

13 

Cembu14 

(600bp) 

 107 3e-28 Fuccicosin (14-3-3) protein 

of Arabidopsis, potato and 

apple. 

      

On the basis of these results we found that 4 out of 14 genes show significant 

homology with wax genes of plants. CEMBU05 shows homology to the Cer3 gene of 

Arabidopsis thaliana with the E-value of 2e-106 and bitscore of 389. Cer3 gene is a member 

of Eceriferum gene family and members of this family play a regulatory role in epicuticular 

wax biosynthesis in Arabidopsis thaliana. These are involved in ubiquitin protein ligase 

activity and catalyze the mediation of substrate recognition in ubiquitin-mediated protein 

degradation. It demonstrates putative involvement of this gene in the release of fatty acids 

from elongase complexes. Cembu11 shows homology with ketoacyl-CoA synthase gene with 

the E-value of 9e-74 and bitscore of 274. Ketoacyl-CoA synthase is another gene which 

encodes an enzyme involved in condensation of Melonyl CoA into very long chain fatty 

acids. Cembu10 shows homology with another 3-ketoacyl Co-A synthase gene (Cut1). Cut1 

is a condensing enzyme which is involved in the condensation of C24 in to very long chain 

fatty acids (VLCFA). Cembu09 shows homology with another gene involved in wax 

biosynthesis, i.e. acetyl Co-A oxidase with the E-value of 1e-06 and bitscore of 58.3. 

Three other important EST’s were found which could play important role in 

drought tolerance; i.e. Cembu01, CEMBU13 and CEMBU14. NCBI conserved domain 

search shows that Cembu01 contains the N-terminus of a conserved domain of FBP aldolase 

1 and shows homology with Fructose bisphosphate aldolase gene of plants with E.value of 

2e-46 and bitscore of 186. Fructose-1, 6 bisphosphate (FBP) aldolase is a key enzyme in 

cellular metabolism, catalyzing the reversible aldol condensation/cleavage reaction between 
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glyceraldehydes 3-phosphate and di-hydroxy-acetone phosphate to yield FBP. It is involved 

in multiple pathways including glycolysis, gluconeogenesis, the oxidative pentose phosphate 

cycle and the Calvin cycle.It has been reported that a moderate decrease of plastid aldolase 

activity inhibits photosynthesis, alters the level of sugars and starch and inhibits growth of 

potato plants (Haake et al., 1998). Chlorplastic FBP aldolase gene is differentially expressed 

under temperature stress (Michelis and Gepstein 2000) and salt- stress (Zorb et al 2004). 

Cembu13 shows homology with Cyclin like F-box protein of Medicago and EIN3 

binding F-box protein of Arabidopsis thaliana with the E-value of 6e-51 and 204 bitscore. 

This F-box protein belongs to a Leucine-rich repeats (LRRs), ribonuclease inhibitor (RI)-like 

subfamily. LRRs are 20-29 residue sequence motifs present in many proteins that participate 

in protein-protein interactions and have different functions and cellular locations. 

Arabidopsis EIN3 protein is a key transcription factor mediating ethylene regulated gene 

expression. Cembu14 shows homology with Fuccicosin proteins with the E-value of 3e-28 

and bitscore of 106. 14-3-3 proteins are involved in growth factor signalling and regulation 

of nitrate reductase. In plants they are associated with a complex that binds to the proteins 

function as regulators of a wide range of target proteins that are involved in responses to 

abiotic and biotic stresses, by regulating target proteins with functions of either signaling or 

transcription activation or defense. For example, the tobacco 14-3-3 is induced in the 

perception of the salt stresses and two Arabidopsis 14-3-3 genes, RCI1/RCI1A and 

RCI2/RCI1B, are regulated during cold acclimation.  

4.4. Investigation of the fulllength genes. 
Three EST’s were selected on the basis of sequence alignment and with the 

assumption of a possible role in drought tolerance i.e. CEMBU01, CEMBU05 and 

CEMBU11. On the basis of their homology with other plant proteins, they were assigned 

different names. CEMBU01 was named as GaAldp (G.arboreum homologue of Fructose 

bisphosphate aldolase), CEMBU05 as GaCer3 ( G.arboreum homologue of Eceriferum3 ) 
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and CEMBU11 as GaKcs1 (G.arboreum homologue of 3-ketoacyl CoA synthase). All these 

genes are described below in detail. 

4.4.1. Full length cDNA of GaAldp 
Full length cDNA sequence of GaAldp was identified by 3′and 5′ rapid amplification 

of cDNA ends (RACE) technique. 5′ RACE PCR amplified a band of nearly 500bp while 3′ 

RACE amplified a band of 1100bp. Both these fragments were excised from the gel and 

cloned in PCR 2.1 vector for sequencing.  

 

 

 
 

 

 

 

 

 

Figure 4.6: Amplification of 3′ and 5′ RACE fragments of unknown sequence 
amplified by using primers of known sequence by RACE technique. Lane A 
showing 100bp ladder while lane D) 1 kb ladder. Lane B) 500bp 5′RACE 
product and Lane C) 1100bp 3′RACE product. 
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4.4.1.1. Full length nucleotide sequence of GaAldp 

 

3′and 5′RACE products were sequenced and aligned with the Cembu01 sequence. 3′ 

RACE sequence showed complete homology with the Cembu01 at the 5′ end but extended 

on the 3′ end. Poly adenylation signal was observed at the 3′end of the 3′RACE product. 

5′RACE product sequence showed homology at the 3′end with the Cembu01 but extended on 

the 5′end to add to the already existing sequence. The sequences  were glued together to get 

the full length cDNA sequence of 1413bp as shown below. 

 

AGAATTGGAGCTTAAACGTTGTGTCAAAAAAGCTTGAGCTGAGAGATAAGAGAA

AGCACTGAAAAAGCAAAACCATGGCCTCTGCTTCTCTCCTCAAGACTTCACCAGT

TTTAGACAAGTCTGAGTGGGTTAAGGGTCACACCCTTCGCCAACCTTCCACTTCT

GTGGTGAGGTGCCACCCTGTTGCACCCTCCGGACTAACTGTGCGTGCAAGCTCAT

ATGCCGATGAGCTTGTCAAGACTGCTAAAGCTATTGCTTCTCCTGGCCGTGGAAT

TTTGGCCATGGATGAGTCCAACGCTACCTGTGGGAAACGTTTGGCCTCAATCGGG

CTAGAAAACACGGAGGCTAACCGCCAAGCCTACAGGACGTTGCTTGTTTCAGCT

CCTGGCCTTGGTCAGTACATCTCAGGTGCCATCCTCTTTGAGGAAACCCTCTATC

AAACCACAATTGATGGCAAGAAGATGGTTGATGTTCTTGTTGAGCAGAACATAG

TCCCTGGTATCAAGGTCGACAAGGGTCTTGTTCCACTGGCTGGTTCAAACAACGA

GTCATGGTGCCAAGGTCTTGATGGCCTCGCTCCACGTTCAGCTGCATACTACCAA

CAAGGAGCTCGTTTTGCAAAATGGCGTACTGTGGTAAGCATTCCCAATGGACCA

ACCGAACTTGCTGTGAAGGAAGCAGCCTGGGGACTTGCTCGCTATGCCGCCATC

TCTCAGGACAATGGATTGGTTCCAATTGTTGAGCCAGAGATCTTGCTTGATGGTG

ATCACGGAATTGACAGGACTTTCGAAGTAGCCAAAAAGGTATGGGCTGAGGTTT

TCTTCTATCTTGCACAGAACAATGTGATGTTTCAAGGTATCCTCCTGAAGCCAAG

TATGGTCACTCCCGGTGCGGAGTGCAAGGACAGGGCTACTCCTCAACAAGTTGC

TGATTACACCCCTCAGCTCTCGCAAAGAATCCCTCAGCTGTCCCTGGAATCATGT

TTTTTGTCTGGTGGGCAGTCTGAAGTTGAGGCTACCTTGAACTTGAATGCAATGA
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ACCAAGCTCCAAACCCATGGCATGTGTCATTCTCATATGCAAGAGCCCTTCAAAA

CACTTGCCTGAAGAAGTGGGGAGGCAGGCCTGAGAATGTGAAGGATGCTCAGGA

AGCGCTGCTTATCCGAGCAAAGGCCAACTCTCTTGCTCAACTCGGAAAGTACACT

GGCGAAGGAGAGTCAGAGGAGGCCAAGCAAGGAATGTTTGTCAAGGGTTATGTC

TATTAGCATGTTTGTATCTTCAACAGCTCAATGAATTTCCTGCACTGAAAATTTA

ATTGAAAGAGCAGAACACTGATCTTTCATTATAAACGCCTTTGTTTTCCCCATTTT

TCCCTCTTAATAATTATGTTAAAGCAAAAAAAAAAAAAAAAAAAAA 

 

4.4.1.2. Putative protein for GaAldp 

 

The full length cDNA sequence was translated into 6 frames and the most appropriate 

frame which was not interrupted by stop codons was selected. The open reading frame (ORF) 

consisted of a protein of 395 amino acids. The putative protein sequence is given below. 

Nucleotide sequences upstream of the putative protein were considered as 5′un-translated 

region (5′UTR) which consisted of 74bp while sequences downstream of ORF were 

considered as the 3′ un-translated region (3′UTR). 3′untranslated region consisted of a151bp 

starting after stop codon (TAG) as shown below. The complete ORF of GaAldp is shown 

below. 

 

MASASLLKTSPVLDKSEWVKGHTLRQPSTSVVRCHPVAPSGLTVRASSYADELVKT

AKAIASPGRGILAMDESNATCGKRLASIGLENTEANRQAYRTLLVSAPGLGQYISGAI

LFEETLYQTTIDGKKMVDVLVEQNIVPGIKVDKGLVPLAGSNNESWCQGLDGLAPR

SAAYYQQGARFAKWRTVVSIPNGPTELAVKEAAWGLARYAAISQDNGLVPIVEPEIL

LDGDHGIDRTFEVAKKVWAEVFFYLAQNNVMFQGILLKPSMVTPGAECKDRATPQ

QVADYTPQLSQRIPQLSLESCFLSGGQSEVEATLNLNAMNQAPNPWHVSFSYARAL

QNTCLKKWGGRPENVKDAQEALLIRAKANSLAQLGKYTGEGESEEAKQGMFVKGY

VY 
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Figure 4.7: Graphical presentation of GaAldp gene showing introns, exons and untranslated 
regions (UTR). 
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4.4.1.3. Sequence and phylogenatic analysis 

 

The predicted protein was aligned with homologous proteins by multiple sequence 

alignment tool and conserved regions were determined as shown in figure 2. This protein 

shows close homology with plant aldolases of A.thaliana, O.sativa, P.sativum, S.oleracia, 

P.orientalis, C.orientalis, Z.mays and Chlamydomonas. A conserved sequence motif, 

characteristic for fructose-bisphosphate aldolase class-I active site (Pattern: [LIVM]-x-

[LIVMFYW]-E-G-x-[LS]-L-K-P-[SN], Prosite: PS00158), was identified according to the 

method of Ruesing et al.,1998. Presence of essential catalytic site residues i.e. Aspartic acid 

(D) at position 71, Glutamic acid (E) at position 223 and Lysine (K) at position 265 were 

confirmed as marked in figure 2 with red. GaAldp shows higher homology to the 

chloroplastic aldolases as compared to cytoplasmic aldolases and a transit peptide (TP) of 45 

amino acids was also identified on the N-Terminus of GaAldp which direct the preprotein to 

its specific localization. The protein in translated in the form of a pre-protein and TP is 

released afterwards. TP shows (63-77%) homology with TP of spinach and other plant TPs.  

Both multiple sequence alignment (2A) and phylogram (2B) indicate that GaAldp is a 

plastidic aldolase which has a close phylogenatic relationship with A.thaliana aldolase 1 and 

aldolase 2. 
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Figure 4.8: Showing Multiple Sequence alignment of GaAldp with homologous proteins. Shade 
colour depicts the % age identity among various proteins. Red colored boxes show the presence 
of active sites while yellow colored box indicates the position of transit peptide (TP) 



99 
 
 

 

4.4.2. Full length cDNA of GaKcs1 
4.4.2.1. 3Ketoacyl CoA Synthase (GaKcs1) full length cDNA Sequence 

GaKcs1 3′ and 5′ RACE product sequences were also aligned to get a full length 

cDNA sequence of 1867bp. 5′UTR comprising 24bp with an open reading frame of 496 

amino acids and 3′ UTR of 352 bp. Full length cDNA sequence with poly adenylation signal 

and poly A tail is shown below. 

 

AATTATTTCTCTATCTCTTGCAATATGCCTCCAGCCTCGCCCGATTTCTCCAGCTC

TGTCAAGCTTAAGTATGTCAAGCTTGGCTACCAATATCTCGTCAATCATATTCTT

ACACTTACTCTTATACCTGTCATGGCTGGTGTTCTTATTGAGGTTCTTCGTTTAGG

CCCTGCTGGGATTGTTAGTCTCTGGAATTCCCTTCATTTTGATCTTGTTCAAATCT

TGTGCTCTTGTTTCGTCATTATCTTTGTAGCCACTGTTTACTTCATGTCTAAGCCT

AGAAGCATTTACCTTGTGGATTATGCATGCTACAAACCTCCTGTCACTTGTCGTG

TTCCTTTTGCTACTTTCATGGAGCACTCGAGGCTGAACTTGAGCAACAACCCTAA

GAGCGTTGAATTTCAGATGAGGATTCTAGAAAGGTCTGGTCTTGGTGAAGAGAC

TTGTTTACCTCCTGCTATTCATTATATTCCTCCAACTCCAACCATGGAGGCTGCTA

GAGGCGAGGCTGAGATTGTTATATTCTCAGCTATGGATTCGTTGTTCAAGAAGAC

GGGGCTGAAACCTAAAGACATTGATATTCTTATTGTCAACTGCAGTCTCTTCTCC

CCCACGCCATCTTTGTCTGCTATGGTGATCAACAAATACAAGCTGAGGAGTAACA

TTAAGAGCTTTAATCTTTCGGGAATGGGGTGCAGTGCGGGGCTTATCTCCATTGA

TTTAGCTCGGGATCTTCTCCAAGTATACTCGAATTCTAATGCAGTTGTTGTCAGC

ACAGAGATCATCACTCCCAACTACTACCAGGGTAAAGAAAGAGCTATGCTCCTT

CCCAACTGTCTCTTCCGCATGGGTGGTGCAGCAATCCTGTTGTCAAACCGCCGCT

CAGAGAGGCGGAGAGCCAAGTACCGACTTGTCCACGTTGTTCGAACCCACAAAG

GAGCTGATGACAAGGCCTACCGATGCGTGTTTGAAGAAGAAGACAAAGAAGGC

AAAGTTGGGATATCATTATCTAAAGATCTCATGGCTATAGCTGGAGAGGCTTTAA

AATCCAACATTACCACAATAGGGCCTTTGGTGCTTCCAGGGTCAGAACAACTTCT
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ATTTCTTCTCACTCTGATCGGGCGTAAAATCTTCAACCCCAAGTGGAAGCCTTAT

ATCCCAGACTTCAAGCTGGCGTTTGAGCACTTCTGCATCCATGCTGGAGGGCGAG

CAGTGATAGATGAACTGCAAAAGAACCTGCAGCTGTCAGCAGAACACGTAGAGG

CATCTAGGATGACATTGCACAGATTCGGAAACACCTCCTCCTCATCCTTGTGGTA

CGAGATGAGCTACCTTGAGGCAAAAGGGAGGATGAAAAAGGGAGATAGGATTT

GGCAGATTGCTTTTGGGAGTGGATTCAAGTGTAACAGTGCGGTGTGGAAGTGCA

ATCGAACCATCAAAACACCAACAGATGGGCCTTGGGAGGATTGCATCCATAGGT

ATCCCGTTCATATCCCTGAAGTTGTCAAGCTCTAGACAGCTTCTTCATTCATGGCT

TTCCTTCTTTGCCTTTAGTACTTTGCTAAAATCATCATCATCTACTTCTTATCCTAC

TTCATCTCTGCCTTTACATTTCTCCTCTGTATTTTTCTTAGCTCCTACTCATTTGTC

TCTCCTCTTCCTTTTTCCACTTTCTCTTTTCAAGTCATGAATTCACATAGATACCA

AATATGATCACATTTATGTGTTAATTAAATGTATCCCTTGCAAGGGAATGAAAAA

ACAGTGTGGAAACAGGTTGGATTAGCTCCTTGAAATAAACCTGGAATATTTAAC

AGAAAATGCTATACATGTGCTTGATTGTACAAAAAAAAAAAAAAAAAAAAAA 
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Figure 4.9: Graphical presentation of Ga Kcs1 full length cDNA sequence 
showing un-translated regions and coding region 



102 
 
 

 

 

4.4.2.2. Putative protein for 3ketoacyl CoA synthase 

 

3-ketoacyl co-A synthase (KCS1) is involved in epicuticular wax biosynthesis in 

plants. Complete loss of 3-ketoacyl co-A synthase expression results in decreases of up to 

80% in the levels of C26 to C30 wax alcohols and aldehydes (Todd et al , 1999). Due to the 

homology of Cembu10 with Kcs1 it was termed as Ga-kcs1. 

 

 

MPPASPDFSSSVKLKYVKLGYQYLVNHILTLTLIPVMAGVLIEVLRLGPAGIVSLWNS

LHFDLVQILCSCFVIIFVATVYFMSKPRSIYLVDYACYKPPVTCRVPFATFMEHSRLN

LSNNPKSVEFQMRILERSGLGEETCLPPAIHYIPPTPTMEAARGEAEIVIFSAMDSLFK

KTGLKPKDIDILIVNCSLFSPTPSLSAMVINKYKLRSNIKSFNLSGMGCSAGLISIDLAR

DLLQVYSNSNAVVVSTEIITPNYYQGKERAMLLPNCLFRMGGAAILLSNRRSERRRA

KYRLVHVVRTHKGADDKAYRCVFEEEDKEGKVGISLSKDLMAIAGEALKSNITTIGP

LVLPGSEQLLFLLTLIGRKIFNPKWKPYIPDFKLAFEHFCIHAGGRAVIDELQKNLQLS

AEHVEASRMTLHRFGNTSSSSLWYEMSYLEAKGRMKKGDRIWQIAFGSGFKCNSA

VWKCNRTIKTPTDGPWEDCIHRYPVHIPEVVKL 
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4.4.2.3. Multiple Sequence Alignment 

GaKcs1 was aligned with other 3-ketoacyl Coenzyme A synthases by multiple 

sequence alignment and most of the coding region was found to be conserved among these 

proteins but the 3′UTR was found to be the most variable and considered to play a role in 

regulating this gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.10: Showing the Multiple Sequence alignment of GaKcs1 with other homologous 
proteins and phylogram with branch length representing the average distance. 
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4.4.3. Full length cDNA of GaCer3 
4.4.3.1. Full length cDNA sequence for Eceriferum 3 (GaCer3) gene of 

G.arboreum. 

 

The found sequence shows the presence of 3′poly (A) tail and polyadenylation signal 

CATAAT was found at -44bp upstream of poly (A) tail which is slightly different from 

AATAAT found in many plants. However this small variability in signal has been reported in 

many plants. 

 

CGACTGGAGCACGAGGACACTGACATGGACTGAAGGAGTAGAAAGTCGCAGAC

TAGCAAATTCTGTCTTGCCTGTAGTGAATGGGACTTCCCGAAAGGCTGGAAGGC

GCCCTATGACTTCAACTGCTGAGGTGCCTTCTTTAGGGTCATCTGCAGCGAACAA

AGAAACATGTTCTCTTCTGCTTCAGCAAGGTTTATGTCTTCTGAAAACTGCTGCC

AACGTGGTTGGGAGACCCGATTTCTTTGAAGGTCTTTCTCTTCAAAGAAAAGAAA

GTTTAAGTCAGAATCTGGAGCCTATATCCCGTATTCTGTCCAGAATGTATTTTCA

AGAGCAGGATAGATTCTTAGGATCTCCAAGGTTAAGCCACCCAATAATTTATGG

ATACTTAATATTCCTTATGTCAACAGAAATTGCTGCTCGGAGTGGAAAGACATAT

ATGGCCGCAAATTATACTCTTACTTCTTTGTATAAGGAATTAATCTTCTAGTGAAT

TTACATTTCCTTGTTGCAAGAGTTGTCCAGAACCTGAGCACTACAAATTCTCTTC

ATGCCCTCCAAAGATTTAGAGGTCTTCAACTATTTGCAGAGTCTATATGTTCTGG

GCTTGTCTTTGACAACCAACAGCACCACACATAACAAGAAGATAAGCTCCTTCG

TATCTTGAAGCATGATGATAAGGAAGCATTATATCCTGACATTCAATTATGGAAT

CGGCATCTCATCCTGTTCTTGCTCGTGACCTTCTCGTCACTGATTTGGGTTCTCTT

CTGTCTTCCCTGCCCATTTATCTCATGTGAGGAGTCTTGTCATCCTTGTGCATATT

TTCTATGTTGTCTCTGTGATTCAGGCTTTAGTTGTATGTTGTCAGAGGCATGGTTG

TAAGACCGATGGATTAGATTCCCATAACCGCCTAGTTACTGATATCTGTGGCATT

CTTGGAGAAACTGGTTGTGCTCACTGGTATTTTGTGTCAAATAATGTCGACCATT
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ATTGTGATATTAAAGATATGATTCGAAGATTGAGTTTCCCGTACTTACGGAGATG

TGCATTGTTGTGGAAGTTGCTTAAATCGTCTTCCTCAGCACCTTTCTGTGATAAAG

ATGATGTGTGGGAGTCATTTCATGTGACAACTGACATGATGGATACAATTGAAA

GTGCTTCAGTGGAGCTTAATGAAATAGAAGAACTAGAGAAGATGTTTAAGATTC

CTCCTATAGATGTTGTTCTTGAAGATGAAGTCGTACTATCATTTGCATTAAAATG

GTTTCATCACTTCAACAAGGTATATGAGACCTGCAGTTTCCGAAATGTTTTCTAC

TGCAATCCTGCGGTTCCTTTTAAGTTGATGAGCCTGCCTCATGTTTATCAAGACTT

ACTACAACAGGTATATAAGCAGTGTTGCCCTGACTGCAAAGCTGCGCTTGTTGAA

CCTGCATTATGCCTTTTGTGTGGTAGATTGTGCTCTCCAAGTTGGAAATCATGCTG

CAGGGAGAGTGGATGCATGGTTCATGCAATGAACTGTGGTGCTGGTATTGGTGT

ATTTCTGTTGATAAGGAGAACAACAATCCTACTGCAAAGATGTGCGCGTCAAGC

TCCTTGGCCTTCTCCATATTTGGATGCATTTGGTGAAGAGGATATTGAAATGCAT

AGAGGAAAACCGCTGTACTTGAACGAGGAACGTTATGCAGCTCTAACTTACATG

GTTGCTTCTCATGGCCTTGATCGGAGTTCGAAGGTTCTAGGCCAACCAACCATTG

GTACCTTTTTCATGGTTTAACTTGGTTTCATGTTAGTGGTGGTGGTTAAATCTTTG

GCTTCTTTCATATGTCTCCATCTTCTAGCAAGACATCAATTGCATAGAAACTGGTT

CTACAAAACTGAAGATTGCCAGTATCCTGAAATTATTGCAAACTAAGGATCTTGG

ACGGTGATGTCAGCATGTGGCGTTTTTGGCTTGACATACTGGTAATCAGATCTGT

TCAGTGGATTCAATGCTTTTTTTCCCCCTTATTTTTCTTTGTTCAGTTGTGTCTTTT

ACTTTTCTGTTAATGAATATTGATTCTTAGATCACTGTGTTTGACGGGAGAAATG

GTTTGGACGTAGTATTTTTCCTCATTATGGGCAAAGTGGAGCAATAGTTTCTGCT

GTTTTTATGGGTTTGTAACATGGCTGTGTACATAATAGCACATTTTCTCTCGAGAC

AACAATTCTTCCCTTTTTCTGGTT            
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4.4.3.2. Putative Protein of GaCer3 

The open reading frame (ORF) encodes a protein of 727 amino acids. Integral 

Prediction of protein location represent it as a membrane bound Extracellular (Secreted) 

protein with score 2.6 (ProtComp version 6.1 software on softberry server). 

 

DWSTRTLTWTEGVESRRLANSVLPVVNGTSRKAGRRPMTSTAEVPSLGSSAANKET

CSLLLQQGLCLLKTAANVVGRPDFFEGLSLQRKESLSQNLEPISRILSRMYFQEQDRF

LGSPRLSHPIIYGYLIFLMSTEIAARSGKTYMAANYTLTSLYKELIFIYISLLQELSRTA

LQILFMPSKDLEVFNYLQSLYVLGLSLTTNSTTHNKKISSFVSSMMIRKHYILTFNYGI

GISSCSCSPSRHFGFSSVFPAHLSHVRSLVILVHIFYVVSVIQALVVCCQRHGCKTDGL

DSHNRLVTDICGILGETGCAHWYFVSNNVDHYCDIKDMIRRLSFPYLRRCALLWKLL

KSSSSAPFCDKDDVWESFHVTTDMMDTIESASVELNEIEELEKMFKIPPIDVVLEDEV

VLSFALKWFHHFNKVYETCSFRNVFYCNPAVPFKLMSLPHVYQDLLQQVYKQCCP

DCKAALVEPALCLLCGRLCSPSWKSCCRESGCMVHAMNCGAGIGVFLLIRRTTILLQ

RCARQAPWPSPYLDAFGEEDIEMHRGKPLYLNEERYAALTYMVASHGLDRSSKVLG

QPTIGTFFLGFMLVVVVKSLASFICLHLLARHQLHRNWFYKTEDCQYPEIIANGSWT

VMSACGVFGLTYWSDLFSGFNAFFPPYFSLFSCVFYFSVNEYFLDHCVREKWFGRSI

FPHYGQSGAIVSAVFMGLHGCVHNSTFSLETTILPFFW 
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4.4.3.3. Multiple Sequence Alignment 

The deduced protein sequence of GaCer3 shares 61% homology with cer3 protein of 

Arabidopsis but this homology is predominant in the C terminal but the N terminal is very 

variable and shows a little homology. 

 

  

 Figure 4.11: Showing the Multiple Sequence alignment of GaCer3 with other homologous 
proteins and phylogram with branch length representing the average distance. 
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4.5. Characterization of identified Genes 

4.5.1. Characterization of GaAldp 
 

4.5.1. 1. Secondary structure of GaAldp 

GaAldp belongs to the plant fructose bisphosphate aldolase genes, but unfortunately 

structure of none of the plant aldolases has been predicted. By using bioinformatics tools we 

have predicted the secondary structure of GaAldp which consists of 36.2% of the Alpha 

helixes, 9.37% of extended strands and 54% random coils. 

 

 
 

 Figure 4.12: Secondary structure prediction of GaAldp showing the position and length of 
Alpha helices (h), extended strands (e) and random coils (c). 
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4.5.1.2. 3D structure of GaAldp 

 

3-dimensional structure of GaAldp was formed using 3D modeling software. The 

putative protein forms a barrel shaped structure with all the active sites facing the inner side 

of the barrel while helices forming the outer boundary of the barrel. The structure of the 

GaAldp is also similar to other mouse aldolases. 

 

 

 
 

Figure 4.13: 3D structure of GaAldp, green colour indicates the presence of active sites 
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4.5.1.3. Expression of GaAldp under different  treatments  in different 

tissues. 

 

Expression of GaAldp was determined by semi-quantitative (Figure )and real time RT 

PCR in leaf, stem and root tissues under the drought, salinity and ABA treatments and 

compared with the control maintained at similar conditions to minimize other sources of 

variability. The correlation coefficient and the efficiency calculated for real time experiment 

was 0.999 and 82.5% respectively (figure 4). GAPDH primers amplifying 180bp fragment 

were used as an internal control and normalization factor to calcultate the normalized 

expression (ddCt) of GaAldp transcript (150bp) fragment. The normalized expression profile 

as shown in figure 4 explain that GaAldp is expressed in all the leaf, stem and root tissues of 

the plant however the expression level is variable in different tissues and treatments. In leaf, 

4 and 5fold increase was observed under drought and ABA treatment respectively while in 

stem 20 and 48fold increase was reported under drought and ABA treatment respectively. 

250mM salt treatment did not affect the expression of GaAldp significantly in leaf but a 

slight increase in treated tissues as compared to control was observed. In stem 4 fold and in 

root 1.5 fold enhancements in transcript level under salinity were reported. Root GaAldp 

responded to drought differently and its expression was slightly decreased while ABA 

treatment resulted in .25 fold increase in accumulation of transcripts. A significant 

enhancement (1.8 fold) of root GaAldp was seen under salt treatment as compared to 

untreated roots. 
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Figure 4.14: Bar graph of gene expression of GalAldp in different tissues generated by 
quantitative PCR 
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Figure 4.15: Semi quantitative PCR showing the expression of GaAldp in 
the leaf tissue of the G.arboreum under various treatments. 
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4.5.1.4. Expression GaAldp in leaf tissues upon rewatering 

 

Expression of GaAldp was recorded after 24 hours upon restoring the water of the 

plant followed by a drought stress, and the normalized expression shows that the 

accumulation of the transcripts which was elevated in drought stress was lowered on 

rewatering significantly. The accumulation was even 2.4fold lower than observed in the 

control plants.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Bar chart showing the fold change in the expression of GaAldp in well 
watered, drought stressed and rewatered plant leaves. 



114 
 
 

 

4.5.2. Characterization of GaKcs1 

4.5.2.1.  Semi  quantitative  PCR  showing  the  expression  of  GaKcs1 

under different treatments 

 

Semi quantitative PCR shows that the expression of this gene is down regulated in 

drought, ABA and salinity treatment. This change in expression is more pronounced in 

salinity treatment. 

 

 

 
 

 

 

 

Figure 4.17: Transcript accumulation of GaKcs1 under drought, ABA 
and salinity treatment 
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4.5.2.2.  Expression  of  GaKcs1  under  drought  and  rewatered 

conditions 

 

Expression analysis of GaKcs1 from the plant under drought treatment and upon 

rewatering were conducted by real time PCR. The results clearly showed that the 

accumulation of GaKcs1 transcripts is hampered under drought stress and even restoring the 

normal irrigation doesn’t restore the transcript abundance observed in well irrigated plants.  

 

 
 

Figure 4.18: Bar chart showing the fold change in the expression of GaKcs1 in well 
watered, drought stressed and rewatered plant leaves. 
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4.5.2.3. Search for Introns in GaKcs1 

Same primers were used to amplify full length gene from cDNA and genomic DNA 

and the amplified product was resolved on Agarose gel. The bands amplified from both of 

the tamplates show exactly the same size (As shown in the figure), pointing towards the 

absence of introns in the gene sequence. This assumption was confirmed by sequencing the 

gene amplified from genomic DNA and aligning it with cDNA sequence. Both show 

complete overlap with 100% identity, thus confirming that GaKcs1 has no introns in it. 

 

 

 
 

 

 

 

 

 

 

Figure 4.19: Showing amplification of GaKcs1 gene, (Lane3 and 4) from genomic 
DNA and (lane 5 and 6) from cDNA using same pair of primers while (Lane 1 and 
7) show 1kb ladder from Fermentas. 
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4.5.3. Characterization of Ga Cer3 
 

4.5.3.1. Expression of GaCer3 under different treatments 

 

Expression of GaCer3 was analyzed under drought, ABA and salinity treatments 

using semi quantitative PCR to study its role and it was found that this gene is over-

expressed significantly under ABA stress and is down regulated in salt treatment. While 

under drought stress the difference was not considered significant between control and 

drought treatment. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Semi quantitative PCR showing expression of GaCer3 under 
drought, ABA and salt treatment as compared to control 
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4.5.3.2. Expression of GaCer3 by periodic drought stress treatment 

 

GaCer3 belongs to a family of genes which are involved in wax biosynthesis and wax 

biosynthesis is supposed to have differential production under different environmental 

conditions. Normalized expression of GaCer3 under drought and upon re-watering shows a 

gradual increase in the expression. 

 

 

 
 

 

 

 

 

 

Figure 4.21: Bar chart showing the fold change in the expression of GaCer3 
in well watered, drought stressed and rewatered plant leaves. 
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4.5.4. Heterologous Microarray Experiment 

4.5.4.1. Analysis of genomic DNA used for microarray by Bioanalyzer 

 

Genomic DNA extracted from G.arboreum and Arabidopsis was analyzed for quality 

check by Bioanalyzer using DNA 7500 series II chips and the results indicate towards the 

high molecular weight of genomic DNA with minimal amount of degradation. 

 

 
 

 

 

 

 

 

Figure 4.22: Gel summary generated by Bioanalyzer showing the quality of Arabidopsis 
genomic DNA (Lane 6 and 9) and G.arboreum genomic DNA (lane 10,11and 12).  



120 
 
 

 

4.5.4.2. Digestion and Shrimp Alkaline Phosphatase (SAP) treatment 

 

Genomic DNA of G. arboreum and Arabidopsis was converted to smaller fragments 

by Mse1 restriction endonuclease. Digested DNA was treated with SAP to remove terminal 

phosphate group. To ensure the complete digestion 5ul was resolved on 0.8% agarose gel 

along with undigested sample. 

 

 

 
 

 

   

Figure 4.23: Size distribution of fragments of genomic DNA after complete digestion with 

Mse1 restriction endonuclease and SAP treatment. 1kb ladder (A), 50ng of G.arborum 

genomic DNA (B), 50ng of digested G.arboreum genomic DNA (C), 250ng of Arabidopsis 

genomic DNA (D) and 250ng of digested  Arabidopsis genomic DNA. 

 

 

 A           B           C              D          E

2kbp 

250bp 
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4.5.4.3. Amplified Aminoallyl labeled RNA 

Both strands of genomic DNA were converted to aminoallyl labeled antisense 

amplified RNA using modified T7 polymerase based linear amplification method. 200ng of  

RNA was analyzed on Agilent Bioanalyser. This RNA corresponds to mRNA so ribosomal 

bands/ peaks are not visible and the broadness of the peak indicates towards the good quality 

of RNA. Higher concentration of RNA towards the lower end of the gel shows the high 

amount of smaller sized RNA which corresponds to smaller sized digestion fragments of 

genomic DNA. However presence of larger sized RNA population depicts the good quality 

of In Vitro Transcription (IVT) reaction.  

 
 

Figure 4.24: Electrophoresis image of Aminoallyl labeled RNA using bioanalyzer, Sample 1 

and Sample 2 belong to Arabidopsis and Sample 3 and Sample 4 belong to G. arboreum.  
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Sample 1 

 
Sample 2 

 
Sample 3 

 
Sample 4 

 
 

Figure 4.25: Bioanalyzer Electropherogram summary of four samples; Sample 1 and 2 

belong to Arabidopsis and sample 3 and 4 belong to G. arboreum. 
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4.5.4.4. Cy3 and Cy5 Dye Incorporation 

Arabidopsis aRNA was labeled with Cy3 monoreactive dye and G. arboreum aRNA 

was labeled with Cy5 monoreactive dye. Dye incorporation was measured by nanodrop. 

RNA labeled with Cy3 showed 11.8 ρmol/ul of dye incorporation. So the total dye 

incorporated was 236ρmols.  

 

 

 
 

 

 

 

 

 

 

 

Figure 4.26: Nanodrop reading showing incorporation of cy3 dye in Arabidopsis RNA. 
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Figure 4.27: Nanodrop reading showing incorporation of cy3 dye in Arabidopsis RNA. 
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4.5.4.5.  Optimization  of  labeled  target  quantity  and  quality  using 

Arabidopsis DNA 

Validity of target labeling method and quantity of labeled target required for complete 

covering of microarray which was optimized using Arabidopsis DNA as a positive control. 

Results indicate that 300Pmoles of labeled target was enough to cover all the spots, as almost 

all the spots highlighted using this amount.  

 

Figure 4.28: Microarray image showing hybridization of Arabidopsis DNA (labeled by T7 
linear amplification method) on Arabidopsis platform.  
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4.5.4.6. Double channel Heterologous Microarray 

Double channel hybridization experiment was performed to further access the 

suitability of T7 based linear amplification and labeling method for heterologous microarrays 

and the results show that this method is equally suitable for double channel experiments. 

 
 

 Figure 4.29. Two color heterologous microarray showing Arabidopsis( Cyanine 3 labelled ) 
and G.arboreum (Cyanine 5 labelled ) hybridized to Arabidopsis microarray platform  
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4.5.4.7. CrossFamily and InterClass Hybridization 

In double channel experiment, using A.thaliana microarray platform and labeled 

G.arboreum and A.thaliana genomic DNA targets, both median intensity plot and standard 

MA plot (log ratio of median intensities against average intensities) showed a slight deviation 

of intensity towards Arabidopsis. However known sequence homologues were found fairly in 

the middle of population while probes with less homology or difference in copy number were 

found to be spreading out of the population [figure 4.30]. 

 
Figure 4.30: Showing median intensity of A.thaliana (532) vs G.arboreum (635).                  

Show Sequence homologues between two texa. 
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Figure 4.31: MA plot for double channel experiment between A.thaliana (Cy3) and 

G.arboreum (Cy5) showing deviation from zero towards A.thaliana.     represent sequence 

homologues between two texa. 
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4.5.4.8. Hybridization percentage of Probes 

A.thaliana genomic DNA, labeled by the T7-based linear amplification method 

hybridized to A.thaliana oligonucleotide microarray platform with hybridization percentage 

of 75%. While G.arboreum labeled target hybridized at the rate of 35.68% to the same 

platform, (representing cross-family hybridization) and to the O.sativa platform at the rate of 

32.85% (representing inter-class hybridization) [figure 1]. Closely looking at all the probes 

which hybridized significantly, it was found that CGH type probes showed higher percentage 

of hybridization. Moreover the probes which show sequence homology to Gossypium 

database had higher percentage of hybridization in both A.thaliana and O.sativa platforms.  
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Figure 4.32: Bar chart showing hybridization percentage of different types of probes.    %age 

of all probes      %age of CGH type probes       %age of homologous probes 
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4.5.4.9. Aligning of Probe sequences against Gossypium database 

 

Out of A.thaliana 25886 Probe sequences 16784 (64%) non redundant sequences 

showed 18-69 base pair homology with Gossypium core nucleotide/EST database. While in 

case of O.sativa probe sequences 44.58% found blast hits in Gossypium Core nucleotide/EST 

database with the minimum homology of 18 base pair. So inter- class sequence homology is 

20% less than inter-family homology.  

Out of average probe length of 70 base pairs, continuous homology of 17 base pair 

fragment (just 24.3% of the total probe length) was found to be sufficient to allow 

hybridization and ultimately generate high Median intensity both in cross-family and cross-

class experiments. Some spots with high homology value resulted in poor intensity indicating 

towards the low copy number of target genes [table 4.3].  

 

Table 4.3: Showing the relationship among hybridization intensities and homology of the 
probes.  
 

Locus ID Mean Intensity Blast 

E_value 

Bp identity 

among sequences 

Gossypium 

Accession ID 

At4g14960 544.065 4E-30 66/66 AF106569.1 

At1g03457 505.2814 6E-23 66/70 DT469083.1 

At1g42430 517.9816 2E-22 62/65 CO115390.1 

At3g54010 714.2549 2E-22 62/66 DT465613.1 

At1g20260 580.8264 6E-20 62/65 U07053.1 

At4g02890 501.3545 9E-19 62/64 AI728086.1 

At3g54840 582.2766 9E-19 62/64 DW225663.1 

At4g33510 501.8196 4E-18 48/51 ES795226.1 

At5g06240 507.8741 4E-18 48/52 DR453539.1 
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At2g29630 520.2927 4E-18 48/51 CO070289.1 

At4g01100 546.7749 4E-18 48/52 BQ407797.1 

At1g02816 65531.71 0.73 17/17 CO088636.1 

At1g04350 65531.71 0.73 17/17 AC187206.2 

At1g40125 65531.71 0.73 17/17 AW727743.1 

At1g44080 65531.71 0.73 17/17 BE052076.2 

At1g48990 65531.71 0.73 17/17 DT559644.1 

At4g09490 65531.71 0.73 17/17 AC188139.2 

At4g16080 65531.71 0.73 17/17 DQ345959.1 

At4g17710 65531.71 0.73 17/17 ES815352.1 

At5g16770 65531.71 0.73 17/17 AC197194.1 

At5g17060 65531.71 0.73 17/17 BF271544.2 

At5g24790 65531.71 0.73 17/17 DT551003.1 

At5g27400 65531.71 0.73 17/17 AC193349.1 

At5g44680 65531.71 0.73 17/17 ES812768.1 

At5g45100 65531.71 0.73 17/17 BF271571.1 

At5g62220 65531.71 0.73 17/17 AJ513020.1 

At5g64400 65531.71 0.73 17/17 CO116754.1 

At5g66620 65531.71 0.73 17/17 AC202824.1 

LOC_Os05g44360.1 3404.254 5E-11 56/62 DW479134.1 

LOC_Os04g54640.1 3420.932 1E-07 58/62 CO073035.1 

LOC_Os03g03690.1 3418.392 2E-07 58/61 AI730906.1 

LOC_Os03g16690.1 3414.955 5E-08 52/59 AW587484.1 

LOC_Os02g56960.1 3409.302 1E-11 56/63 DT555150.1 

LOC_Os01g39030.1 63741.01 0.73 17/17 DT467895.1 

LOC_Os12g31860.1 64247.09 0.73 17/17 AC183925.2 

LOC_Os12g41850.1 64346.21 0.73 17/17 ES838019.1 

LOC_Os02g51620.1 65159.76 0.73 17/17 CO075927.1 
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LOC_Os08g39440.1 65255.39 0.73 17/17 AC187483.3 

LOC_Os01g03530.1 65391.95 0.73 17/17 ES847147.1 

LOC_Os01g36070.1 65391.95 0.73 17/17 CO087280.1 

LOC_Os02g12260.1 65391.95 0.73 17/17 EV483992.1 

LOC_Os02g54540.1 65391.95 0.73 17/17 CD485698.1 

LOC_Os04g37540.1 65391.95 0.73 17/17 ES807262.1 

LOC_Os10g39920.1 65391.95 0.73 17/17 DT466557.1 

LOC_Os06g42120.1 65391.95 0.73 17/17 CO084560.1 

LOC_Os05g45240.1 65391.95 0.73 17/17 CO116138.1 

LOC_Os12g14320.1 65391.95 0.73 17/17 BF272027.1 
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4.5.4.10. Functional categorization of hybridized genes 

In the hybridization of G.arboreum to A.thaliana platform 9562 genes showed a 

significant level of hybridization to labeled targets. While in case of O.sativa platform 6402 

genes showed significant hybridization / homology to G.arboreum. The functional annotation 

and subsequent categorization of these probes showed that they represent plant 

developmental processes, macromolecule biosynthetic processes, transport, cell organization 

and biogenesis, cell cycle and regulatory mechanism.   

 

Table 4.4: Functional categorization of probes of A.thaliana significantly hybridized to 
G.arboreum genomic DNA. 

Functional Category 

 Annotation 

Count  Gene Count 

  Cellular Component 

 unknown cellular components 2757 2757 

 other cellular components 1424 1419 

 other membranes 1316 1170 

 other intracellular components 1289 1071 

 other cytoplasmic components 911 751 

 chloroplast 882 821 

 nucleus 858 788 

 mitochondria 415 353 

 plastid 308 239 

 ribosome 218 166 

 cytosol 166 152 

 plasma membrane 154 153 

 ER 124 119 

 Golgi apparatus 87 82 

 cell wall 86 85 
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 extracellular 69 69 

 

 

 Molecular Function 

 unknown molecular functions 3191 3191 

 other enzyme activity 1040 930 

 other binding 1002 953 

 hydrolase activity 948 844 

 transferase activity 884 680 

 protein binding 821 775 

 transporter activity 731 505 

 DNA or RNA binding 664 635 

 transcription factor activity 633 633 

 kinase activity 558 439 

 nucleotide binding 368 344 

 other molecular functions 297 283 

 structural molecule activity 241 240 

 nucleic acid binding 217 214 

 receptor binding or activity 79 76 

  Biological Process 

 other metabolic processes 3571 3032 

 unknown biological processes 3550 3550 

 other cellular processes 3482 2838 

 protein metabolism 1284 1188 

 transport 842 685 

 response to stress 764 550 

 developmental processes 715 481 

 response to abiotic or biotic stimulus 704 481 
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 transcription 650 624 

 cell organization and biogenesis 617 507 

 other biological processes 528 351 

 signal transduction 329 289 

 electron transport or energy 

 pathways 286 274 

 DNA or RNA metabolism 105 87 
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Table 4.5. Oryza sativa genes significantly homologous to Gossypium arboreum genes. 

Functional category Gene Count 

Cellular Component 

unknown cellular component 118 

cytoplasm 1008 

cytoskeleton 268 

Other cellular components 208 

extracellular region 95 

intracellular 240 

membrane 1507 

mitochondrion 1298 

nucleolus 221 

thylakoid 315 

plasma membrane 313 

plastid 438 

nucleus 1183 

cell wall 809 

Molecular Function 

binding 680 

carbohydrate or lipid binding 415 

catalytic activity 974 

other enzyme activity 304 

hydrolase activity 1069 

kinase activity 802 

molecular function 515 

nucleic acid binding 1873 

oxygen binding 162 

protein binding 980 
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signal transducer activity 149 

structural molecule activity 251 

transcription factor activity 689 

transcription regulator activity 164 

transferase activity 703 

transporter activity 492 

Biological Process 

unknown function 7172 

biological process 637 

biosynthetic process 512 

carbohydrate metabolic process 202 

cellular process 1757 

DNA metabolic process 349 

Plant developmental processes 923 

metabolic process 1730 

physiological process 955 

protein metabolism 1327 

response to biotic or abiotic stimulus 2693 

response to stress 758 

signal transduction 914 

transcription and translation 714 

transport 487 
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4.5.4.11. Distribution of various categories in significantly hybridized 

genes 

Genes involved in regulatory metabolism form 16% of the total hybridized genes in 

A.thaliana and 26% in O.sativa.  4% in both species were involved in response to stress, 2% 

in A.thaliana and 4% in O.sativa in signal transduction and 4% and 13% in response to biotic 

and abiotic stimulus in A.thaliana and O.sativa respectively [Figure 4.33&4.34].  

 
 

Figure 4.33: Showing functional categorization of the significantly hybrized probes in a 

cross-family hybridization between A.thaliana and G.arboreum. 
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Figure 4.34: Showing functional categorization of the significantly hybrized probes in a 

cross-family hybridization between O.sativa and G.arboreum. 
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4.5.4.12.  Stress  Genes  of  Arabidopsis  Showing  homology  to 

G.arboreum. 

Mapman visualization [figure 5] shows further categorization of abiotic stress genes 

into 66 heat stress, 21 cold stress, 22 salt/drought stress and 10 light/touch stress genes. 

 
 

Figure 4.35: Mapman cellular response overview representing A.thalian probes hybridized 

to G.arboreum targes. 
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4.5.4.13.  Overview  of  Arabidopsis  probes  showing  homology  to 

G.arboreum genes. 

 

173 cell wall metabolic genes showed significant hybridization [figure 6]. They 

included families of cellulose, hemicellulose, raffinose and glucan synthases along with 

different types of cell wall proteins. 

 

 
Figure 4.36: Mapman metabolism overview representing A.thalian probes hybridized to 

G.arboreum targes. 
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4.5.4.14. Conserved genes among rice, Gossypium and Arabidopsis 

 

Out of 16189 Gossypium sequences which showed homology to O.sativa probes, 

1795 (11%) were found to be conserved among three texa based on sequence homology 

[Table.3]. Functional annotation available for these A.thaliana and O.sativa probes show 

identity for most of them and a close homology where identity is not present.  For most of the 

conserved genes of Gossypium annotation is not found (due to limitation of data on this 

particular genus), however where it is present it shows homology to the other two texa.  

 

Table 4.6: Showing the gene IDs of the conserved genes among Arbidopsis, G.arboreum and 

Oryza. 

Rice Oligo ID Gossypium Accession Number Arabidopsis Locus ID 

TR069457 DQ402076.1 At1g13200 

TR039016 BE053155.2 At5g38890 

TR033546 AI726548.1 At3g14600 

TR041206 BQ411223.1 At5g60080 

TR042861 DT468316.1 At1g06520 

TR040871 CO092354.1 At1g67980 

TR064416 BG444280.1 At2g18290 

TR043543 DT567099.1 At3g55870 

TR042298 CO070964.1 At4g26370 

TR070545 CO121685.1 At4g25500 

TR071704 CO088984.1 At4g17300 

TR073295 DW242450.1 At2g07698 

TR040903 AI731370.1 At1g09130 

TR032461 DT551451.1 At4g01200 

TR031217 AI730344.1 At1g66410 

TR042728 DT459912.1 At1g02410 
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TR043130 DW227327.1 At4g37830 

TR038870 AI727758.1 At4g30910 

TR046278 CO070473.1 At1g03360 

TR036309 DT465095.1 At3g58530 

TR073160 CO071470.1 At4g38970 

TR034966 BQ404281.1 At2g13440 

TR038459 BM359647.1 At3g17820 

TR070780 EU223825.1 At5g37600 

TR040198 CO129523.1 At2g44560 

TR043141 CK640592.1 At1g75210 

TR039928 DT551695.1 At2g28370 

TR056211 CO079788.1 At1g02100 

TR042583 AI725892.1 At1g03150 

TR030135 CO091533.1 At1g15110 

TR036785 AI729358.1 At2g07340 

TR043430 BQ406956.1 At5g12190 

TR066455 DT548743.1 At4g03100 

TR069989 CO104061.1 At3g53780 

TR050746 DT455709.1 At5g24440 

TR052650 AI730499.1 At2g25110 

TR035747 CO120814.1 At4g22130 

TR055108 CA993806.1 At1g22700 

TR030311 CO098392.1 At2g44920 

TR031532 CO492370.1 At1g02680 

TR073144 BM358658.1 At3g45180 

TR033262 U07052.1 At4g38510 

TR042640 CO089234.1 At1g18470 

TR041960 DQ908517.1 At2g38185 
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4.5.5. Double Channel heterologous Expression Microarray 

After the validation of suitability of Arabidopsis thaliana platform for drought study 
and selection of the homologous genes between two texa, double channel heterologous 
expression array experiment was performed. In this experiment as expected from the results 
of CGH heterologous experiment results (figure 4.32) only 35.7% of the probes were 
expected to hybridize significantly, so hybridization ratio was low as compared to the 
homologous expression arrays (Figure: 4.37 ).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.37. Double channel microarray where control sample is labeled with 
Cyanine-3 and drought treated sample is labeled with Cyanine-5 
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4.5.5.1. Functional Categorization of differentially expressed genes. 

Numerical data was extracted from microarray images by Agilent Feature extraction 
software. After filtering the bad and not hybridized spots, Data was normalized between 
arrays and within arrays. Two way ANOVA was applied to find out the differentially 
expressed genes with the False Discovery Rate (FDR) of 0.05. As a result 203 genes were 
found with the P.value of less than e-4. This list was divided into three major categories on 
the basis of functional annotation which are Regulatory Proteins (Table 4.7), Functional 
Proteins (Table 4.8) and proteins of unknown ontology. 

 

 Figure 4.38: Pie Chart showing major categories of the upregulated genes under drought 
stress. 
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Table 4.7: Showing the functional categorization of Regulatory Proteins into sub categories 
along with gene symbol, locus ID and description. 

Regulatory Proteins 
Signal Transduction Proteins 
  Gene Symbol Locus ID Description 
  LRR  At1g72180 Lucin Rich Repeat Protein Kinase 
  CAM6 At5g21274 Calcium ion binding Calmodulin 6 
  RabGAP/TBC At4g13730 RabGAP/TBC domain containing 

protein 
  ROPGEF7 At5g02010 Rho guanyl-nucleotide exchange factor 

(Kinase partner protein like)  
  CCR-Like At3g26740 Carcadian Clock Regulator like 
  Other At1g08700 Presenilin like protein 
Transcription factors 
  MYB At3g11440,   At5g61420 Myb domain containing proteins 
  WRKY At1g29280 WRKY DNA binding protien 65 
  bZIP At1g42990 Basic Lucin Zipper Motif containing 

protein 
  GR-RBP At3g07560, At4g13850, 

At4g39260, At3g23830, At5g04280 
Glycin Rich RNA binding proteins 

  MAP2A At3g51800 Metalloperoxidase nuclear DNA 
binding protein 

  CSDP1 At1g75560 Cold Shock Domain containg protein 
  EIN3 At2g27050 Ethylene Insensitive 3 protein 
  AP2 At5g43410 AP2 domain containing Ethylene 

responsive factor 
  HAP2C At1g72830 Heme activator protein 
  LBD27 At3g47870 Lateral Organ Boundries domain 

containg protein 
  Others At1g11850 Hypothetical transcription factor 
Small Nuclear Proteins 
  snRNP-E At2g18740 Small Nuclear ribonucleo protein E 
  snRNP At1g20580 Small Nuclear ribonucleo  Core protein 
Chromatin structure 
  RAD21 At5g16270 Similar to Cohesin like protein 
  H2B At5g59910 Similar to Histone H2B 
Protein Kinases 
  CDPK At1g14590 Calcium dependant Protein kinase 
  CK1 At1g72710 Casein kinase 1 localized to the 

cytoplasm and nucleus 
  APK1 At2g07180 Arabidopsis thaliana Protein kinase 
  Other At3g10880, At2g24990 Tyrosine protein kinase and unknown 
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Protein kinase 
Protein Phosphatases 
  F-Box At5g60570 kelch repeat-containing F-box family 

protein  
  PP2A At2g42500  protein phosphatase type 2A/ protein 
 

Table 4.8: Showing the functional categorization of functional Proteins into sub categories 
along with gene symbol, locus ID and description. 

Functional Proteins 
Membrane Proteins 
  Gene Symbol Locus ID Description 
  LRX2 At4g13340 Lucin Rich extensin 

Proteins 
  PRX At5g06630, At1g70990, At5g26080, 

At4g19200, At3g22070, At3g49300, 
At1g26240, At4g08400, At4g8410     

Proline Rich Extensin 
proteins 

  HRGP At4g11430 Hydroxyproline rich 
glycoprotein 

  Other  At1g28290 Other extensin proteins 
Transporters 
  Cellular transporters  
  TUB2 At5g62690 Tubulin beta 2 protein 
  SHM2 At5g26780 Serine Hydroxymethyl 

transferase 2 
  Glycosyl transferase At1g05570, At2g15390 Glycosyl transferases 
  Others At4g25590 Actin binding protein 
Detoxification Enzymes  
  MBP2 At1g52030 Myrosinase binding 

protein 2  
  heavy metal At1g01490 Heavy metal associated 

domain containing 
  ZAT At2g46800 Zinc ion transporter 
  CYP71B At3g26330 Oxygen binding 

cytochrome p450 
Redox Prteins 
  TRX1 At3g51030 Thioredoxin H-type 1 
  APX4 At4g09010 Ascorbate Peroxidase 4 
  Glutaredoxin At1g32760 Glutaredoxin protein 
  YLS8 At5g08290 Yellow leaf specific gene 

8  
  Ferridoxin At4g26620 Succarase related 
  SOUL At5g20140 Heme binding protein 
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Osmoprotanctant Synthases 
  PRK, RCA, aldolase At1g32060, At2g39730, At2g01140 Calvin Cycle enzymes 

(Sugar synthesis) 
Stress responsive proteins 
  Drought Stress related At2g39750, At3g52590 Early response to 

dehydration proteins 
  Oxidative Stress 

Protien 
At5g63310 Nucleoside diphosphate 

kinase 2 
  Diseaes Resistance At5g60600 Dimethylallyl 

diphosphate (DMAPP) 
synthase 

  Senescence protein At1g29850, At3g48140 Senescence associated 
proteins 

  HSPs At2g04030, At4g36040, At5g09590, 
At5g56030, At5g02500 

Heat Shock Proteins 

  Stress signal receptor At1g65390 Transmembrane receptor 
Wax biosynthesis 
  Lipid metabolism At1g31812 Acyl CoA binding 

protein 
  extracellular transport At2g01320 ABC transporter family 

protein 
  regulatory protein At5g02310 Cer3 involved in the 

release of fatty acids 
from elongase 
complexes 

Cell Cycle Proteins 
  CDK inhibitor At3g19150 Cyclin dependant kinase 

inhibitor 
  ARF GTPase At1g10630 ADP ribosylation factor 
  CYP2 At2g21130 Cyclophilin rotamase 
Mitochondrial electron transport Chain 
  Energy Production At2g07689, At2g07687, At2g07698, 

At2g07671, At4g01100 
ATP synthases 

 Degradation Proteins At2g45240, At1g65350, At1g55060, 
At4g02890, At4g05320, At2g36060, 
At5g10370, At5g41440, At1g20790, 
At4g10925, At5g09900, At5g23540 

Ubiquitin proteins 
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4.5.6. Overview of expression of other genes in GaAldp Metabolic 

Pathway under drought stress 

GaAldp is a Calvin cycle enzyme which we found to be upregulated under drought 

stress in our results using single gene approach (figure ). In order to look at the behaviour of 

other enzymes of Calvin cycle we maped our differentially expressed genes from expression 

array results and found that along with GaAldp two other enzymes (Phosphoribulokinase and 

Rubisco Activase) which provide the sbstrate to the Fructose bisphosphate aldolase (GaAldp 

are also upregulated.  

 

 

 
 

 

 

Figure 4.39: Calvin cycle showing upregulated gene maped on the metabolic pathway. Red 
colored dots indicate genes which are overexpressed under drought stress as compared to 
the control. 
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4.5.7. Overview of wax biosynthesis pathway under drought stress 

In our previous experiments using single gene approach we found that GaCer3 is 

upregulated under drought stress. Expression array results show that not only GaCer3 gene is 

upregulated under drought stress but two more genes which are involved in wax biosynthesis 

are also upregulated. One of them is Acyl CoA binding protein (At1g31812) and the 

upregulateion of which is supposed to enhance the Acyl CoA pool required for the precursors 

of wax biosynthesis (very long chanin fatty acids)  while the other gene which is upregulated 

is Adenosine triphosphate Binding Cassette (ABC transporter) which is involved in the 

transport of wax to the cuticle. While Cer3 which plays a regulatory role in wax biosynthesis 

by removing fattyacids from elongase complexes. 

The upregulation of these three key genes under drought stress clearly indicates 

towards the influx and flow of the metabolic pathway towards enhancement of wax 

biosynthesis under drought stress. 
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DISCUSSION 

Molecular investigation of many interesting phenomena in plants has been prevented 

by difficulties extracting high quality RNA from tissues containing high levels of phenolic 

compounds, carbohydrates, and other unidentified compounds. Phenolic compounds are 

readily oxidized to form covalently linked quinones (Loomis, 1974), and avidly bind nucleic 

acids. This renders RNA unstable for such fundamental procedures as reverse transcription 

and cDNA library construction. Commonly used RNA isolation method such as guanidine-

HCl based extraction method (Logemann et al; Dolferus et al, 1994) and a commercial kit 

(Qiagen RNeasy plant mini kit) resulted in very low yield of RNA. The method developed by 

Pine Needles (CTAB method, Chang et al; 1993) produced a better yield but the integrity of 

RNA remain unsatisfactory. Another method established for isolation of high quality RNA 

from bilberry (Vaccinium myrtillus) fruit produced good quality RNA but the yield of RNA 

was significantly low (≤ 20μg / g of leaf tissue) and was even lower in stem and root tissues. 

The RNA isolated using this method proved to be biologically active during reverse 

transcription experiments. This method, thereafter, has been routinely used to isolate RNA 

for preparing high quality cDNA. 

Total RNA was isolated from fresh leaves of stressed and irrigated cotton. Samples 

were run 1% agarose and visualized under UV light, two distinct bands of ribosomal RNA 

(i.e.28S and 18S) were observed clearly and the ratio of the intensity of both bands higher 

than 1 confirmed the integrity of total RNA (Fig. 4.1). Moreover for microarray experiments 

the quality of RNA was checked with Agilent bioanalyzer and the samples with RNA 

integrity number (RIN) more than 5 were selected for the labeling with Cyanine-3 and 

Cyanine-5.  

First strand cDNA was synthesized on mRNA templates by the action of reverse 

transcriptase. The cDNA was then subjected to PCR for amplification using gene specific 

primers from Arabidopsis and Oryza genes. Annealing temperature, concentration of MgCl2 
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and thermocycler conditions were optimized for different sets of primers. Each of the pair of 

primers successfully amplified a product which were purified and sequenced. To reduce the 

possibility of non-specific products, an indirect method was adopted for designing primers 

which included aligning of the gene of interest from another species with the Gossypium EST 

database and primers were designed from the corresponding Gossypium EST instead of the 

gene from other species. This approach was found to be extremely successful to produce 

gene specific products. 

Sequencing results confirmed that 4 out of 14 genes showed significant homology 

with wax genes of plants. CEMBU05 shows homology to the CER3 gene of Arabidopsis 

thaliana with the E-value of 2e-106 and bitscore of 389. CER3 gene is a member of 

Eceriferum gene family and members of this family play a regulatory role in epicuticular wax 

biosynthesis in Arabidopsis thaliana. These are involved in ubiquitin protein ligase activity 

and catalyze the mediation of substrate recognition in ubiquitin-mediated protein 

degradation. It demonstrates putative involvement of this gene in the release of fatty acids 

from elongase complexes. Cembu11 shows homology with ketoacyl-CoA synthase gene with 

the E-value of 9e-74 and bitscore of 274. Ketoacyl-CoA synthase is another gene which 

encodes an enzyme involved in condensation of Melonyl CoA into very long chain fatty 

acids. Cembu10 shows homology with another 3-ketoacyl Co-A synthase gene (Cut1). Cut1 

is a condensing enzyme which is involved in the condensation of C24 in to very long chain 

fatty acids (VLCFA). Cembu09 shows homology with another gene involved in wax 

biosynthesis, i.e. acetyl Co-A oxidase with the E-value of 1e-06 and bitscore of 58.3. 

Three other important EST’s were found which could play important role in drought 

tolerance; i.e. Cembu01, CEMBU13 and CEMBU14. NCBI conserved domain search shows 

that Cembu01 contains the N-terminus of a conserved domain of FBP aldolase 1 and shows 

homology with Fructose bisphosphate aldolase gene of plants with E.value of 2e-46 and 

bitscore of 186. Fructose-1, 6 bisphosphate (FBP) aldolase is a key enzyme in cellular 

metabolism, catalyzing the reversible aldol condensation/cleavage reaction between 
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glyceraldehydes 3-phosphate and di-hydroxy-acetone phosphate to yield FBP. It is involved 

in multiple pathways including glycolysis, gluconeogenesis and the Calvin cycle. It has been 

reported that a moderate decrease of plastid aldolase activity inhibits photosynthesis, alters 

the level of sugars and starch and inhibits growth of potato plants (Haake et al., 1998). 

Chlorplastic FBP aldolase gene is differentially expressed under temperature stress (Michelis 

and Gepstein 2000) and salt- stress (Zorb et al 2004). It has been established that many plants 

accumulate compatible osmolytes, such as proline, Glyceine, betaine, or sugars under 

osmotic stress (Delauney and verma, 1993; Delauney et al., 1993) which can serve as a 

mechanism for water conservation by closing the stomata. Moreover increased amount of 

sugars and other solutes in plant tissues increase the osmotic potential which helps the roots 

to absorb greater amounts of water from the soil. 

Cembu13 showed homology with Cyclin like F-box protein of Medicago and EIN3 

binding F-box protein of Arabidopsis thaliana with the E-value of 6e-51 and 204 bitscore. 

This F-box protein belongs to a Leucine-rich repeats (LRRs), ribonuclease inhibitor (RI)-like 

subfamily. LRRs are 20-29 residue sequence motifs present in many proteins that participate 

in protein-protein interactions and have different functions and cellular locations. 

Arabidopsis EIN3 protein is a key transcription factor mediating ethylene regulated gene 

expression. Cembu14 shows homology with Fuccicosin proteins with the E-value of 3e-28 

and bitscore of 106. 14-3-3 proteins are involved in growth factor signalling and regulation 

of nitrate reductase. In plants they are associated with a complex that binds to the proteins 

function as regulators of a wide range of target proteins that are involved in responses to 

abiotic and biotic stresses, by regulating target proteins with functions of either signaling or 

transcription activation or defense. For example, the tobacco 14-3-3 is induced in the 

perception of the salt stresses and two Arabidopsis 14-3-3 genes, RCI1/RCI1A and 

RCI2/RCI1B, are regulated during cold acclimation.  

Three ESTs selected for full length study included a homologue of fructose 

bisphosphate aldolase (Cembu01) and two homologues of wax biosynthesis genes (Cembu05 
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and Cembu10).  The Full length cDNA sequences of these genes identified by RACE PCR 

were assigned names related to their homology. For example homologue of Fructose 

bisphosphate aldolase in G. arboreum was assigned name “GaAldp” where “Ga” corresponds 

to G.arboreum and “Aldp” corresponds to aldolase phosphate. Similarly Cemu05 being 

homologue of CER3 genes was assigned the name of “GaCer3” and Cemu10 ( homologue of 

Kcs1 gene) as GaKcs1.  

 Plastidic Fructose bisphosphate aldolase is a Calvin cycle enzyme which catalyses 

the reversible conversion of glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone 

phosphate (DHAP) to yield fructose bisphosphate aldolase (FBP). A conserved sequence 

motif, characteristic for fructose-bisphosphate aldolase class-I active site (Pattern: [LIVM]-x-

[LIVMFYW]-E-G-x-[LS]-L-K-P-[SN], Prosite: PS00158), was identified in GaAldp. This 

motif i,e VMFQGILLKPS is located between 257-267 amino acids (figure 2). The Lysine 

(K) that forms schiff base with the substrate is found at position 265 of GaAldp. Glutamic 

acid (E) which is part of active site and has role in mediating proton transfer and electrostatic 

stabilization of ketamine intermediates (Maurady et al., 2002). This conserved residue is 

located at position 223 in GaAldp (Figure: 2). The protein shows 76-88 % homology with 

class 1 aldolases. However N-terminus of this protein is quite different from other class 1 

FBP aldolases (Figure: 3). It shows only 63-77% homology with chloroplastic Transit 

peptides of other known homologues. These preproteins are expressed in the cytosol as 

precursors containing N-terminus transit peptides which help in their transport to chloroplast 

(Heijne, 1998) or other plant organelles. In GaAldp, TP consists of 45 amino acids and is 

absent in the cytosolic isozymes of various plant aldolases (Figure.2).  The structure of this 

transit peptide mainly consists of random coils with intermittent small beta sheets. Previously 

it was suggested that all the pre-proteins targeted to the chloroplast contain coil-helix or 

helix-coil motif in their TP (Krimm, 1999). So our results suggest that like the sequence of 

TP the structure of TP is also unique for every protein, even for those targeted to the same 

organelle. Previously homologues of this gene have been isolated from several plants 

including maize (Kelley and Tolan, 1986), rice (Hidaka et al., 1990) and spinach (Pelzer-



156 
 
 

 

Reith et al., 1993) but this is the first report showing the sequence of this gene in cotton. The 

394 amino acid ORF of GaAldp is followed by a 3´UTR of 151bp including the poly (A) tail. 

Twelve bases upstream of the poly (A) stretch there is an AATAAT signal (figure 1) which 

differs slightly from the common polyadenylation signal of AATAAA usually found 6-26bp 

upstream from the poly (A) tail (Hunt et al., 1987). 

The plant responses to water deficit include both deleterious effects and adaptive 

changes (Chaves et al., 2002; Zhu, 2002) that decide the tolerance or sensitivity of a plant to 

cope with environmental stresses. Water loss from plant tissues under drought conditions 

results in growth inhibition and in a number of other metabolic and physiological changes. 

These include abscisic acid (ABA) accumulation, stomatal closure, changes in leaf water 

potential, the decreased photosynthesis and solute accumulation. Quantitative and semi 

quantitative PCR results (figure 3 and 4) show that the expression of GaAldp is up-regulated 

by drought and exogenous treatment of 200µM abscisic acid (ABA) in leaf, stem and root 

tissues of the plant. ABA is a growth hormone which is known to accumulate in plants when 

they are subjected to abiotic stresses such as drought, salinity and high or low temperatures 

and mediate the process of adaptation to cope with the adverse environmental conditions 

(Xiong et al., 2002). Response of GaAldp to exogenous ABA and drought treatments 

suggests that it is upregulated in drought stress through ABA dependant pathway. ABA is 

accumulated in response to drought stress and ultimately mediates GaAldp accumulation.  

Drought stress causes an increase in solute concentration in the environment, leading 

to an osmotic flow of water out of plant cells. This in turn causes the solute concentration 

inside plant cells to increase, thus lowering water potential and disrupting membranes along 

with essential processes like photosynthesis. These drought-stressed plants consequently 

exhibit poor growth and yield. In worst case scenarios, the plants completely die. GaAldp 

which is involved in the biosynthesis of sucrose (glucogenesis) can increase the amount of 

solutes in the plant tissue and thus increase the water potential which ultimately help plant to 

retain its water and absorb maximum available water from the soil. When the water is 

restored and plant has absorbed enough water from the soil required for its production, 
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GaAldp rolls back its accumulation (as shown in figure 4.16) resulting in less solute 

concentration and lower water potential which ultimately reduces the uptake of excess water. 

 

 

 FBP aldolase is a key enzyme in photosynthesis and a slight change in plastid 

aldolase activity significantly alters the level of sugars and starch (Haake et al., 1998). Zorb 

et al. 2006 have isolated a FBP aldolase which is induced under salt stress but did not study 

the effect of drought stress on this enzyme. Previously Lin et al. (2003) found a fructose-

bisphosphate aldolase (CA125940), induced by ABA in rice and sugarcane which share a 

430bp region with GaAldp and this region could be involved in ABA metabolism. We 

establish here that GaAldp is regulated differently in different environmental conditions and 

ABA treatment. 

Microarray results support this experiment and we found three enzymes of Calvin 

Cycle including GaAldp which are upregulated under drought stress and maintain the flow of 

Calvin cycle in one direction which results in the formation of sugars which have been 

reported to be involved in the osmoprotection of plants in low water situations. 

Figure5.1: Graphical presentation of proposed role of 
GaAldp in drought tolerance. 
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Bondada et al.(1996) studied the effect of water stress on the epicuticular wax 

composition and ultrastmcture of cotton (Gossypium hirsutum L.) leaf, bract, and boll and 

established that both the accumulation and composition of epicuticular waxes differ 

significantly in well watered and water stressed tissues of the cotton. Uptill now 21 genes 

have been identified which play a role in wax biosynthesis and one of them is Eceriferum 3 

(CER3) identified by Hannoufa et al. (1996), a key component of the decarbonylation 

pathway of wax biosynthesis in Arabidopsis and encodes a protein of unknown function 

required for the production of ∼80% of wax in Arabidopsis stems (Chen et al., 2003; Kurata 

et al., 2003). Mutants of CER3 are characterized by large reductions in products of the 

decarbonylation pathway with a corresponding increase in C30 primary alcohols. CER3 was 

found to encode a putative integral membrane protein containing motifs indicative of a lipid 

metabolic protein. Despite the fact that improved cuticle of plants can address the issue of 

environmental stresses very well and CER3 is the key gene for it, a little information is 

available about this gene. Only recently Hooker et al (2007) has established that CER7 

promotes the expression of CER3/WAX2/YRE. Since CER7 is a ribonuclease, it probably acts 

indirectly by degrading the transcript of a CER3/WAX2/YRE repressor. We have identified 

and sequenced a homologue of Arabidopsis CER3 gene in G. arboreum which is over 

expressed under drought stress and ABA treatment (Figure 4.20) and the expression is further 

increased on rewatering.  Previously it has been established that periodic events of water 

deficit stress result in the pronounced increase of wax production and the pattern of 

expression of GaCer3 confirms the previous assumption that CER3 is the major player in 

wax biosynthesis pathway. Over expression of GaCer3 under ABA treatment indicates that 

this gene is regulated by an ABA dependant pathway but the mechanism is unknown.  

Microarray experiment results show that under drought stress conditions not only the 

expression of GaCer3 is increased but a homologue of acyl CoA binding protein 

(At1g31812) is also 50fold upregulated. Acyl-CoA-binding protein (ACBP) is a small (10 

Kd) protein that binds medium- and long-chain acyl-CoA esters with very high affinity and 

may function as an intracellular carrier of acyl-CoA esters (Rose et al, 1992). In vitro and in 
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vivo experiments suggest that it is involved in multiple cellular tasks including modulation of 

fatty acid biosynthesis, enzyme regulation, regulation of the intracellular acyl-CoA pool size, 

donation of acyl-CoA esters for β-oxidation, vesicular trafficking, complex lipid synthesis 

and gene regulation (Burton et al, 2005). In our experiment this protein seems to provide the 

acyl CoA pool required for the lipid biosynthesis serving as a substrate for the Cer3 in the 

complex biosynthesis of epicuticular waxes. Recently in a study (Chen et al, 2008) it has 

been found that the upregulation of ACBP is required for freezing tolerance and the mutants 

which lack this protein are sensitive to cold stress. They also found that ACBP induce this 

tolerance by the formation of phosphatidic acid. 

The ATP binding cassette (ABC) superfamily is a large, ubiquitous and diverse group 

of proteins, most of which mediate transport across biological membranes. ABC transporters 

have been shown to function not only as ATP-dependent pumps, but also as ion channels and 

channel regulators. The Arabidopsis thaliana ATP-binding cassette (ABC) transporter CER5 

(AtWBC12) has been identified as a wax exporter (Luo et al. 2007). They showed that 

atwbc11 mutants displayed organ fusions and stunted growth, and became vulnerable to 

chlorophyll leaching and toluidine blue staining. Chemical analysis showed that wax and 

cutin monomers were both reduced in the atwbc11 mutant. AtWBC11 was widely expressed 

in aerial organs.  

So in our experiment we found the upregulation of three very important steps of 

epicuticular wax biosynthesis under drought stress (table  4.8). The over expression of Acyl 

CoA binding protein (lipid biosynthesis), Cer3 (wax biosynthesis) and ABC transporter (wax 

transport to epicuticular layers of the plants) is a clear evidience of the fact that in Gossypium 

arboreum wax biosynthesis is enhance under water deficit conditions and this result is 

supported by and is in accordance with the results of real time (figure 4.21). 

We have identified and cloned another gene of wax biosynthesis pathway, homologue 

of 3-ketoacyl CoA synthase gene (Kcs1) of Arabidopsis thaliana in G.arboreum (GaKcs1), 

which is also differentially expressed under drought stress. The very long chain fatty acids 



160 
 
 

 

(VLCFA) incorporated into plant lipids are derived from the iterative addition of C2 units 

provided by malonyl-CoA to an acyl-CoA by the 3-ketoacyl-CoA synthase (KCS) component 

of a fatty acid elongase (FAE) complex (Figure 1.5). Ghanavati et al. (2001) identified one of 

the conserved cystein residue essential for acyl chain transfer in Arabidopsis Kcs1 at position 

223 and this residue is present in GaKcs1 at position 230 (Figure 4.10).  Todd et al (1996) 

found that the complete loss of KCS1 expression resulted in decreases of up to 80% in the 

levels of C26 to C30 wax alcohols and aldehydes but no significant change in long chain 

alkanes was observed. So the depression in the accumulation of GaKcs1 can cause a change 

in the composition of wax but may not change the amount of wax deposition. Moreover as 

KCS1 family is a large family and other homologues can have a redundant function and can 

compensate for the reduction of transcripts of KCS1. Both the wax biosynthesis genes 

(GaKcs1 and GaCer3) showed reduced expression under 200mM salt stress in G.arboreum,  

Heterologous microarray experiment is a high throughput approach for the study of 

the genomes which has not been sequenced. This technique gives an insight into unexplored 

plant and animal genomes. We used Arabidopsis thaliana and Oryza sativa microarray 

platforms for G.arboreum genome insight. Previously one of the cotton microarray platform 

has been fabricated by Wilkins Lab, which contains 38, 000 cotton ESTs. But unfortunately 

60% of them belong to fibre cDNA libraries and doesn’t represent the whole genome which 

limits the use of this invaluable resource in biotic and abiotic stress study. We in this study 

successfully validated the use of Arabidopsis microarray platforms for G.arboreum drought 

stress study. We used comparative genome hybridization (CGH) technique to check the 

nucleotide homology among different genomes.  

In order to validate this experiment for small amounts of DNA, different labeling and 

amplification methods were used. The PCR based amplification methods give higher yield of 

template DNA but the exponential amplification of the high copy number of genes 

suppresses the amplification of low copy number genes which creates a bias and incomplete 

coverage of the whole genome. Randomized amplification method also couldn’t give the 

satisfactory results and finally T7 based linear amplification method devised by           was 
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used with modifications and gave the maximum coverage of all the probes. This method was 

optimized for Arabidopsis target to get the complete coverage and was used to label and 

amplify G. arboreum DNA. For Arabidopsis target maximum coverage of 75% was obtained 

as shown in figure 4.28.  One of the reasons for comparatively lower hybridization ratio of 

the oligos on Arabidopsis platform is that the probes of the platform are designed for 

expression analysis and not for the CGH arrays and contain most of the individual transcript 

oligo probes which have small hybridization percentage to other transcripts of the same gene.  

In CGH arrays intensity of the feature dependents on the copy number and sequence 

homology in heterologous experiments. As complimentary sequences facilitate the binding of 

the probe but the spot intensity is determined by the number of florescent targets attached to 

a specific probe. If a spot is not shown up above a certain threshold then it is assumed that 

either the no homology is present between the target and probe sequence or only few copies 

of the gene are present in a specific probe.  

Genes involved in signal transduction, response to biotic or abiotic stimulus and in 

stress tolerance are of great interest for plant scientists. Interestingly these results depict that 

not only the genes involved in specific plant functions like photosynthesis, respiration, plant 

development or plant metabolism show a certain degree of conservation among different 

plants, but the genes of plant specific functions such as gene regulation, stress response and 

defence also show sequence homology. 

Along with abiotic stresses cotton crop has to face the challenge of biotic stresses like 

weeds, insects, viruses and nematodes which significantly affect the yield and put a heavy 

burden of costs of pesticides and herbicides to farmers.  In the heterologous microarray, we 

found that 154 biotic stress related probes of A.thaliana showed significant hybridization to 

G.arboreum labeled targets. 52 probes did not found any sequence homology to Gossypium 

Corenucleotide/EST database indicating that these genes have not yet been sequenced in any 

of the Gossypium species, while 102 probes showed 18-42bp homology with Gossypium 

database however none of these Gossypium genes has been annotated yet.  However 
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annotational homology observed among three texa [table 3] gives a strong clue towards the 

involvement of these Gossypium genes in biotic stress. These A.thaliana probes included 

desease resistance family protein (68 members), lucine rich repeat (LRR) family protein, 

Pfam: PF00560 (7 members), thaumatin-like protein, Pfam profile: PF0031 (8 members), 

seven transmembrane MLO family protein, SWISS-PROT:O49621(6 members), serine 

protease inhibitor family, Pfam profile PF00079 (12 members), plant defensin protein family 

(12 members), glycoside hydrolase family protein (4 members), avirulence-responsive family 

protein,  Pfam profile PF04548 (5 members), cell death related proteins (4 members), Bax 

inhibitor-1 family protein, Pfam profile PF01027 (2 members),  endochitinase (CHIB1), 

identical to SP:P19172 (4 members) and RBOHAP108;cytochrome B245 beta chain 

homolog (2 members). 

As for as abiotic stresses are concerned heat, drought and salt stresses are the main 

players affecting cotton. We found 62 heat stress genes showing significant hybridization 

with G.arboreum targets and 50 of them showed significant sequence homology with 

Gossypium EST/Corenucleotide database. These probes included DNAJ heat shock N-

terminal domain containing protein family (31 members), heat shock proteins family (17 

members), small heat shock proteins (7 members) and heat shock transcription factors (7 

members). Annotational information was available only for accession no. AY819767.1, 

which also represented a Gossypium hirsutum calmodulin binding heat shock protein and is 

homologous to A.thaliana calmodulin heat shock protein At3g49050. 14 drought stress 

responsive probes of A.thaliana showed significant hybridization to G.arboreum probes. 10 

probes found sequence homologues in Gossypium database but none of these homologues 

has been studied for annotation. These A.thaliana probes belong to early responsive to 

dehydration stress protein family (11 members), drought induced protein Di19 (2 members) 

and DREB family protein (1 member). 

Epicuticular waxes serve as the first protective barrier against bacterial and fungal 

attacks, UV radiation and regulate non-stomatal water loss. The composition and and 

thickness of wax layer play a significant role in plant survival. In this experiment 13 
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A.thaliana probes significantly hybridized with G.arboreum targets. These include 

membrane bound O-acyl transferase (MBOAT) family protein (5 members), long-chain-

alcohol O-fatty-acyltransferase family protein (3 members), 2 CER1, CER3, CER6 and 

GLOSSY8. Gossypium homologue sequences were found for 7 of them while 6 have not yet 

been sequenced. Out of these 7 annotational aspects has only been studied for accession no. 

AY902467.1 and once again this shows annotational homology with the probe locus.  

The functional annotational clustering on the basis of ontology show that out of 200 

porbes 34 are regulatory proteins, 79 are functional proteins and 79 proteins are of unknown 

ontology. Further breakdown of regulatory protein category into smaller categories show that 

it include 14 transcription factors, 6 signaling proteins, 5 kinases, 2 phosphatases, 2 small 

nuclear  ribonucleo proteins and 2 chromatin structure proteins while 3 are other regulatory 

proteins. 

Transformation of this particular gene CER3 and other genes involved in wax 

biosynthesis into drought susceptiple plants will give further insights into wax biosynthesis 

and provide tools for the genetic engineering of wax accumulation and composition to 

improve crop tolerance to environmental stresses. These results strengthen the idea of using 

primers designed from A.thaliana probes to amplify homologous stress related genes in 

G.arboreum and validate the use of heterologous expression microarray experiments for 

biotic and abiotic stress study. Moreover this establish the use of heterologous expression 

arrays for the species which don’t have the luxury of their genome sequenced using model 

plants and get the enormous amount of information under different stress conditions. 

Moreover the 34 regulatory genes and transcription factors identified in this study is a very 

useful information and its beyond the limits of this study to characterize all of them. 

Characterization of these regulatory elements can be very effective in understanding the 

mechanism of drought tolerance and ultimately in the production of drought tolerant crops. 
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