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SUMMARY 

Whitefly is a major threat to cotton production causing more than 60% yield 

losses to cotton crop. Owing to the limitations of whitefly control strategies through 

chemical insecticides, and lack of long term control offered by application of different 

strategies in the field of molecular biology instigates the establishment of new 

biochemical pathways pertaining to the whitefly resistance of the cotton plant. Current 

research work entails the enhancement of free aspartic acid in cotton by utilizing two 

different genes; OsAAT2 and ZmASN encodes aspartate and asparaginase proteins 

respectively. 

Both OsAAT2 and ZmASN genes were separately cloned in pCAMBIA-1301 

vector under the control of CaMV35S promoter. Cotton variety CIM-482 was 

transformed through Agrobacterium tumefaciens (LBA4404) with a PCR-based 

transformation efficiency of 2.5%. Relative quantification of OsAAT2 and ZmASN 

transcripts by qRT-PCR depicted an increase of 31% and 48% respectively. UPLC-

based quantification of amino acids in the transgenic cotton plants was assessed in the 

seeds of T0 and phloem sap of T1 progeny portraying an increase in amino acid 

concentrations. Aspartic acid concentration in the seeds of OsAAT2 and ZmASN 

transgenic cotton and non-transgenic control line was found to be 9.6mg/100g, 

9.96mg/100g and 1.43mg/100g respectively. Similarly, an increase in the glutamic acid 

and asparagine concentration of 9.29mg/100g and 76mg/100g respectively in OsAAT2 

transgenic line and 11.8mg/100g and 37mg/100g respectively in ZmASN transgenic line 

was observed in contrast to the non-transgenic control (3. 7mg/100g and 10.67 

mg/100g). Free aspartic acid detected in the phloem sap of both OsAAT2 and ZmASN 

transgenic cotton lines revealed an increase of 3.48 x 10-2 mg and 2.19 x 10-2 mg 

respectively from the non-transgenic control cotton plant (0.845 x 10-2 mg).  
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Different agronomic characters like height, number of bolls and yield of 

OsAAT2 and ZmASN transgenic cotton plants were analysed and exhibited an 

improvement in the aforementioned traits when compared with non-transgenic control 

plant. Agronomic characters of transgenic cotton like height, number of bolls and yield 

of transgenic cotton plants of OsAAT2 and ZmASN and non-transgenic control were 

also analysed and the results exhibited an improvement in the these traits when 

compared with non-transgenic control cotton plant. An improvement in height, number 

of bolls and yield was observed in the transgenic plants of OsAAT2 (192cm, 152 and 

265g respectively) and ZmASN (149cm, 130 and 218g respectively) than the non-

transgenic control (59cm, 23 and 50g). Cotton yield is determined in terms of quantity 

as well as quality. The quality of cotton fiber was determined by subjecting the cotton 

fiber to scanning electron microscope analysis for determination of fiber surface.  

Scanning electron microscopic analysis showed a fine surface of the transgenic cotton 

lines of both genes than the non-transgenic control cotton plants. The altered amino 

acid content has its direct influence on determination of plant physiology as was evident 

in case of transgenic cotton lines. The maximum increase in photosynthesis and 

stomatal conductance in transgenic lines of OsAAT2 was found to be (17.33 µmol m-2s-

1 and 322 mmol m-2s-1) and ZmASN (22 µmol m-2s-1 and 492 mmol m-2s-1) compared to 

non-transgenic control cotton line where it was found to be 9.56 and 37.66 respectively. 

More than 90% whitefly adult mortality was achieved in the transgenic cotton lines of 

both genes (OsAAT2 and ZmASN) as compared to the non-transgenic control cotton 

lines. Fluorescence in situ hybridization analysis of the advanced generation selected 

plant revealed that both genes were integrated as single copy gene in the plant genome 

at chromosome number 12 and 1 for OsAAT2 and ZmASN respectively. 
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1 INTRODUCTION 
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The enormous contribution of cotton crop to the national economy beautifully 

justifies its name as the “White Gold” of Pakistan’s economy. In the global ranking criteria, 

Pakistan occupied fourth position in cotton production, third largest in consumption and 

the leading exporter of cotton yarn according to estimates of 2013/2014. Cotton contributed 

1.0% to GDP of Pakistan with 5.2% value addition but 2.5 % decrease in cultivation area 

(2.806 million hectare) was observed for the year 2013-2014 leading to decline (9.2%) of 

total bales from the target (14.1 million) according to Pakistan economic survey  (Pakistan 

Economic Survey, 2013-2014). Since 2011-2017, Pakistan’s cotton production has declined 

over 7% due to the reduction in cultivated area, drought and insect infestations causing the 

decline from 4th largest to 5th in global ranking (Pakistan Economic Survey, 2017-2018). 

Being a developing country and the third largest consumer of cotton, Pakistan strongly 

needs to improve its cotton production through decrease of its production cost and 

minimizing the insect-based yield losses to attract the cotton growing farmer’s community 

for its cultivation on large scale to meet the export and domestic requirements.  

In Pakistan, the yield losses in cotton crop are indebted primarily to the insects’ 

infestation, conventional farming practices, the abiotic factors (Bakhsh et al., 2015) and the 

natural calamities. It is estimated that about 15-70 % losses in cotton yield are instigated 

only by insects (Rahman et al., 2017; Shah et al., 2017). The number of insect pests can be 

divided in two categories: sucking and chewing insects. Sucking insect complex consists 

of heterogenous group of species including; whiteflies, thrips, aphids, jassids, mealy bugs 

and mites. Large number of bug species damage the cotton fibers every year and reduce the 

fiber quality (Chaudhry et al., 2009). The sucking insects damage the crop by feeding on 

sap from leaf and stem and depletes the plant from essential nutrients causing the stunted 

growth or drying of the plant. The chewing insects like Armyworms, American bollworms, 

pink bollworms and spotted bollworms attack directly on cotton leaves and bolls.  
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Globally, cotton and other crop plants require an intensive use of pesticides to 

inhibit insects/pests’ population, which is not only hazardous to plant and the environment 

but also create an economic pressure on farmers. Whiteflies are the exclusive phloem 

feeders of the order Hemiptera, family Aleyrodidae enlisting about 1500 species distributed 

worldwide. The major agricultural pest species of whiteflies include greenhouse whitefly 

(Trialeurodes vaporariorum Westwood), sweet potato whitefly (Bemisia tabaci 

Gennadius) and spiraling whitefly (Aleurodicus disperses Russell). The whiteflies take up 

nutrients for their growth by feeding on plant phloem sap undermining the plant growth 

and development. As a result of whitefly attack, the biochemistry, physiology, anatomy and 

development of infested plant is altered, and lastly, the whitefly saliva initiates the 

phytotoxic effects in plant (Chougule & Bonning, 2012). Severe infestation lead to 

yellowing of leaves, drying, fungal infection and ultimately shedding of leaves which cause 

growth retardation and yield losses to the infested cotton plants. Apart from forth mentioned 

effects, whitefly serves as a CLCuV vector (begomoviruses) that affect cotton yield in 

Pakistan (Miyazaki et al., 2013).  

Transgenic Bt-toxin based cotton is effective to control chewing insects, and the 

species of hemipteran insects remain unaffected due to their gut’s inability to activate the 

protoxin in contrast to lepidopteran insects. Though it has been reported to function 

effectively against coleopteran and lepidopteran pests (Upadhyay et al., 2011). In some 

studies, the genetic transformation with activated Cry4Aa toxin showed some toxicity 

against pea aphid (Chougule & Bonning, 2012). The gut physiology of the hemipteran 

insects being different from lepidopteran insects renders the former resistant to Bt-toxins. 

Therefore, new approaches are being explored to control the whiteflies. GM approaches 

encompassing the use of plant-derived lectins, protease inhibitors and agglutinins show 

resistance against aphids and other insect phloem-feeders but these strategies have their 
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own limitation in commercial implementation as they are not safer pertaining to the 

biosafety risk assessment of animal and human (VanDoorn A. & De Vos, 2013). Plant 

lectins (which are mannose binding proteins) from Allium sativum or garlic leaves were 

found effective against whitefly and aphid control, but due to toxicity issues and their lack 

of safety assessment data against mammals they are not favored for the generation of 

transgenic crops (Sampa et al., 2009).  Again, requiring stringent toxicological and animal 

safety trials for their commercial application in transgenic crops. Another important GM 

approach include the use of RNA interference using double stranded RNA of v-ATPaseA 

for the control of silver leaf whiteflies in transgenic tobacco. Vacuolar type-ATPases 

represent an evolutionary conserved enzyme family present in the membranes of vacuoles, 

coated vesicles, lysosomes, trans-golgi complex, secretory granules and in the plasma 

membrane of animal cells. This class of enzymes are important in the transport of H+ into 

the organelles’ membrane and in pH homeostasis (Thakur et al., 2014). Again, this 

approach needs stringent toxicological safety assessment for used against insects. In a very 

recent development, the edible fern protein (Tectaria macrodonta 12) was tested for 

whitefly control in cotton. Significant control of the whitefly population was observed in 

transgenic cotton lines and authors claimed 99% mortality of whitefly in contained 

environment. The life cycle of whitefly was disrupted due to the chitin binding and 

chitinase activity of the Tma12 protein presenting  a potential candidate for the control of 

whiteflies (Shukla et al., 2016). As for the rest of other approaches, it needs to be assessed 

the effective implementation of the approach in GM-cotton development. 

Nutrient composition of plants is a major determining factor in evaluation of insect 

resistant status of plants. Some studies demonstrate that the contents of amino acids (AA) 

in the plant phloem acts as a limiting factor in pest survival. Less asparagine content and 

high glutamic acid was observed in the resistant oat and barley varieties. Similarly, rice 



5 

 

 

with low asparagine content were found resistant to brown plant hopper (Dixit et al., 2013). 

A research group claimed that artificial diet-based bioassays of whitefly containing 

elevated levels of the AAs aspartate and glutamate can impart toxicity at a certain threshold 

level (Dixit et al., 2013). Yet the mechanism of action of aspartate needs to be explored. It 

is well-established that the glutamate serves as a neurotransmitter at neuromuscular 

junctions in insects and mammals (Gardiner et al., 2002; Morland, 2012), but it needs to be 

found the clear role of aspartate in insects as a neurotransmitter and its underlying toxicity 

when given in excess. 

Aspartate / aspartic acid in plants is categorized as a nonessential AA which is 

synthesized by two separate enzymatic reactions inside the plants. In one reaction, the 

asparagine goes under deamination in an enzyme catalysed reaction by asparaginase. While 

in another reaction aspartate is produced by the transamination of glutamate and 

oxaloacetate with the help of an enzyme aspartate amino transferase or glutamate 

oxaloacetate transaminase. In the later mentioned pathway, this reaction lies at the 3rd step 

in the nitrogen assimilation cycle of the plants starting from soil uptake of ammonium and 

hence is of tremendous importance in establishing the nutritional quality of the plants.  

Plant aspartate aminotransferases are PLP dependent enzymes and they catalyse a 

reversible reaction; 

Oxaloacetate + Glutamate <-----------> Aspartate + 2-Oxoglutarate 

Plant aspartate aminotransferases have multiple isozymes located in different 

subcellular locations e.g. cytoplasm, mitochondria, chloroplast, glyoxysomes and plastids 

each performing its distinct role.  
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Asparaginases in plant, belong to N-terminal nucleophile amidohydrolases (Ntn) 

located in the cytosol. The asparaginases converts asparagine into aspartic acid and 

ammonia. 

Asparagine -------------> Aspartate + NH3 

L-asparaginases have attained widespread importance in research as a therapeutic 

enzyme. They belong to the amidohydrolase group of enzymes and gain this important 

status due to their remarkable potential of antineoplastic activity (Batool et al., 2016). They 

are effective in the treatment of acute lymphoblastic leukemia. Asparaginases are also 

important enzymes in food industry where they are used to reduce the asparagine contents 

of the food items prior to frying which are converted to acrylamide, on higher frying 

temperatures causing a potential risk to health.  

General control of sucking insects and particularly whiteflies is of the utmost 

importance to improve cotton yield with best fiber quality. Since, the severe infestations of 

insects not only lead to the stunted growth of the plants, the nutritionally weak plant do not 

produce the best quality fiber which lead to the ultimate failure of the crop for the farmers. 

Moreover, the seed quality obtained after insect infestations is also compromised which 

render yet another loss to the farmers. Existing research studies conducted so far are either 

not suitable to develop transgenic cotton or due to their potential allergenic or toxicity 

issues not declared safe for the grazing mammals. There is always need to explore more 

target genes and advanced techniques to effectively control the whiteflies or to substantially 

bypass the lethal effects of insect attack by promoting plant growth and reproduction. 

This research work was designed to investigate the alternative strategies which can 

effectively control the whitefly infestation on plants and minimize the cotton fibre quality 

losses as well its yield. The current study outlines the effect of aspartic acid overexpression 
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on cotton plants for the control of sucking insects under CaMV35S promoter. Aspartate is 

a non-essential amino acid (NEAA) and is a precursor to asparagine and the four essential 

AAs through the aspartate family pathway which are lysine, threonine, methionine and 

isoleucine. Since the enzymes utilized to increase the free-phloem levels of aspartic acid 

hold an important position in the regulation of plant nitrogen metabolism, this strategy will 

target the nitrogen metabolism of plants as well. We aim to develop insect resistant 

transgenic cotton with minimal animal safety issues by proposing and targeting the genes 

which are generally harmless to animals.  
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2.1 Cotton and Whitefly 

Despite of expansion in cultivation area, the yield per unit area of cotton crop has 

been declined in Pakistan. Cotton yield losses are attributed to a lot of abiotic and biotic 

factors. In biotic factors insects, weeds and viruses are the major contributors (Bakhsh et 

al., 2015). It is estimated that about 15-70 % losses in cotton yield are instigated only by 

insects. It is estimated that plants are subject to attack by over one million phytophagous 

insects exploiting plants by either foraging on the leaves or by feeding on plant sap (Dubey 

et al., 2013); (Dua et al., 2006), whitefly infestation is one of the major threat to cotton 

production and results in yield losses upto 50-70% (Ahmad & Akhtar, 2018). The first 

impact of whitefly infestation on plant is the loss of nutrients from plant sap required for 

the insect growth and development which is caused by the excessive feeding of the phloem 

sap by the insect. Phloem sap is nutritionally rich source of macronutrients (sugars, AAs, 

vitamins, sterols, lipids and protein) and micronutrients (inorganic ions, phytohormones, 

phenolic compounds) and transport the newly formed substances from source to sink tissues 

(Dinant et al., 2010; Doering-Saad et al., 2006).   

Whiteflies take advantage of the fact that it can easily escape the application of 

pesticides because of its completion of life cycle underneath the surface of leaf where 

pesticides cannot help with. Moreover, due to its high survival rates after pesticide sprays 

has led to the emergence of more resistant strains. Current whitefly management strategies 

include the use of highly poisonous insecticides. Acetamiprid, pyriproxyfen, nitenpyram, 

chlorfenapyr, buprofezin, diafenthuron, bifenthrin, spirotetramat, avermectins, flonicamid 

and imidacloprid. All of them are reported to have developed low to mild level of resistant 

whitefly strains  (Basit, 2018).  The development of resistance is linked to number of 

pesticide applications/sprays, the duration of the application and the consistency with which 

one type of insecticide is used. In Pakistan, during year 2009, highest levels of resistance 
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were observed against some chemical pesticides. The chemical pesticides endosulfan, 

emamectin, abamectin, chlorfenapyr were very effective in their early years of application 

but it was until 2015 that resistance have been observed against these chemical pesticides 

at very high levels (Ahmad & Akhtar, 2018). Whenever the whitefly population is exposed 

to a specific or a set of insecticides, a rapid modification in its biochemical pathway has 

been observed. In short, chemical insecticides have not proved successful for long term 

control of the whiteflies and use of chemical pesticide has resulted in release of a huge 

variety of different chemistries of insecticides to the environment, contaminating the soil 

and water and bringing at stake the lives of humans as well as animals (Aktar et al., 2009; 

Sanfilippo & Perschau, 2008). There is need of stringent exploration of biochemicals or the 

mechanisms by which we can control the whiteflies as well as keeping our environment 

clean and intact from those toxic chemical insecticides. The bio-chemicals namely plant-

lectins (derived from Allium sativum), agglutinins and protease inhibitors have also been 

reported to be effective against aphids, but those studies did not encompass large scale 

evaluations for which their commercial approval is ambiguous. The whitefly is a key source 

of Cotton Leaf Curl Disease; therefore, investigators have put their efforts at large scale on 

the control strategies of CLCuD instead of slaughtering the true culprit, the whitefly. 

Considering the biochemical pathways to control the notorious vector whitefly is 

one way around to control CLCuV.  Composition of AA content in the phloem sap imparts 

significant effect on the feeding behaviour as well as on the control of specific type of 

sucking insects. It was observed that excessive aspartic/glutamic acid in artificial diet 

caused irreparable loss to the whitefly generation (Dixit et al., 2013). The underlying facts 

supporting/linking the whitefly mortality by aspartate toxicity are yet undiscovered. 

However, being at the central position, AAs can play two dimensional role in plant insect 

interaction i.e., could be toxic to insect (Dixit et al., 2013; Herring et al., 2015) and 
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improvement in plant physiology (Azevedo et al., 2006; Le Deunff, 2018).  Therefore, it 

suggests the exploration of those biochemical pathways which are involved in the 

physiological performance of plants, but also equally important for the whiteflies, “the 

nitrogen metabolic pathway”. Excessive concentration of aspartic acid has been proved to 

be toxic to the whitefly when fed in an artificial diet based assay to investigate its impact 

on whitely (Dixit et al., 2013). Aspartic acid is supposed to be an excitatory 

neurotransmitter (toxic at higher levels) in insects and believed to be a crucial AA for the 

biosynthesis of EAA (methionine, lysine, threonine and isoleucine), asparagine, nucleotide 

(purine and pyrimidine) and ethylene biosynthesis (Berg et al., 2005; de la Torre et al., 

2014; Le Deunff, 2018).  

2.2 Plant Nitrogen Metabolism 

Nitrogen is an indispensable element of macromolecules, AAs, proteins, primary 

and secondary metabolites, vitamins, hormones and cell wall components. Primary source 

of nitrogen for plants is the soil nitrates or ammonium for non-leguminous plants (Krapp, 

2015). Several nitrate and ammonium transporters assist in the uptake of nitrate from soil 

into the root. Here onwards, the process of nitrogen assimilation occurs either in roots or 

vacuole or aerial plant parts where cytosolic nitrate reductase converts nitrate to nitrite (a 

first step in nitrogen assimilation) which was reduced to ammonium in the subsequent 

reaction in the chloroplast by nitrite reductase (NiR). Ammonium which is obtained from 

nitrite or absorbed directly from soil is assimilated by GS (glutamine synthetase)/GOGAT 

(glutamine 2-oxoglutarate aminotransferase) cycle to synthesize glutamine/glutamate. The 

several isoforms (5 for GS in A.thaliana, 2 for GOGAT) of the enzymes and 

nitrate/ammonium transporters described above, involved in the nitrogen 

assimilation/reassimilation in different parts of plant organs are the key for the strict control 
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of nitrogen regulation in plants (Krapp, 2015). The data suggests that the nitrogen 

regulation occurs at the transcription, translation and post-translational levels. 

2.3 Amino Acids: Regulation of plant metabolic activities 

The role of amino acids (AA) is central to perform the core activities of plant 

metabolism. As a general concept, the AA serve as building block for protein synthesis, but 

the importance of the AA in regulation of plant physiological and metabolic activities can 

be understood by their unique roles in food crops, medicine industry and human nutrition 

(Azevedo et al., 2006). Synthesis of AA in both plants and animals share some unique and 

interesting differences. Originally, it was proposed that AA which can be produced in 

sufficient amounts in humans and animals are NEAA, while some of the AAs can’t be 

produced in the animals and humans and must be supplied from the external sources like 

plants and were classified as essential amino acids (EAA) (Rose, 1968). However, this 

concept later changed to the fact that animals and humans are not capable to replenish the 

NEAA supply from their physiological processes and are dependent on the nutritional feed 

of all the AAs from plant/bacterial sources (Hou & Wu, 2017; Hou et al., 2015). The 

metabolic pathways of AA biosynthesis are slightly different among plants/bacteria and 

animals. Humans and animals cannot synthesize all 20 protein AAs and hence they are 

termed as EAA. Whereas, plants and bacteria can synthesize all 20 protein AAs including 

the EAAs (Elango & Laviano, 2017). 

In contrast to animals, plants have de novo ability to synthesize all the AAs as an 

integral part of their metabolic activities and to perform several other physiologic 

responses. They are unique group of organic compounds comprising an acid group and an 

amino group required to maintain the growth and nitrogen metabolism of living organisms. 

A unique alkyl group side chain attached to the α-carbon atom of the AA defines their 
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biochemical nature. They exist as primary (α-carbon) or secondary (β-carbon) depending 

on the linkage of amino group and carboxyl group to the carbon atom. Apart from the 20 

protein AAs, more than 300 non-protein AAs are known to date (Hou & Wu, 2017; Wu et 

al., 2014). 

Each AA exist as one of the two optically active form i.e D or L isoform except for 

the glycine and are stable in aqueous solution at physiological pH of the organism. A 

comprehensive review on the functions/regulatory roles of AA in gene expression, 

reproduction, immune system, intracellular protein turnover, hormone synthesis, secretion 

and nutrient metabolism of humans has been published by (Wu et al., 2014). Different 

studies have highlighted the important roles of AAs in plants systems (Rai, 2002). In the 

epidermal peels of Vicia faba, aspartate and glutamate help to promote the stomatal opening 

and reverse the ABA induced stomatal closure indicating the importance of gaseous 

exchange during the drought stress (Kang et al., 2007). Aspartic acid accumulates during 

drought stress in cotton, maize and Iris apart from proline. Aspartic acid also increases 

under osmotic stress in resistant cultivars of maize (Rai, 2002). AAs also affect the ion 

transport and the membrane permeability. The application of exogenous aspartic acid to the 

growth media inhibited the uptake of calcium in Phaseolus vulgaris. In another study, the 

aspartic acid containing media promoted the flower development in Lemna pausicostata. 

The induction of flower development was triggered by the iron uptake in the presence of 

aspartic acid which points to the fact that presence/absence of AAs could greatly modulate 

the membrane permeability and the ion transport. This was supported by the fact that the 

gold nanoparticle uptake in rice was increased/decreased by the presence of aspartic acid 

and lysine (Ye et al., 2018). 
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2.3.1 Aspartic acid in plants and animals 

2.3.1.1 Role in higher plants 

Aspartate is the common precursor for two different metabolic pathways. The first 

one is the synthesis of asparagine, a nitrogen storage and transport molecule in plants and 

synthesized by transfer of amide group to aspartate from glutamine with the help of enzyme 

asparagine synthetase (Azevedo et al., 2006). Asparagine metabolic enzymes are located in 

the cytosol (de la Torre et al., 2014). Aspartate is the precursor of four essential aspartate-

derived AAs methionine, lysine, isoleucine and threonine, synthesized in the chloroplast 

and non-photosynthetic cells` plastids in a sequence of reactions named as aspartate family 

pathway (Azevedo et al., 2006; de la Torre et al., 2014). In the plastids, the aspartate or 

glutamate provides the nitrogen to prephenate to gives rise to arogenate, the precursor for 

aromatic AA phenylalanine and tyrosine biosynthesis (de la Torre et al., 2014; Maeda & 

Dudareva, 2012; Maeda et al., 2011). The involvement of aspartate in many metabolic 

processes is very diverse e.g. the immediate precursor of arginine, argininosuccinate is 

synthesized by aspartate and citrulline (Slocum, 2005), synthesis of carbamoyl-aspartate; 

an intermediate in pyrimidine nucleotide synthesis and purine nucleotide biosynthesis 

(Berg et al., 2005; de la Torre et al., 2014). Aspartate metabolic pathway also provides 

precursors for the synthesis of S-adenosyl methionine (activated methyl carrier) and 

ethylene (hormone signalling)  (Jander & Joshi, 2010; Le Deunff, 2018). In this regard, the 

AA play a significant role in plant growth and development, reproduction and defence (de 

la Torre et al., 2014). An overview of the role of aspartate as a precursor to several pathways 

is shown in Fig 2.1. 
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Fig 2.1: Aspartate as a precursor to several metabolic pathways. Illustration by de 

la Torre et al. (2014) 

2.3.1.2 Role in animals 

Aspartic acid plays a quite different role in animals. L-aspartate acts as a potent 

inhibitor of L-glutamate uptake (Morland et al., 2013) in insect gut epidermis. Recent 

decades have established the role of L-glutamate as a potent excitatory neurotransmitter in 

insects and invertebrates, it mediated inhibitory synapses in the muscles and both 

excitatory/inhibitory response in the CNS (central nervous system) in the Periplaneta 

Americana and Menduca sexta (Kim et al., 2011; Wolfersberger, 2000). Aspartate is 

agonist of glutamate and the excitatory amino acid transporter (EAAT) for L-glutamate 

also uptake the L-aspartate/D-aspartate with similar affinities. However, in Drosophila 

melanogaster, dEAAT2 is designated specific for D- or L-aspartate uptake rather than L-

glutamate. Instead this dEAATs was suggested as taurine/aspartate transporter working in 

hetero exchange mechanism depending upon the substrate requirement in Drosophila i.e 
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aspartate outward and taurine inward (Besson et al., 2005). All the insect EAAT glutamate 

transporters are Na+ dependent except that of Apis mellifera (Umesh et al., 2003). This is 

probably due to the presence of some unique yet unidentifiable vesicular uptake/release of 

transporters specific for aspartate (Morland, 2012; Morland et al., 2013). The sialin was 

shown to be unrelated with the vesicular uptake and release of aspartate, depicting the 

presence of some unidentified transporter for aspartate transport (Morland et al., 2013). 

Whether or not aspartate functions as a neurotransmitter, still remains controversial 

(Herring et al., 2015), it mimics the uptake of glutamate by EAAT. 

AA transporters have also been identified recently in whitefly (amino 

acid/polyamine/organocation: APC and amino acid/auxin permease: AAAP) which share 

similarity to other insect transporters and can be used effectively to knock down their 

expression and subsequently the development and reproduction of whitefly (Xia et al., 

2017).  

2.4 Aspartate Aminotransferase: a key player in plant C:N 

regulation 

The aspartate biosynthesis is catalysed by aspartate aminotransferase (EC 2.6.1.1; 

AAT; aspartate 2-ketoglutarate aminotransferase) via ping-pong, bi-bi kinetic mechanism 

which reversibly catalyses the transamination reaction between oxaloacetate and glutamate 

to make aspartate and alpha-ketoglutarate (de la Torre et al., 2006). 

2.4.1 Gene Family of AATs 

The aspartate aminotransferase isozymes (EC 2.6.1.1) are encoded by 

multigene family. The gene for AAT are encoded by nuclear genome. Each gene performs 

a distinct function in different organelles of the plant. The AATs belong to aminotransferase 
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family I. Their further categorization leads to the formation of two subfamilies comprising 

of Iα (encompassing eubacteria along with eukaryotes) and Iβ (comprising of bacteria along 

with archaea). The differences in all these AAT are based on the AA identities between the 

two subfamilies which is 40% for Iα family and 30-35% for Iβ family. The sequence 

similarity between both subfamilies is reported to be 15%, which is quite low considering 

the conserved nature of the enzyme function. Though both families exhibit similar 3D 

structures and homodimeric quaternary structure (de la Torre et al., 2014; de la Torre et al., 

2009), all the plant isozymes are included in the Iα subfamily. The two subfamilies differ 

in recognition, stabilisation and orientation of the substrate α-carboxylate in the active site. 

In Iα-family, arginine residue recognizes and stabilises the α-carboxylic group (Rothman 

et al., 2004). However, this arginine residue is replaced by lysine residue for substrate 

recognition and stabilisation in subfamily Iβ-AAT from plants (PT-pAAT) and 

microorganisms (Nobe et al., 1998). This PT-pAAT identified from pine, rice and 

arabidopsis was unrelated to other eukaryotic isozymes and resemble more with 

cyanobacterial and other bacterial enzymes of group Iβ (Facchinelli et al., 2013). It was 

further identified that this PT-pAAT is localised specifically in the photosynthetic tissue or 

the non-photosynthetic plastids and function independently of ET-pAAT (de la Torre et al., 

2006).  

2.4.2 Structure of AAT 

The AAT is one of the best studied enzymes among aminotransferase family of 

enzymes. It requires pyridoxal-5`-phosphate (PLP) cofactor for its activity. PLP is the 

phosphorylated form of vitamin B6. Its X-ray crystallographic structure is well described 

in E.coli, chicken and pigs (Fig 2.2 A). Wilkie et al., 1996 first elucidated the detailed 

computer model structure of the chloroplastic AAT from Arabidopsis thaliana (Fig 2.2 B). 

Despite the low similarity between the same isoenzyme from different plants (approx. 



18 

 

 

50%), the 3D structure in all AAT isozymes is conserved. It exists as a homodimer and 

each subunit approximating to Mr of 45kD. The protein coding gene comprised of 11 exons 

and 10 introns with a splice-site consensus sequence of GT…..AG in the chloroplastic gene 

of A.thaliana which also contain a 50bp N-terminal transit peptide (Wilkie et al., 1996). 

  

Fig 2.2: 3-D models of aspartate aminotransferase. (A) crystal structure of E.coli 

cytosolic aspartate  aminotransferase as a quaternary structure. Inset shows the one 

subunit. (B) 3-D model of Chloroplastic AAT from Arabidopsis thaliana. Models 

downloaded from RCSB PDB ( www.rcsb.org) (Berman et al., 2000). 

The 3-D structure of chloroplastic AAT in Arabidopsis demonstrates that each 

subunit is comprised of 11 β-strands and 15 α-helices. They fold to give rise a large and a 

small domain with a protruding N-terminal arm, which interacts with another subunits 

(Wilkie et al., 1996). The active site pocket is located at the interface of both large and 

small domain. At the bottom of the active site there is found a siting place for the PLP co-

enzyme which forma a schiff base with theLys-298 residue in the active site (Wilkie et al., 

1996). Each dimer contains its own active site, and a complex network of H-bonding 

initiates the ping-pong, bi-bi mechanism of action. A detailed description of the interacting 

A B 

http://www.rcsb.org/
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residues and stabilizing residues can be found in studies by (Dajnowicz et al., 2017; Wilkie 

et al., 1996). The analysis of regulatory region of the AAT enzymes reveals the presence 

of TATA box and multiple copies of two cis-acting elements: CTCTT (specialized for 

nodule-specific activity) and AAAGAT (Dof-Core site specific for C-metabolism related 

gene activity) (Wilkie et al., 1996). These cis-acting elements in the gene promoter from 

both the nodule and non-nodule-specific Arabidopsis might explain the gene-enhancing 

function. The cis-acting elements in Arabidopsis were discovered through the in-silico 

analysis of sequence 2064bp upstream of the translation start codon. These regions 

comprised of GATA box, Dof-core sites, GTI box and AC elements involved in their 

localized expression in xylem (Craven‐Bartle et al., 2013). The catalytic reaction of AAT 

is shown in Fig 2.3. 

 

Fig 2.3: Enzymatic reaction of aspartate aminotransferase 

2.4.3 Cellular localization of AAT 

Aspartate aminotransferase (EC.2.6.1.1) exists in various isoforms in different 

plants organelles (cytosol, chloroplasts, mitochondria, plastids and peroxisomes). The 

plastid and mitochondrial AAT enzymes’ synthesis occurs as precursor with the N-terminal 

signal peptide for targeting it to their appropriate organelle which later on is proteolytically 

cleaved after localization. However, this signal peptide is absent in the cytosolic AAT 

depicting its role in overall Nitrogen metabolism of the plant. The phylogenetic analysis 
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reveals that the divergence rate for cytosolic AAT is 1.6 times faster than the plastid AATs. 

Initially the differentiation of AAT isoforms was established by the migration pattern of 

purified AATs on native gel, called zymogram analysis. 

Five genes for AAT (AAT1-AAT5) have been identified in Arabidopsis thaliana. 

Various studies have demonstrated the function of these genes in A.thaliana and established 

that the mitochondrial form is encoded by ASP1 gene, the cytoplasmic AAT2 is encoded 

by ASP2 and ASP4, while the chloroplastic and peroxisomal enzyme are encoded by ASP5 

and ASP3 respectively (Schultz et al., 1998). Another important gene identified in A. 

thaliana is the Prokaryotic type plastid AAT (PT-pAAT). This is different from the 

eukaryotic-type plastid AAT (ET-pAAT). In soybean, cDNA clone pSAT1 from a single-

copy gene was characterized to encode two isoforms i.e. glyoxysomal AAT1 and cytosolic 

AAT2  due to presence of two ATG start codon (Gebhardt et al., 1998). In soybean, the 

subcellular location of AAT1 is glyoxysomes, AAT2 in cytoplasm, AAT3 in unknown, 

AAT4 in mitochondria and AAT5 in chloroplast (Gebhardt et al., 1998). In Oryza sativa 

three different isoforms of AAT are chloroplastic, cytoplasmic and mitochondrial (Zhou et 

al., 2009). Similarly, in Medicago sativa and Sesuvium portulacastrum, the plastid form 

AAT1 and cytoplasmic form AAT2 have been identified based upon their zymogram 

analysis from roots and leaves (Avhad & Dawda, 2015; Farnham et al., 1990). In Lupinus 

albus, Phaseolus L.- Vigna, Triticum aestivum, Spinacia oleracea, Daucus carota L. and  

Aegilpos, three isoenzymes were detected from the leaves were named as AAT-1, AAT-2 

and AAT-3 by their pattern of electrophoretic mobilization on PAGE (Hart & Langston, 

1977; Jaaska & Jaaska, 1988; Maciaga & Paszkowski, 2004; Martins et al., 2002; Rehfeld 

& Tolbert, 1972; Turano et al., 1990). Similarly, the coniferous plant maritime pine has 

been found to have the cytosolic, mitochondrial and chloroplastic isoform of AAT (de la 

Torre et al., 2007).  
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2.5 AAT: Just enzymes or more to the story 

2.5.1 Light dependent mode of action and nitrogen use efficiency 

Depending upon how N is assimilated into the plant and their photosynthetic ability, 

all land plants are categorized in three different types; C3, C4 and CAM plants 

(Crassulacean acid metabolism). The C3 plants comprised of the major category of plants 

(90% of all land plants) but they have low affinity of rubisco for atmospheric CO2 and 

photorespiration. The C4 plants have improved their CO2 affinity and photorespiration by 

concentrating CO2 at rubisco site. Panicum miliaceum (C4 plant) has three paralogs of AAT 

genes in Bundle Sheath Cells (BSC). Among them the two carry out C4-photosynthesis and 

exhibit light-dependent mode of action. However, their activities are highly organelle 

specific, e.g. cytosolic AAT is expressed only in mesophyll cells while the mitochondrial 

AAT is expressed in BSCs (Nomura et al., 2005). The evidence for the light dependent 

nature of plant AAT is supported by the fact that blue light exposure promotes the PLP 

reactive triplet intermediate state and increases the catalytic activity of AAT (Hill et al., 

2010; Hill et al., 2011). 

2.5.2 Role of AAT in ethylene production  

Plant hormones called the phytohormones play their role in the plant growth, 

development and flowering. Ethylene is one of the five major plant hormones and play 

multifunctional role in the plants by promoting their growth and senescence. Ethylene 

controls the growth of leaves, flowers and fruits (Iqbal et al., 2017). However, the ethylene 

pathway is under strict regulation by aminotransferases network of enzymes. These 

aminotransferases are essential in ethylene and IAA biosynthesis as well as have key roles 

in shuttling C, N and S. Aspartate, methionine and PLP are essential precursors for the 
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biosynthesis of ethylene but are tightly regulated by the aminotransferases. Among various 

enzymes of ethylene biosynthesis pathway, AAT ranked on top of the list due to its 

involvement in the biosynthesis and metabolic regulation of methionine‒an immediate 

precursor to ethylene biosynthesis (Le Deunff, 2018). It supports the fact that AAT and/or 

PT-AAT/PAT play an important role in the growth and development of leaf, flowers and 

fruits by ultimately leading to the biosynthesis of growth-related signaling chemicals. 

2.5.3 Plant-Insect interaction  

Nutritional quality of plant is an important determinant for the attraction of phloem 

feeders. Since the nitrogen balance of the phloem contribute to the development of overall 

taste and symbolizes the availability of essential and NEAAs, the phloem feeders have 

attraction to the tasty phloem for their feed. In a lab based study, the aspartic acid was 

reported to be toxic for whitefly when it was increased upto 4x the original value in artificial 

feed (Dixit et al., 2013). However, it was the only study to-date to elucidate the toxic nature 

of an AA against whitefly in artificial diet-based bioassay, the mechanism of which is still 

uncovered. Bi and colleagues reported a linear positive relationship between the urea 

fertilization and the dietary compounds (Bi et al., 2003). The N application to the plant 

however, resulted in an increase in whitefly population with an increase in N dosage 

pointing to the fact that N application results in an increase in the free AAs making it 

nutritionally much more attractive for whitefly feeding (Žanic et al., 2018; Žanić et al., 

2011). Therefore, it has been assumed that AAT may seem to play their role in replenishing 

the supply of N compounds to the plant with increase in aspartate and glutamate 

concentrations and lead to an overall increase in total AAs and protein when overexpressed 

(Zhou et al., 2009).  
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2.6 Asparaginases: 

Asparaginase (ASPG) or L-asparaginase with enzyme number EC 3.5.1.1 carryout 

the catalysis of L-asparagine to L-aspartic acid and ammonia (Srikhanta et al., 2013). They 

are well known and are commonly being produced as commercial enzymes due to their 

potential applications in various fields ranging from food applications, anti-microbials to 

cancer treatments (Batool et al., 2016). Comprehensive reviews have been written to 

highlight the potential applications (Verma et al., 2007), their production and the 

mechanism of action of ASPG (Ramya et al., 2012). Recent advances in enzyme production 

sheds light on the microbial production systems and their uses thereof (Sinha et al., 2013; 

Vimal & Kumar, 2017). 

2.6.1 Sources of plant asparaginases 

Plant ASPG are relatively less explored as compared to the bacterial and fungal, 

largely in part to the higher yields of the later (Ajewole et al., 2018). ASPGs have been 

characterized from many higher plants like Arabidopsis thaliana, Lupinus angustifolius, 

Withania somnifera, Pisum sativum, Glycine max, Oryza sativa, Zea mays and Spinacia 

oleracea. Chagas & Sodek, 2001 isolated and characterized potassium-dependent ASPGs 

from testa of immature seed of Pisum sativum. This enzyme was different from other 

counterparts having a single polypeptide with a Mr of 69,000 Da and PI value of 4.5-5.0 

for purified ASPG (Chagas & Sodek, 2001). The isoelectric point was closely related to 

K+-independent ASN from Lupinus arboreus (Logh et al.,1992) and Arabidopsis thaliana 

having 5.2 (Casado et al.,1995). In their study, a high molecular weight protein was also 

isolated with Mr of 200,000 with ASPG activity but it was not further proceeded for 

characterization. Oza and his coworkers isolated ASPG from one of the best known 
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medicinal plant, Withania somnifera and characterized it by cloning and expressing in 

E.coli (Oza et al., 2011). 

2.6.2 Types of plant asparaginases 

ASPGs are present in a wide variety of organisms including bacteria, animals and 

plants. Despite their similar action to convert L-asparagine to L-aspartate, there is large 

variation in the activity of the enzyme conferring the existence of the enzyme to different 

types or classes. ASPGs are classified in three families; 1) Plant ASPGs, 2) Bacterial ASPG 

and 3) Rhizobium etli ASPGs (Sanches et al., 2007).  

The plant ASPGs are distinctively divided into two subfamilies as: 1) K+-dependent 

ASPGs and the 2) K+-independent ASPGs. Apart from the requirement of K+ for enzyme 

activity, K+-dependent ASPGs differ from the other in the requirement of the substrate, Asn 

being the sole substrate for the former and Asn isoaspartyl peptide are required for the K+-

independent ASPG. This suggest the dual enzyme activity role of the later class of ASPG.   

The two sub-groups of plant ASPGs are encoded by distinct genes while sharing 

significant levels of sequence similarity to each other (Sieciechowicz et al., 1988). They 

share 60% AA sequence similarity but are encoded by separate genes. K+-independent 

ASPGs have been characterized from Lupinus luteus (LlA), L. japonicus (LjNSE2), L. 

polyphyllus, L. angustifolius and Arabidopsis (ASPGA1). K+-dependent ASPGs have been 

characterized from Phaseolus vulgaris (PvAspG1) (Mohamed et al., 2015), Arabidopsis 

(ASPGB1) (Bruneau et al., 2006), Lotus japonicus (Credali et al., 2011), Pisum sativum and 

Glycine max (GmASP1) (Cho et al., 2007).  In Arabidopsis, the two subfamilies are encoded 

by single gene, while the ASPGB1 (K+-dependent ASPG) exhibit 50% increased 

asparaginase activity than ASPGA—its K+-independent counterpart (Ivanov et al., 2012). 

In Lotus japonicus, the gene name is represented by LjNSE1 (K+-dependent) and LjNSE2 
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(K+-independent) and same catalytic manifestation is observed as in for A.thaliana (Credali 

et al., 2011). The plant ASPGs are undeniably distinct in sequence and the mode of action 

to the classic L-ASPGs embodied by the E. coli K+-dependent and K+-independent ASPGs.  

Bacterial ASPGs are further categorized as intracellular (type I) and extracellular 

(type II) (Michalska & Jaskolski, 2006). In E. coli, they are named as ECI and ECII while 

in E. coli K-12 they are named as AsnI and AsnII. However, it is also reported that type I 

have constitutive expression while the type II expression is induced by anaerobiosis. It is 

this type-II ASPG which have been studied extensively for its use as anti-cancer therapy 

after isolation and characterization from E. coli and Erwinia chrysanthemi (Sanches et al., 

2007). The homologs of bacterial ASPGs are found in mammals and fungi but not in plants 

(Michalska & Jaskolski, 2006). 

2.6.3 Structural analysis of asparaginases 

The two different classes of L-ASPGs are structurally distinct from each other and 

harbour dissimilar substrate affinity and specificity (Michalska & Jaskolski, 2006). 

Activated bacterial type II ASPG (ECAII) structure consists of a homotetramer with 222-

symmetry and containing approximately 330 AA per monomer and four active sites which 

are identical and non-cooperative (Fig 2.4-A). The four active sites are present at the 

dimerization interface of two subunits (A and C) to form an intimate dimer and the two 

intimate dimers interact to form a tetramer. Although the dimeric form can function as an 

enzyme but the folding of the dimers to tetrameric form is believed to correct the proper 

folding and preserve the hydrophobic interior of the active site (Sanches et al., 2007). Type 

I ASPGs are the only solved crystal structure from Pyrococcus horikoshii to date (Fig 2.4-

B). In contrast to the crystal structure of ECAII, the type I bacterial ASPG from Pyrococcus 

horikoshii only forms a homodimer as an active enzyme (Yao et al., 2005). There is another 
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type of bacterial ASPGs which are homologus to the bacterial type ASPGs. These are also 

categorized in the Ntn-hydrolase family of enzymes (Michalska et al., 2008). The bacterial 

ASPGs possess two distinct catalytic triads (Thr12-Tyr25-Glu283 and Thr89-Lys162-

Asp90) which functions independently in a two-step enzymatic reaction involving an 

intermediate state (Sanches et al., 2007).  

 

  

 Fig 2.4: Crystal structure of Asparaginases. (A) Crystal structure of bacterial type-

I L-ASPG (homologue protein from P. horikoshii). (B) Bacterial type II ASPG, (Crystal 

structure of Escherichia Coli D90e mutant). (C) Crystal structure of plant K+-

independent ASPG. (D) crystal structure of plant K+-dependent ASPG. Models 

downloaded from RCSB PDB ( www.rcsb.org) (Berman et al., 2000). 

A B 

C D 

http://www.rcsb.org/
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The plant type L-ASPGs belong to the “Ntn- or N-terminal hydrolase” family of 

enzymes highlighting the involvement of N-terminal Ser, Thr or Cys as the catalytic triad 

and release the Thr nucleophile from N-terminal of the β subunit during autocatalysis 

reaction.  All Ntn-hydrolases share a common αββα fold (antiparallel β-sheet flanked by α-

helices) and an amide-bond oriented activity regardless of the similarity in sequence. All 

the Ntn-hydrolases are synthesized as an inactive precursor, the autoproteolytic cleavage 

of the polypeptide chain performed by the same catalytic residue which performs the final 

enzymatic catalytic activity. Plant L-ASPGs assume the heterotetrametric (αβ)2 quaternary 

structure (Jaaska & Jaaska, 1988).  They exhibit the dual isoaspartyl aminopeptidase/L-

asparaginase activity (Hejazi et al., 2002) which is highly specific for L-Asn only and 

isoaspartyl peptides (Michalska et al., 2008).  

Considering the substrate specificity of ASPGs, K+-dependent asparagianses (Fig 

2.4-D) exhibit high level of activity for Asn only but K+-independent ASPGs (Fig 2.4-C) 

exhibit dual activity (Kambhampati et al., 2017). The reason for this dual activity is 

proposed to be the removal of toxic and aberrant, isoaspartyl dipeptide formed 

spontaneously in protein degradation. This way the isoaspartyl aminopeptidase activity of 

K+-independent ASPG is very important to control the build-up of toxic and aberrant 

proteins in the cell (Michalska et al., 2008). The K+-independent ASPGs are expressed 

predominantly in the leguminous plants except for lupine where Asn is the major transport 

molecule (Kambhampati et al., 2017). The K+-dependent ASPGs activity is modulated by 

the presence of K+ ion by many folds and they exclusively initiate the Asn catalysis.  

2.6.4 Asparaginases and their effect on plant growth 

Asparagine is one of the primary nitrogen storage and transport AAs in the plants. 

Asn catabolism directed by ASPGs and enzymes of other catabolic pathways suggest the 
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role of Asn as N source in the plant. When ASPG promoter was fused to GUS reporter 

gene, there was substantial expression in the apical meristem and developing seeds of 

lupine and tobacco. A double mutant of ASPG in arabidopsis confirmed the role of ASPG 

in root tip, germinating seed, quiescent lateral root primordia, trichome, immature root hair 

and the developing leaf. There was also decrease in the size of the seeds in these double 

mutants—the mechanism of which is unknown (Ivanov et al., 2012).  

2.6.5 Potential applications of plant asparaginases 

The enzymes L-ASPGs are of vital importance in medical and food industry 

(Mohamed et al., 2016). In medicine, it is one of the best exploited treatment for cancer and 

in autoimmune diseases. L-ASPG is reported to cure the acute lymphoblastic leukaemia 

(ALL) and lymphosarcoma (Ali et al., 2016; Mohamed et al., 2016; Sanches et al., 2007). 

The other significant applications in medicine include its use as an antimicrobial agent, 

infectious diseases and for the treatment of feline and canine cancer.  

The food industry relies on frying of potatoes and meat at high heat and converts 

the Asn at high temperature into a potent cancerous agent, the acrylamide. Therefore, 

ASPGs are used to treat the food items to reduce the toxic levels of acrylamide 

(Kambhampati et al., 2017). The potato tuber which is rich in Asn, contribute a lot to the 

acrylamide formation during French fries or chips preparation and substantial efforts are 

being donated to reduce the levels of Asn in potato to make it user friendly. Similar attempts 

have been made to lower the levels of Asn in wheat, barley and rye  (Curtis & Halford, 

2016; Gao et al., 2016; Zhu et al., 2016). 

The industrial production of the enzyme contributes to over 40% of enzymes market 

and around one third of the worldwide anti-lymphoma and anti-leukaemia requirements are 

met by ASPGs (Vimal & Kumar, 2017). The industrial production and purification 
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processes are usually based on the microbial production of enzyme mainly because of the 

shorter production time, bulk preparations and easy purification (Tundisi et al., 2017). 

However, more recent updates have revealed that microbial ASPGs impart many side 

effects and allergic reactions due to the contamination of another co-precipitated enzyme 

glutaminase (Zuo et al., 2015). This problem was solved by the latest research trends on 

exploring the new sources, e.g. the plant sources which are not only devoid of the 

glutaminase contamination but are more potent than their microbial counterparts 

(Mohamed et al., 2015; Mohamed et al., 2016). Based upon the knowledge gathered, an 

alternative strategy was utilized in current study to increase aspartic acid level in cotton 

through overexpression by genetic modification of responsive genes for its toxic effects 

against whiteflies to control spread of CLCuV. 

2.7 Genetic modification of Cotton 

Cotton is a well-known domesticated crop whose usage dates back to the oldest 

civilizations about 3000-BC in the Pakistan’s Mohenjo-Daro civilization (Rahman et al., 

2002). Continuous domestication and selection have led to the evolvement of elite cotton 

cultivars with long staple length, fibre fineness, high strength, fibre pigmentation and insect 

resistance. Different cotton types commercially grown across the world are Gossypium 

hirsutum, Gossypium arboreum, Gossypium barbadense (Pima cotton) and Gossypium 

herbacium. Gossypium hirsutum contributes 95% of world’s cotton production (Trapero et 

al., 2016). Since 2011-2017, Pakistan’s cotton production has declined over 7% due to the 

reduction in cultivated area and heavy insect infestations (Pakistan Economic Survey, 

2017). The insect resistance is one of the serious biotic factors in affecting the various 

qualitative traits of cotton as well as the overall yield. Conventional breeding and selection 

can’t be ignored in terms of the best cotton cultivar production; however, these 

conventional approaches are not successful in obtaining insect control. Therefore, the more 
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robust and innovative techniques were required to control insect infestation in cotton, 

genetic modification being the top most applied and fast approach than conventional 

breeding. The scientists have successfully produced Bt-cotton decades ago (1990) and it 

have proved successful in field performance. However, Bt-cotton was developed for a 

selective class of insects i.e. the chewing insects of cotton including pink bollworm, fall 

armyworm, spotted bollworm, American bollworm etc. but the incidence of field evolved 

insect resistance has prevailed over the long run for Bt-cotton variety (Naik et al., 2018). 

The sucking insect complex of cotton are another major threat to cotton. These includes, 

mealybugs, aphids, thrips, whitefly, jassids and spider mites. They feed directly on the 

nutritious most component of plant, the phloem sap and deprive the plant from all the 

essential nutrients required for growth and sustainability. Collectively, the insect losses to 

cotton are ranged between 30-70% (Rahman et al., 2017; Shah et al., 2017). Sucking insect 

complex of cotton are notorious insects and their populations are highly dependent upon 

the climatic conditions. Majority of these insects are resistant to chemical pesticides e.g. 

whiteflies and to the Bt cotton varieties (Basit, 2018; Naik et al., 2018). 

The need to develop resistance against the sucking insect is of tremendous 

importance in combating the severe losses to cotton crop. The CLCuV is one of the 

notorious viruses transmitted by whitefly. GM approaches have been extensively 

investigated to control the spread of this virus while none for the whitefly. Whitefly feeding 

induce biochemical changes affecting the quality and yield of the plant (Inbar & Gerling, 

2008). Heavy infestations greatly hamper the physiological performance of the plant by 

reducing the photosynthesis, transpiration and stomatal opening which is a direct 

phytotoxic effect (Chougule and Bonning, 2012; Inbar and Gerling, 2008). Disease 

symptoms of whitefly infestation include yellowing and wilting of leaves, CLCuD 

development, sooty mold development and ultimately shedding of leaves which cause 
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growth retardation and yield losses of the infested cotton plants. This can lead to 50% 

reduction in boll formation (Shah et al., 2017). Whitefly acts as a vector for over 200 plant 

viruses which are transmitted to the infested plant and additional yield losses lead to 

completed damage of the crop (Shukla et al., 2016). The nutrient content of host plant plays 

significant role in providing protection from insect pests. Most of these insects preferred 

phloem sap only while a few feeds on both phloem and xylem sap.  

Data on the commercial existence of whitefly resistant GM-cotton is lacking. 

Though investigations on the development of whitefly resistant cotton are available but the 

number is quite small as compared to Bt cotton. Until now the transgenic approaches to 

control whitefly by V-ATPase silencing through dsRNA, Allium sativum lectin gene (ASAL) 

transformation in chick pea and rice and agglutinin expression in tobacco exhibit some 

resistance to whitefly infestation (Jin et al., 2012; Shukla et al., 2016; Thakur et al., 2014). 

But until now these have not reached the status of commercialization. Another fern protein 

Tma12 was also found effective against whitefly in cotton (Shukla et al., 2016) but it also 

needs biosafety assessment to approve it for commercialization. The polyphagous whitefly 

host range covers about 600 plant species, but ferns are excluded from the list. This Tma12 

fern protein’s mechanism of action is not explained in detail but they retard the 

development and moulting of nymphs to next generation thereby reducing the population 

size and is only effective against whitefly (Shukla et al., 2016). Nevertheless, these are the 

only few approaches tried until now to control whitefly infestation. Therefore, there is 

extensive need to look for alternative biochemical targets to control whitefly.  

2.7.1 Transformation system for cotton 

The transformation system is best characterized by an efficient DNA delivery, 

simple, reliable, efficient, genotype independent and having the ability to produce fertile 
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transgenic plants. Currently, three transformation methods are being used to produce 

transgenic plants (Hansen & Wright, 1999); 

1: Protoplast fusion,  

2: Biolistic and 

3: Agrobacterium mediated 

Every system has its own advantages and limitations. Cotton is a recalcitrant crop 

and can’t reproduce viable plants through tissue culturing procedure. Protoplast 

transformation is genotype independent and the protoplasts can be isolated from any cell 

type and they go through callus phase. However, this method of transformation is not 

suitable for cotton because of its recalcitrant nature and low germination potential. Another 

system is the biolistic method in which the DNA coated gold or tungsten particles are 

bombarded into the plant material. This method of transformation can transform virtually 

any tissue, but the efficiency depends upon the regeneration potential of the respective 

tissue. Random and multi-copy transgene integration is also common in this method of 

transformation which can eventually lead to low expression, gene silencing or even the 

removal of transgene in the subsequent generations (Ismagul et al., 2018). Transformation 

of large fragment of DNA is also problematic and often breaks or nicks can occur in the 

transgene. Therefore, the transformation efficiency and stable genetic transformants by this 

method of transformation is quite low. 

Agrobacterium-mediated transformation method exploits the natural ability of 

bacterium Agrobacterium to integrates the transgene into the plant genome naturally. This 

system has the advantage of insertion of long DNA fragments (150kb) and simple copy 

insertions and is very easy to operate. Agrobacterium tumefaciens is a soil borne bacterium 

having natural ability to infect the wounded sites of plant and cause crown gall disease. The 
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Agrobacterium harbours tumour inducing plasmid, the “Ti-plasmid” in it and on infecting 

the wounded site, inserts T-DNA into wounded site, causing the development of a large 

tumour (Rao et al., 2009). Agrobacterium chromosome have several virulence genes which 

assist in the transfer of a specific region of Ti-plasmid into the plant and subsequent 

integration into the host genome Fig 2.5 (Lacroix & Citovsky, 2018). This natural transfer 

and integration of T-DNA has fascinated the scientists and revolutionized the field of 

agrobiology and biotechnology which is now employing this system to transform the plants 

and produce transgenic plants.  

 

Fig 2.5: Molecular mechanism of Agrobacterium-mediated T-DNA transformation and 

integration molecular in plants. Image courtesy by (Lacroix & Citovsky, 2018). 

Gene transfer from Agrobacterium to plant is initiated by induction of VirA by 

wound induced phenolic compound (acetosyringone) secretion. VirA activates a 

transcriptional inducer protein VirG by phosphorylating it which recognizes several vir 
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promoters in Ti plasmid and initiates their expression. T-DNA transfer into plant cell is 

then initiated by Vir proteins namely VirD2 and VirD1 by generating single stranded T-

DNA and the VirD2 endonuclease remain attached to the right border or 5’end of ssT-

DNA. The exact mechanism of T-DNA transfer into the host cell is still unclear but is 

mediated by the assembly of T4SS (11 virB encoded proteins) and VirD4 at the plasma 

membrane which transports ssT-DNA and other vir-gene proteins (VirD5, VirE2, VirE3, 

and VirF) from bacterial to host plant cell. The nuclear transport of VirD2-ssTDNA is 

mediated by several effector proteins, VirE2 interacting protein and importin-alpha protein. 

However, the mechanism of DNA integration into the host genome is also unclear but is 

possibly involved the assistance of VirE2 (membrane transport) and VirD2 (nuclear 

integration) which together form a T-complex and VirE2 possibly protects the T-strand 

from degradation by cellular nucleases (Gelvin, 2003; Lacroix & Citovsky, 2018). The 

exact mechanism of T-DNA transfer and integration can open new insights for development 

of transgenic plants. 

Nevertheless, this Agrobacterium-mediated transformation deploys the 

unique/rarest form of Horizontal Gene Transfer (HGT) from prokaryotes to eukaryotes and 

has gained popularity among research community as highly effective method of transgenic 

plant production. The type of explant material is important for high efficiency 

transformation. In cotton, unlike true tissue culture, which requires somatic embryogenesis 

and organogenesis, the recalcitrant nature of it makes it difficult to regenerate. Therefore, 

the selection of appropriate cotton tissue is important to produce transgenic plants.  

The shoot apex method of cotton transformation developed by (Gould & 

Magallanes-Cedeno, 1998) has been adopted by researchers for cotton transformation 

which do not actually involve the tissue culture stages. Therefore, the chances of somatic 

mutants are less, and the transformation efficiency is higher. In this method, a two to three 
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days old germinated embryo is used and the cotyledonous leaves are removed, the shoot 

apical meristem is given a slight cut and are then incubated together with the recombinant 

Agrobacterium containing gene of interest. This shoot apex method is a high efficiency 

transformation protocol and is genotype independent, therefore can be applied quite 

successfully for recalcitrant plants like cotton (Satyavathi et al., 2002).  
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METHODS 
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3.1 Gene sequence analysis, Codon Optimization and its 

synthesis  

The cDNA sequences of Oryza sativa AAT (OsAAT2) and Zea Mays ASPG 

(ZmASN) were retrieved from Gene bank, analyzed for restriction enzymes sites, codon 

optimized and suitable restriction sites along with start and stop sites were added at both 

ends of the gene. The ZmASN gene was codon optimized through web based tool Integrated 

DNA Technologies “IDT” to get its high protein expression in cotton (Gossypium hirsutum) 

(https://eu.idtdna.com/codonopt). The gene cassettes were designed for pCAMBIA vector 

under CaMV35S promoter and Nos terminator and synthesized from BioBasic Inc. 

(https://www.biobasic.com/us/gene-splash-gene-in-vector/). 

3.2 Transformation of OsAAT2 and ZmASN genes into E.coli 

3.2.1 Competent cells (E.coli) preparation and transformation 

The single colony of E. coli TOP-10 F` was inoculated in 5ml sterilized LB broth 

(Appendix-I) containing 5µl antibiotic tetracycline (10µg/1ml)(Appendix-II) followed by 

overnight incubation at 37oC on shaking incubator. The secondary culture in exponential 

phase was prepared by inoculating fresh 50ml LB broth (Appendix-I) with 1ml of overnight 

grown culture in a conical flask under the same conditions.  The OD600 of 0.8-1 of 

secondary culture indicated that exponential phase bacterial culture is ready for preparing 

competent cells. Broth culture was chilled on ice for 30min followed by the transfer of 25ml 

culture to two pre-cooled sterile 50ml falcons tubes and centrifuged for 5min at 5000 rpm 

at 4oC. The supernatant was discarded and the bacterial pellet was re-suspended in 5ml of 

pre-chilled 100mM CaCl2. This treated and resuspended bacterial suspension was 

centrifuged for 5min at 4oC. The supernatant obtained at the end of centrifuge was hrown 

out and the pellet was resuspended in ice-cold 100mM CaCl2 containing 15% glycerol 

https://www.biobasic.com/us/gene-splash-gene-in-vector/
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through continuous pipetting. Aliquots of 100µl were prepared and stored at -80oC for 

transformation. 

3.2.2 Transformation into E. coli 

Chemically synthesized gene constructs in pUC57 vector were transformed into 

competent E. coli strain for further processing. Aliquot of competent E. coli (100µl) was 

thawed on ice, and 3µL of pUC57 vector containing OsAAT2 and ZmASN genes was mixed 

in it and kept on ice for 30min. These tubes were then transferred to pre-heated heat block 

at 42°C and kept for 90s followed by immediate transfer on ice for 2min for the 

transformation of recombinant vectors into E. coli. After transformation, sterile LB broth 

(0.8ml) was immediately added to the E. coli cells, mixed and kept at 37°C for 45 – 60 min 

on shaking incubator. Transformed E. coli cells containing recombinant plasmids were 

spread as 50, 80, 100, 150 and 200µl volume on LB-agar plates containing 1mg/ml 

ampicillin (Appendix-II) and incubated at 37°C for overnight. 

3.2.3 Overnight Culture of Selected Bacterial Colonies for 

Plasmid isolation 

LB agar plates were screened for the appearance of transformed bacterial colonies. 

Single colonies were selected and inoculated into LB broth containing ampicillin drug 

1mg/ml in 15ml sterile culture tubes and incubated at 37°C for overnight in shaking 

incubator. This broth culture was used for plasmid isolation.  



39 

 

3.2.4 Isolation of Plasmid DNA from E. coli 

The plasmid DNA isolation was carried out through GeneJET Plasmid Miniprep 

Kit (Thermo Scientific. Cat# K0903) followed by manufacturer's instructions. The 

overnight grown cultures (3ml) of the selected bacterial colonies were harvested in 1.5ml 

eppendorf tube through centrifugation at 14000 x g for 2min. The cell pellets were 

resuspended completely in 250µl of resuspension solution (containing RNase A). Then 

250µl of lysis buffer was added and mixed thoroughly for 2-5min at room temperature. 

This was proceeded with the addition of 350µl of neutralization buffer. The 1.5ml tubes 

were mixed gently by simply flip-flopping the tubes several times. The bacterial lysates 

were then spin down at 14,000 x g for 15min. The supernatant was transferred into spin 

column (Available in Kit), placed into 2ml collection tube and the pellet was discarded. 

The columns were spin down at 14000 x g for 1min, emptied the flow through from 

collection tube and columns were put back into the collection tube. Column containing the 

bound plasmid was washed once with washing solution (500µl) and centrifuged at 14000 

x g for 1min. This step was repeated twice. Finally, the spin columns were centrifuged at 

14000 x g for another 5min to completely dry the spin column for ethanol residue removal. 

Dried spin columns were placed into fresh RNase, DNase free 1.5ml tube and 50µl of 

elution buffer was added in the center of the spin column and kept at room temperature for 

5min. The spin columns containing the plasmid DNA were centrifuged at 14000 x g for 

2min to elute the purified plasmids into 1.5ml tubes and stored at -20oC.  
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3.2.5 Cloning of OsAAT2 and ZmASN genes into plant 

expression vector 

3.2.5.1 Vector Construction 

 The binary vector pCAMBIA-1301 was used as a preferred plant expression vector 

for cloning of genes. The plasmids OsAAT2/pUC57 and ZmASN/pUC57 were used as a 

source of genes. Both the genes were cloned under the influence of constitutive promoter 

CaMV35S. The map of pUC57 containing genes OsAAT2 and ZmASN is shown in Fig 3.1 

(A) and Fig 3.1 (B) respectively. The map of plant expression vector and the respective 

cloning sites for each gene are shown in Fig. 3.2.  

 

Fig 3.1: OsAAT2 and ZmASN Genes in pUC57 vector. OsAAT2 gene flanked with 

XhoI restriction sites A) and ZmASN gene flanked by SacI and HindIII restriction sites 

B). 

  

A B 
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Fig 3.2: Map of plant expression vector pCAMBIA 1301.  

 

3.2.5.2 Restriction Digestion for cloning 

Both the donor and destination vector were digested with restriction enzyme XhoI. 

The gene of interest OsAAT2 was excised from pUC57 vector through XhoI restriction 

digestion while destination vector pCAMBIA 1301 was also linearized with the help of 

XhoI restriction enzyme. The digestion reaction was setup with XhoI independently for 

pUC57/OsAAT2 digestion and for the linearization of pCAMBIA 1301 vector: 

XhoI   2U 

10X Red Buffer  2µl 

Plasmid DNA  5µg 

H2O   up to 20µl 
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The pUC57 containing ZmASN gene was digested with SacI/HindIII restriction 

enzymes to excise the gene of interest and similarly, pCAMBIA 1301 vector was linearized 

with the same restriction enzyme set. The digestion reaction was setup independently for 

pUC57/ZmASN and pCAMBIA 1301 with SacI/HindIII restriction enzymes as described 

below: 

SacI   2U 

HindIII  2U 

10X Tango buffer 2µl 

Plasmid DNA  5µg 

H2O   up to 20 µl 

Both the above described digestion reactions were incubated at 37oC for 4 hr. The 

digestion reaction was mixed with 3-4µl of 6X DNA loading dye (Appendix-V) and 

analyzed on 1% agarose gel run in 1x TAE buffer (Appendix-V) at 5V/cm. The gel was 

visualized under low UV and the bands were cut from the gel and eluted using GeneJet gel 

Elution kit (Thermofischer). The genes were eluted in nuclease free TE buffer (Appendix-

IV) and stored at -20oC. The concentration of both the eluted gene and linearized vectors 

were quantified using NanoDrop spectrophotometer (ND-1000).  

3.2.5.3 Ligation 

The excised fragments of OsAAT2 and ZmASN and linearized pCAMBIA 1301 

were gel purified and ligated with their respective digested vector (pCAMBIA 1301) in a 

3:1 (insert:vector) ratio with rapid DNA ligation kit (Thermofischer Scientific, Cat# 

K1422). The ligation reaction setup with both genes (OsAAT2, ZmASN) and their respective 

linearized pCAMBIA 1301 vectors is described below: 
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Vector   2µl or 50ng 

Insert   6µl or 150ng 

T4 Ligase  1µl 

10 X T4 Buffer 2µl 

H20   up to 20µl 

The fast ligation reaction was completed in 5-10min at 16oC and kept at -20oC. The 

ligation product (4µl) was transformed into competent E. coli cells. The E. coli competent 

cells preparation and transformation procedure was followed as explained in section 3.2.1 

and 3.2.2. About 25-30 single clones from each ligated construct were selected from LB 

agar plates and cultured into LB broth. The plasmid from the selected colonies was isolated 

as described in section 3.2.4. 

3.2.5.4 PCR Confirmation of pCAMBIA35S_OsAAT2 and 

pCAMBIA35S_ZmASN cloned construct 

PCR amplification of pCAMBIA35S_OsAAT2 and pCAMBIA35S_ZmASN constructs 

was carried out using gene specific primers for the respective gene as provided in (Table 

3.1). A PCR reaction was setup for a total volume of 20µl as shown below. 

10X Taq buffer  2µl 

25mM MgSO4  1µl 

2mM dNTPs  1µl 

Primer-F   1.5µl 

Primer-R  1.5µl 

PCR water   12µl 

Taq polymerase  0.5µl 

Template  10-20ng 
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The cycling parameters for OsAAT2 and ZmASN PCR amplification were performed 

as three step reaction: first step only includes the initial denaturation for 5 min at 95oC; 

second step extended to 30 cycles each of denaturation (95oC for 45s), annealing (60oC for 

1min) and amplification (72oC for 1.5min). A third step of amplification was performed at 

72oC for 5min. The PCR product was analyzed on 1% agarose gel by agarose gel 

electrophoresis. The PCR was mixed with 6x DNA loading dye (Appendix-V) and loaded 

on agarose gel and run in 1X TAE running buffer. The gel was visualized under UV light 

for PCR amplification. 

3.2.5.5 Restriction digestion confirmation of pCAMBIA35S_AAT2 and 

pCAMBIA35S_ASN constructs 

The recombinant vector pCAMBIA35S_ASN was confirmed through double restriction 

digestion with SacI/HindIII double digestion as explained in 3.2.5.2 and resolved on1% 

agarose gel. Excision of fragment of respective length confirmed the ligation of ZmASN 

gene in pCAMBIA-1301 vector producing recombinant vector pCAMBIA35S_ASN. 

The other vector pCAMBIA35S_AAT2 was digested with single restriction enzyme 

XhoI. So, there were chances that the gene could be ligated into either right or wrong 

orientation. The orientation of the ligated gene was confirmed through unique restriction 

enzyme (BamHI) that could cut once inside the insert and once in vector backbone 

producing bands of specific length. In case of no ligation, the circular vector will only be 

linearized, in case of right orientation, there will be a short band of 1137bp and in case of 

wrong orientation a 2192bp band will be produced.  

The digestion reaction with BamHI was set up as follows: 

BamHI   2U 

10X BamHI buffer 2µl 
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Plasmid DNA  5µg 

H2O   up to 20µl 

Digestion reaction was incubated at 37 oC for 2 hr and analyzed on 1% agarose gel. 

The bands of respective length confirmed the orientation of OsAAT2 gene in plant 

expression vector. 

Table 3.1 Primer sequences used for amplification of OsAAT2 and ZmASN genes. 

Gene Primer Name Primer Sequence 
Product 

Size 

ZmASN 

AsparaseF TGGACGGTTCTACAGGTTC 
736 

AsparaseR TGATTCGTTACCGCTTATTGG 

Zm_ASNRT_fw CTTCTATAATGGACGGTTCTACAGG 
173 

Zm_ASNRT_rv AGCCCACTGTTAGGCACGTTC 

N-F GAGCTCTGAGACTTTTCAAC 
1564 

N-R CCCGGGTGATTCGTTAC 

ASN-01-F GCAGCAGCCATACAAGTTCTTGAAG 
455bp 

ASN-01-R TCAGATTCTGTACCTTGAGCCTCCAA 

OsAAT2 

T2-05-F TTCCTGACAAGCACTGAACTGTAGC 
328pb 

T2-05-R ATGGCGTCGTCGTCCGTCTT 

T-L CTCGAGTCACTTCAGTTTTGTG 
1233bp 

T-R CTCGAGATGGCGTCGTC 

RT2-L TCTCGGTTCAGCTCCTTCAG 
160bp 

RT2-R TGCAAATCCCTGATAAGCGC 
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3.3 Transformation of pCAMBIA35S_ASN and 

pCAMBIA35S_AAT2 constructs into Agrobacterium 

3.3.1 Preparation of competent cells of Agrobacterium 

tumefaciens 

The Agrobacterium tumefaciens LBA4404 strain’s competent cells were prepared 

by following the method of (Höfgen & Willmitzer, 1988) with some modifications. A. 

tumefaciens strain LBA4404 was inoculated into YEP broth (Appendix-I) and incubated 

for overnight at 28 oC in shaking incubator. The Rifampicin (100mg/ml) was used as 

antibiotic for selection (Appendix-II). The overnight A. tumefaciens culture was used as a 

starter culture to inoculate 100ml of YEP broth and incubated at 28oC to log phase (OD550 

0.5-0.8) in a shaking incubator. The culture was chilled on ice and transferred to 50ml 

culture tubes followed by centrifugation at 5000rpm for 10min at 4oC. The supernatant was 

discarded, and the pellet was washed with sterile 1 X TE. The cells were resuspended in 

0.1X volume of TE and 100µl aliquots were made in microfuge tubes. The competent cells 

were freshly used, or the aliquots were freezed instantly in liquid nitrogen and stored at -

70oC for later use. 

3.3.2 Transformation of pCAMBIA35S_ASN and 

pCAMBIA35S_AAT2 in Agrobacterium tumefaciens 

through Heat-Shock Method 

The recombinant plasmid vector confirmed through PCR and restriction digestion 

was incorporated into competent A. tumefaciens LBA4404 strain via heat-shock method as 

developed by (Höfgen & Willmitzer, 1988). The recombinant plasmid DNA (3µl or 100-

1000 ng) was added into the aliquot of A. tumefaciens containing 100µl competent cells 
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and mixed by flicking the tube. It was then kept on ice for 5min and then transferred to 

liquid nitrogen and kept there for 5min. Heat shock was given to the cells in a water bath 

set at 37oC for 5min. The cells were then transferred to 15ml sterile culture tubes containing 

1ml of YEP broth followed by incubation at 28oC for 2hr in shaker running at 150rpm. 

Transformed cell culture was centrifuged for 2min at 6000rpm and supernatant was 

discarded. The pellet was re-suspended in 200-300µl of YEP broth and spread on YEP agar 

plate supplemented with kanamycin and rifampicin for selection of positive transformants. 

The plates were placed at 28oC for 48 hr to get colonies. . 

3.3.2.1 Confirmation of transformed Agrobacterium through colony PCR 

Colony PCR was performed to check the Agrobacterium transformants containing 

recombinant vector. Total 20 colonies of transformed Agrobacterium were picked with 

sterilized micropipette tips and inoculated into 3ml YEP broth containing kanamycin and 

cultured overnight at 25oC in shaking incubator. After 24hr growth, 1ml of broth culture 

was centrifuged at 10,000rpm for 2min and supernatant was discarded. The cell pellet was 

resuspended in nuclease free water (100µl). Heat shock was given at 95oC for 10 min and 

centrifuged again at 1300rpm for 10min. The supernatant obtained was used as a DNA 

template for PCR reaction. The reaction mixture of the colony PCR contained; 5µl 

supernatant as template, 2µl of 10X Taq buffer, 1µl of 2mM dNTPs, 1.5µl of 10µM forward 

and reverse primer each, 0.5µl of Taq polymerase (Thermo Scientific) and 8.5µl of 

injection water to make the final volume 20µl. PCR amplification for OsAAT2 and ZmASN 

was performed as three step reaction: first step only includes the initial denaturation for 

5min at 95oC; second step extended to 30 cycles each of denaturation (95oC for 30s), 

annealing (60oC for 1min) and amplification (72oC for 1min). After that third step of 

amplification was performed at 72oC for 5min. The PCR fragment was resolved on 1% 
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agarose gel. The 1 kb DNA ladder was used as standard marker and the gel was visualized 

under UV light. The primer sequences used were same as given in Table3.1. 

3.4 Agrobacterium-mediated transformation of cotton variety 

CIM-482 

3.4.1 Selection of cotton variety 

Gossypium hirsutum L. variety CIM-482 was selected for genetic modification to 

improve its resistance against sucking insects. The cotton variety was selected for its 

characteristics it showed for germination and availability of seeds as compared to other 

available cotton varieties. 

3.4.2 Delinting of cotton seeds 

Cotton seeds of the selected cotton variety were cleaned from any lint present on 

their surface. For this purpose, conc. H2SO4 was used which digests all lint instantly. Acid 

was added into seeds in a ratio of 100 ml/1kg and stirred vigorously with acid resistant 

spatula for 2-3 min until all the lint on the cotton seeds was dissolved and seeds tips become 

shiny. Excess of tap water was used for removal of acid from the seeds. In the last washing 

step, the sinker seeds were separated from floating seeds and air dried by spreading on filter 

paper. 

3.4.3 Germination Index of Seeds 

3.4.3.1 Germination Index of CIM-482 Cotton variety 

Germination index of the CIM-482 cotton variety was checked by wetting a sterile 

filter paper with sterilized dH2O (1ml) kept inside a petri plate. Thirty seeds of cotton were 

incubated on petri plate and the plate was covered with lid and sealed with the help of 
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parafilm to avoid any bacterial and fungal contamination. The plates were placed in a dark 

place at 30 oC ± 2 oC for 48 hr. Germination index was determined by a formula described 

below;  

Germination Index (%age) = (Germinated Seeds / Total seeds) x 100 

3.4.3.2 Seed Sterilization and Soaking 

Each transformation experiment was comprised of 200-250 delinted cotton seeds. 

The seeds were taken in a 1 L autoclaved conical flask and immersed in 200 ml autoclaved 

dH2O. For the surface sterilization of seeds, 0.1% SDS and 0.1% HgCl2 were added, stirred 

vigorously for 2-4 min and all the liquid was discarded. The seeds were rinsed several times 

with sterilized dH2O for the complete removal of the sterilizing chemicals from the seeds. 

The sterilized seeds were soaked in sterilized dH2O as per requirement and incubated in a 

dark place at 30oC for 30-48 hrs. All the activities were carried out in laminar air flow 

cabinet. 

3.4.4 Murashige and Skoog (MS) medium preparation 

The MS semi-solid medium was prepared according to the recipe given in the 

appendix-III. The medium was autoclaved at 121oC for 15min and cooled down up to 50oC. 

Antibiotic drug cefotaxime (100mg/ml) was added in the MS medium to prevent bacterial 

contamination after co-cultivation.  The B5 vitamin were also added (100mg/ml) in the 

basal MS medium (Appendix III). The media was poured into plastic petri dishes and test 

tubes as per requirement.  
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3.4.5 Transformation of recombinant vectors into cotton plant  

3.4.5.1 Inoculum preparation of A. tumefaciens for Cotton 

Transformation 

The A. tumefaciens strain LBA4404 carrying recombinant plasmid was grown in 

10ml YEP broth, supplemented with Kanamycin (10µg/ml). The culture was incubated at 

30oC for 24hr in shaking incubator. After 24hr of incubation the culture was pelleted down 

by centrifuging at 4000rpm for 10min at 4oC. The cell pellet was resuspended in 10ml of 

MS broth and used for co-cultivation of cotton embryos. 

3.4.5.2 Wounding of cotton embryos and Agrobacterium mediated 

transformation with pCAMBIA35S_ASN and 

pCAMBIA35S_AAT2 through Shoot Apex Cut Method 

The transformation of single gene constructs in CIM-482 cotton variety was done 

with Agrobacterium through embryo shoot apex cut method (Gould & Magallanes-Cedeno, 

1998). The germinated seeds were taken from the incubator. The cotton embryos 

germinated for 30-36 hr were separated from seed coat and cotyledons by applying pressure 

with spatula. The lateral region of shoot apex of the embryos was wounded slightly with a 

sharp blade mounted on a petri plate and transferred immediately to MS medium containing 

transformed Agrobacterium for co-cultivation. The embryos in MS broth-bacterial culture 

were incubated at 30oC for 30-40min in shaking incubator at 160rpm. 

The embryos were separated from MS broth culture, blot-dried on sterilized filter 

paper and plated on MS medium plates by pointing their wounded apices upwards and roots 

submerged in the semi-solid MS medium. Some non-transformed embryos were also grown 

as control plants. The plates were kept at 28oC for 3-5 days for co-cultivation under 

fluorescent tube light and 16:8 day/night cycle. Well rooted embryos which started 
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developing shoots were transferred to glass culture tubes containing MS media 

supplemented with B5 vitamin (1µl/1ml) (Appendix-III), cefotaxime (100mg/L), and 

hygromycin (20µg/ml). The glass tubes were covered with cotton plugs and kept in the 

growth room set at temperature of 25 + 3oC and enough fluorescent light for 8-9 weeks 

with a photoperiod of 16:8 (light/dark). 

3.4.6 Transfer of Putative Transgenic Cotton Plantlets from MS 

medium to soil 

After 8-10 weeks of selection, cotton plantlets about 6 inches height, were 

transferred to pots containing soil mix. This soil was thoroughly mixed, with equal 

proportion of clay, sand and peat moss in 1:1:1 ratio, supplemented with enough amount of 

organic fertilizer (leaf fertilizer) and fungicide. These plantlets were covered with the 

plastic bags for first 15 days to maintain proper humidity inside the plastic covers and were 

placed in growth room at a temperature of 25 ± 2°C with a photoperiod of 16/8hr of 

light/dark cycle. After two weeks of growth under controlled conditions, these putative 

transgenic plants were subjected slowly and regularly to acclimatization and hardening 

under sunlight from minimum 1hr upto maximum time of 1 day. Acclimatized putative 

transgenic cotton plants were transferred to cotton tunnel under controlled environmental 

conditions.  

3.5 Molecular Analysis of Putative Transgenic Cotton Plants 

Putative transgenic cotton plants were confirmed for the presence of introduced 

gene and its expression at mRNA level by using by different molecular techniques i.e. PCR 

analysis, qRT-PCR and Dot Blot analysis.  
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3.5.1 DNA extraction of putative transgenic cotton plants 

Isolation of genomic DNA requires can be difficult due to presence of phenolic 

compounds, polysaccharides and some other interfering substance (Paterson et al, 1993). 

For isolation of cotton genomic DNA fresh leaf of cotton plant was ground to fine powder 

in liquid nitrogen with using pestle and mortar (Saha et al., 1997). Approximately 100mg 

ground powder was transferred to 1.5ml tube containing 750µl of CTAB extraction buffer 

(Appendix-IV). Tubes were vortexed vigorously and incubated at 65ºC in water bath for 

60min. The tubes were cooled down to 37ºC and 50µl of the RNase solution was added and 

incubated for another 30min. An equal volume of chloroform: isoamyl alcohol (24:1) was 

added to tubes mixed vigorously by hand for efficient denaturation of proteins. 

Centrifugation was performed for 10min at 8000rpm. Upper aqueous phase was carefully 

transferred to fresh 1.5ml eppendorf tube and the step was repeated twice. Ice-cold 

isopropanol (500µl) was added to the aqueous layer and tubes were kept at -20oC for 

overnight. After incubation, the DNA pellet was isolated by centrifugation at 13000rpm for 

10min and then washed once with 1ml of 100% EtOH and later with 70% EtOH. DNA 

pellet was air-dried to completely remove ethanol and then resuspended in TE buffer 

(Appendix-IV). DNA quality was assessed by resolving samples on 0.8% agarose gel and 

concentration was determined by NanoDrop spectrophotometer. 

3.5.2 Confirmation of Transgenes through PCR 

For screening and molecular confirmation of putative transgenic cotton plants, the 

gDNA was used as template to amplify the transgene through PCR. The primer sequences 

are outlined in Table 3.1. The 50µl PCR reaction was comprised of;  

DNA template  100ng-1ug 

Taq polymerase  1µl 
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10X Taq buffer  5µl 

25mM MgSO4  3.5µl 

2mM dNTPs  2.5µl 

Primer-F   3.0µl 

Primer-R  3.0µl 

PCR water    upto 50µl 

PCR amplification for OsAAT2 and ZmASN was performed as a three-step reaction: 

first step only includes the initial denaturation for 5min at 95oC; second step extended to 

40 cycles each of denaturation (95oC for 45s), annealing (60oC for 1min) and amplification 

(72oC for 1min). A third step of amplification was performed at 72oC for 5min.  Amplicon 

were resolved on 1% agarose gel and analyzed by using UV based gel documentation unit. 

3.5.3 Reverse Transcriptase PCR of transgenic cotton plants 

3.5.3.1 RNA Extraction from Transgenic Cotton Plants  

RNA is affable to different downstream processes, such as to synthesize cDNA 

library, Reverse transcription PCR (RT-PCR), and Real time PCR. RNA extraction was 

preceded as done by (Zhao et al., 2012) with slight modifications. Plant leaf material (10-

200mg) was homogenized in liquid nitrogen to maximum fineness and transferred to pre-

cooled 2.2ml tube without letting the sample to thaw. Homogenized samples were mixed 

immediately with 1ml of CTAB extraction buffer (Appendix-VI) and incubated at 65oC for 

10-15min. To the sample 1ml of PCI (25:24:1), was added by gentle mixing for 5-10 times 

and centrifuged at 14,000 x g for 2min at room temperature. Upper aqueous phase was 

transferred to clean 1.5ml tube and equal volume of 5M ammonium acetate was mixed and 

kept on ice for 30-40 min followed by centrifugation at 4oC and 14000 x g for 20min. The 

RNA pellet was washed thrice with 500µl of 70% ethanol to remove the excess salts. The 

pellet was air dried and resuspended in 50µl of RNase free water. RNA samples were 
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treated with DNase I to avoid any DNA contamination before real-time PCR experiments 

through DirectZol In-column DNase digestion and purification KIT (zymo research cat # 

R 2070). Quality/integrity of RNA was evaluated immediately on RNA gel. RNA gel was 

prepared as 1% agarose gel. Isolated RNA (3ul) was mixed with RNA loading dye and 

resolved on 1% agarose gel for RNA integrity analysis (Appendix VI). RNA was preserved 

at -80oC for future use.  

3.5.3.2 cDNA Synthesis from RNA Isolated from Transgenic Cotton 

Plants  

To synthesize cDNA from isolated RNA, Superscript II® First Strand cDNA 

Synthesis Kit (ThermoFischer Scientific, Cat # 18064014) was used. First strand cDNA 

preparation was performed in a two-step reaction. Following components were added in 

PCR tubes placed on ice: 5μg of template RNA, 2µl of oligo (dT)21, and RNase free water 

to make the volume 30µl in PCR tube. The reaction mixture was incubated in thermocycler 

at 65oC for 5min, 25oC for 5min and then chilled on ice. Ingredients of the second step were 

mixed as: 1X reaction buffer FX, 1µl of DTT, 3µl of DMSO, 2.5µl of dNTP mix (10mM), 

1.5µl of SuperScript II Reverse transcriptase, 1µl of RNasin and RNase-free water to make 

the volume 20µl. This 20µl reaction was mixed into 30µl first strand cDNA tubes. The 

thermal cycler condition for second step were set at 42oC for 30min, 45oC for 20min and 

48oC for 20min and at 4oC storage cycle. Freshly synthesized cDNA was stored at -20oC 

for short term and -80oC for long term use.  

3.5.3.3 Reverse Transcriptase PCR 

Transgenic plants were also confirmed through the Reverse Transcriptase PCR. 

About 1µl of the cDNA prepared in previous section was used as the template. Rest of the 

reaction mixture was prepared as same as that in section 3.5.2 except that the respective 

primers with short amplicon size were used as detailed in Table 3.1. PCR amplification for 
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OsAAT2 and ZmASN was performed as three step reaction: first step only includes the initial 

denaturation for 5min at 95oC; second step extended to 40 cycles each of denaturation (95oC 

for 30s), annealing (60oC for 30s) and amplification (72oC for 20s). A third step of 

amplification was performed at 72oC for 5 min. The PCR products were analyzed on 2.5 to 

3.0% agarose gel in UV documentation system. 

3.5.4 Confirmation of transgenic cotton plants through DNA 

Dot Blot Assay 

3.5.4.1 Probe Preparation 

Dot Blot analysis was done to further assure the successful introduction of the 

transgene into cotton plants. For Dot Blot Assay, labelled probe was prepared in PCR 

reaction using T-primers for OsAAT2 and N primers for ZmASN with DIG High prime DNA 

labelling and detection starter Kit II (Rosche cat#. The PCR amplified probe was purified 

using PCR cleanup kit (Thermofischer Scientific) and preserved at -20oC.  

3.5.4.2 DNA Spotting and Hybridization of DNA with probe  

High quality 3-5µg genomic DNA of transgenic cotton plants was spotted onto 

Hybond N+ nitrocellulose membrane by spotting and drying before dispensing the DNA 

again. The membrane was prehybridized for 4hr at 65oC in pre-hybridizing buffer provided 

in kit. Labelled probe was denatured at 95oC for 10min and added into hybridization 

solution. The hybridization reaction was proceeded for overnight at 65oC. Membrane was 

washed twice with 2x SSC (Appendix-VII) with shaking for 15min at room temperature 

followed by washing twice with 1x SSC solution (Appendix-VII) for 10min at 65oC. 

Membrane was equilibrated with incubation in Genius-I buffer for 1min, blocking buffer 

(Genius-II) for 45min with anti-DIG alkaline phosphatase antibody (1:5000) diluted in 

Genius-II buffer for 30min with continuous shaking. In the end membrane was washed 
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twice in Genius-I buffer through incubation for 15min and with Genius-III buffer for 3min. 

BCIP/NBT tablets dissolved in Genius-III buffer were used as a substrate for color 

development in dark for 2-4hrs. 

3.6 Gene Expression Analysis through quantitative Real-Time 

PCR 

3.6.1 Quantitative Real-Time PCR 

Gene specific primers were designed for qRT-PCR having product size < 200 bp 

by using Primer Premier 3.0. Real Time PCR was performed according to the protocol 

mentioned in Maxima® SYBR Green/ROX (cat # K0229). Triplicate reaction for each 

cDNA sample was prepared for RT-PCR. Master mix of reaction mixture was prepared by 

adding following components for each 20μl reaction mixture: Total 2μl of 10µM forward 

and Reverse primers and 10μl of Maxima® SYBR Green/ROX qPCR Master Mix (2x). 

The dilution of 1.5μl of cDNA (1μl of cDNA of each sample diluted in 9μl of injection 

water i.e. 200ng/μl) of each sample was added to each well. The PCR master mix was 

thoroughly mixed, and appropriate volume of mixture was dispensed into each PCR plate 

well. Nuclease free water was added to each well to make the total volume 20μl. Actin 

primers were used as internal control reference gene. After covering 96 wells plate with 

septa, centrifugation was done for a short time to mix the reaction components properly. 

Care was taken to keep the plate on ice for all the time. The OsAAT2-RT and ZmASN-RT 

specific primer were used for quantitative real-time PCR and their nucleotide sequence is 

given in Table3.1. 

Finally, PCR plate was placed in the thermocycler and the program was preceded 

as follows: Initial denaturation for 1 cycle was performed for 5min at 95oC; Amplification 

step was performed for 40 cycles each of denaturation (95oC for 15s), annealing (60oC for 
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1min) and amplification (72oC for 20s). Melt curve step was performed at 95oC for 1min 

and then 60oC for 1min and a final hold at 4oC infinity was adjusted. 

3.7 Biochemical Analysis of transgenic cotton plants 

Metabolic analysis of cotton plant was conducted to evaluate the effect of genes’ 

expression. Free AA content was estimated in the transgenic cotton seed and from the 

phloem sap. 

3.7.1 Amino acid analysis from Cotton Seeds (T0-generation) 

3.7.1.1 Sample Preparation  

Delinted cotton seeds were used in this experiment. Seed testa/coat was carefully 

removed by making a sharp cut with disposable scalpel and applying pressure with forceps 

to tear the seed testa/coat. Intact mature seed was separated from the seed coat. About five 

seeds were grinded to flour in sure-lock eppendorf tubes (2.2ml) containing a 1/4" (6.35 

mm) diameter zirconium oxide coated ceramic grinding sphere in FastPrep homogenizer 

(Thermo Electron, FP120) for 20s at 20rpm in 3sets.  

3.7.1.2 Free Amino acid extraction  

Free AAs were extracted with 1ml of 80% EtOH diluted in 0.1N HCl and 8µl of 

2.5mM Norvaline from the cotton flour in a 2ml eppendorf tube. The sample was vortexed 

for 10sec and kept at 55oC for 30min. After extraction for 30min, it was centrifuged at 

18,000 x g for 10min. A 100µl supernatant was transferred to Ultra free-centrifugal filter 

units (DURAPORE –PVDF 0.22 µm) and centrifuged for 5min at 18,000 x g. 100µl of 

filtered supernatant was dried at 60oC for 1hr in rotational vacuum concentrator (Christ-

RVC 2-18 CD-plus). Pellet was resuspended in 100µl borate buffer and vortexed until 

pellet was dissolved and derivatised with AccQTag ultra derivatisation kit (Waters Ltd).  
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3.7.2 AA analysis from phloem sap of cotton plants (T1 plants) 

3.7.2.1 Liquid sap extraction from phloem 

To isolate the sap from phloem of cotton leaves, fresh cotton petioles were cut into 

2cm length and put into 0.2ml tube to which a tiny hole was made. The sample tube was 

placed in another PCR tube without hole and assembly was put together into a 1.5ml 

eppendorf tube. The sample was spun down at 20,000 x g for 20min and the liquid was 

collected. Extract from about five different leaves was pooled together for AA analysis.  

3.7.2.2 Sample preparation for amino acid analysis 

The extracts from phloem were dried at 60oC for 1hr in rotational vacuum 

concentrator (Christ-RVC 2-18 CD-plus) and weight of the dried phloem sap was 

determined at end. The dried pellet was resuspended in 20µl of MilliQ H2O.  

3.7.3 Sample derivatization and analysis 

The sample derivatization was performed with AccQTag Ultra derivatization kit 

according to the manufacturer isntruction (Waters Ltd.) in the presence of Norvaline as an 

internal standard with slight modification in the amount of samples. In case of the extract 

of cotton flour it was 50µl sample, 30ul borate buffer, and in case of phloem extract it was 

10µl of sample, 70µl borate buffer while 20µl of derivatizing reagent were added to the 

both samples. The derivatization reactions were kept for 1min at room temperature and then 

heated on a pre-heated heat block at 55oC for 10min.  

Derivatized samples were transferred to Total Recovery vials (Waters Ltd.) and 

analyzed on the ACQUITY UPLC H-system. A tunable UV detector (TUV) and Empower 

two software with the default setup as provided by the manufacturer (Waters Ltd.) was 

used. AA standard contained 18 AA supplied at 2.5µmol /ml in 0.1N HCl (Thermo Scientic 
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Pierce) was prepared according to the manufacturer instruction in the presence of Norvalin 

as an internal standard. The weight in grams of each AA (glutamic acid, isoleucine, 

methionine, lysine, phenylalanine, proline, asparagine, alanine, histidine, aspartic acid, 

leucine, arginine, glutamine, glycine, tyrosine,  serine, threonine, valine, and cysteine) in 

100mg of dry material was determined according to the following formula, valid for this 

instrument parameters: 

 % of AA = (AC x AM x 2) x 10-4,  

where AC is the amino acid concentration measured by instrument (mol/ul),AM is 

the molar mass of amino acid (g/mol) and 2-volume of sample (µl).  

3.8 Morphological Analysis of Plants 

Different morphological traits were evaluated for the transgenic cotton plants in 

comparison to non-transgenic cotton plants to assess the impact of transgene insertion on 

morphology of the transgenic cotton plants. Plant height was measured in cm in three 

replications during 4-6 months after plantation of cotton variety CIM-482 which has a 

specific monopodial and sympodial branching pattern. The number of both sympodial and 

monopodial branches were noted for both transgenic and non-transgenic cotton plants in T0 

as well as in T1 generation. Total number of mature bolls were counted in both T0 and T1 

generations respectively. The seed and lint yield were calculated at the end of harvesting 

period.  

3.8.1 Measurement of leaf surface area 

Leaf surface area (cm2), an important growth parameter of plants was measured by 

capturing the image of fresh leaves with measuring scale on one side, through the help of a 

digital camera and calculated by using ImageJ software (Hulshof et al., 2013). The leaf area 
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measurement can be done with both attached/detached leaves but to maintain the quality, 

detached leaves from upper, middle and bottom parts of plant were taken together for the 

measurement. The means of three leaves were used to compare data between control and 

transgenic cotton plants Fig 3.3. 

 

Fig 3.3: Leaf Surface Area Measurement. depicting detached Cotton leaves with 

scale for calibration. 

3.8.2 Analysis of Fiber Quality 

The qualitative assessment of cotton yield is evaluated through determination of 

fiber quality. Though direct relation of transgene on cotton fiber quality was not reported 

but protecting the cotton from insect damage can be assumed to influence cotton fiber 

quality indirectly. Cotton lint samples were prepared in triplicate along with non-transgenic 

control and were sent to standard fiber measurement lab of CCRI (Central Cotton Research 
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Institute Multan) lab for determination of fiber length (Fibrograph measurement), fiber 

fineness (Gravimetric testing), fiber strength (Pressley apparatus and the Stelometer) and 

micronair value (High Volume Instrument (HVI). 

3.8.3 Electron microscopic analysis of Fiber 

Fiber surface was evaluated to determine the fineness/smoothness of transgenic 

cotton fiber in comparison to non-transgenic cotton fiber. Transgenic and non-transgenic 

cotton plants were examined by scanning electron microscope (Model SU8010 Hitachi 

Japan). Single fiber strand was divided into three parts and cut in to three sections taken 

from tip, middle, and base. The screw pitch of fiber and the distance of fiber rotation in 360 

degrees were measured thrice for each sample by SEM with an accelerating voltage of 

20kV and 10µA current under 400X, 1000X and 4000X magnifications. 

3.9 Physiological Analysis 

3.9.1 Photosynthetic Rate 

The physiological performance of plants has its indirect impact on overall yield of 

plants. Assessment of physiological parameters like photosynthetic rate, transpiration rate 

and stomatal conductance was made to evaluate any positive or negative effect due to 

insertion of gene in cotton plants. Photosynthetic rate of transgenic cotton plants in 

comparison to non-transgenic control plants was measured with Portable Photosynthesis 

Systems-CIRAS 3 (PP Systems). The instrument consists of a clip, CO2, H2O2 

measurement chambers and a computerized meter. The measurement was taken under full 

sunlight where the CO2 released by the clip attached to leave, enter the leaves and changes 

into infrared gas. The amount of gas consumed by the plant is calculated as rate of 

photosynthesis in µmol/m2/sec.  
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3.9.2 Transpiration Rate 

The Infrared Gas Analyzer was used to measure the rate of transpiration of plant in 

nm/m2/s. The clipped leave does transpire in full sunlight. The water vapors released from 

the surface of experimental leaves per unit time was counted by the machine and displayed 

in the form of transpiration rate measured in mm/m2/s. 

3.9.3 Stomatal Conductance 

Gaseous exchange in plants occurs through opening and closing of stomata. It also 

has its impact on photosynthetic rate and transpiration rate. The clipped leaves of 

experimental plant were evaluated for their stomatal conductance by using CIRAS 3 in 

comparison to non-transgenic cotton plants in mmol/m2/sec x 1000. 

3.10  Fluorescence In situ hybridization 

3.10.1 Chromosome Preparation 

Cotton seeds were incubated for 30-48 hrs in dark on sterile moist filter paper for 

germination and 1-2cm long root tips with active meristematic region were excised with 

fine blade from germinated seeds and fixed in 3:1 ethanol:glacial acetic acid for overnight. 

The fixative was removed, and root tips tissue were washed thrice with distilled water. 

Meristematic root tissues were cut and incubated in 2%Pectinolyase (Sigma cat# P3026) 

and 3% Cellulase (Sigma Cat# C 1184) enzyme solution at 37oC for 4hours. Chromosome 

were spread on slide with a drop of fixative and then air-dried. Slides were screened for 

chromosome spreading under phase contrast microscope (Olympus Model BX51) for 

process of hybridization. Slides were dehydrated successively in 70%, 95% and 100% 

ethanol solutions for 5 min each respectively and stored in slide box at room temperature.  
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3.10.2 RNase Treatment of slides 

For RNase treatment a 100x dilution of 1% RNase was done with 10μl of 1M Tris 

HCl pH 7.5, 15mM NaCl (3µl) and 987μl double distilled water. Then 100µl of 100X 

diluted RNase was added to each slide, covered with cover slip and incubated at 37oC for 

45 min in wet chamber. The slides were washed thrice with 2X SSC solution for 5 min at 

room temperature followed by dehydration again in 70%, 95% and 100% ethanol solutions 

successively for 5 min each. 

3.10.3 Hybridization 

Hybridization solution enough for four slides was prepared by adding the following 

components in appropriate quantities as described below:  

dFA (50-70%): 60.0μl 

20X SSC: 12.0μl 

50% Dextran Sulphate: 24.0μl 

Carrier DNA (10μg/μl): 04.0μl 

Probe DNA (20μg/g μl): 16.0μl 

H2O: 24.0μl 

TOTAL: 140.0μl 

Hybridization solution was denatured first at 80 °C for 10 min followed by quick 

chilling on ice for 5 min. Only 35µl of hybridization solution was added to each slide, 

covered with cover slip and air dried. To denature chromosomes, slides were kept at 80 °C 

for 10 min by dipping in 2X SSC and placing on water bath. The hybridization was 

completed through Incubation at 37 °C for 18 hours in wet chamber.  



64 

 

3.10.4 Post-Hybridization Washes 

After the hybridization step, 2X SSC (Appendix VII) was used to remove cover 

slips followed by washing with 2X SSC at 42°C for 10 min. One washing was also done 

with 4X SSC at 42°C for 10 min. 

3.10.5 Color Detection Reaction 

Slides were washed thrice for 5 minute each in TBS (Appendix-VII) buffer followed 

by incubation in blocking solution (TBS; 0.1 % Triton X-100; 1.0% Blocking Reagent) for 

30 min. Blocking solution was removed and slides were incubated in anti-DIG antibody 

diluted to 400X in blocking solution for 4-8hrs at room temperature in dark. The slides 

were washed thrice in TBS buffer for 5 min each and incubated in NBT/BCIP solution for 

overnight. The reaction was stopped by rinsing the slides in tap water. 

3.10.6 Counterstaining with DAPI 

DAPI stock preserved at -20 °C freezer was thawed on ice and diluted up to 250X 

on ice in mellavaine buffer (Appendix VII). To each slide, 500µl of DAPI solution was 

added and slides were incubated for 5 min at room temperature. About 3ml of mellavaine 

buffer was used to wash the slides. The slides were then covered with cover slip and stored 

at 4°C in dark. 

3.10.7 Counterstaining with Propidium Iodide (PI) 

Propidium iodide stock solution stored at -20°C was thawed on ice. It was diluted 

2500 times on ice by adding IX PBS (10X= l.3M NaCI; 70mM Na2H PO4; 30mM 

NaH2PO4; pH 7.4). The slides were incubated in 500µl of PI solution for 5 min at room 

temperature and then washed with 1X PBS, covered with cover slip and stored in dark at 

4°C. 
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3.10.8 Fluorescent Signal Detection 

Fluorescent microscope (Olympus Model BX6l) was used to detect fluorescent 

signal with blue filter (DAPI) and red filter (PI). The high-resolution image was captured 

with attached CCD camera and analyzed with Adobe Photoshop 7.0. 

3.11  Insect Bioassay 

In planta insect bioassay was performed under controlled conditions. The plants 

were grown upto 6-10 leaf stage and kept in greenhouse at ambient temperature and day: 

light cycle of 16:8hr. Plants were kept free from another insect infestation by carefully 

isolating them in a net cage (Fig 3.4). Use of any type of pesticide spray was avoided to 

ensure the reliability of the bioassay. Meanwhile greenhouse whitefly culture was 

maintained in a separate greenhouse on cotton plants under the same day: light cycle and 

ambient temperature in the months of March-April-2018. 

The whitefly adults of 0-24 hr old were captured with the help of manual aspirator 

and then kept on ice to minimize the environmental/temperature stress until they were ready 

to be used for bioassay. The whiteflies which were inactivated on ice, were carefully 

released into the clip cage towards the underside of the leaf. For each transgenic line, three 

biological replicates in T2 generation were selected for bioassay along with the same 

number of non-transgenic control cotton plants. And to each biological replicate plant, three 

clip cages were used as a technical replicate. Ten whiteflies were released into each clip 

cage (Fig 3.5). The data was recorded as alive: dead count after four days and then 

statistically analyzed using SPSS version 17.0. after the observation of live or dead count 

of whiteflies. The plants were kept in net cages for the generation advancement. Nymphs 

in their 3rd instar stage or the hatched adults (counted by the empty shell) were counted 

under microscope after 3 weeks from the start date of bioassay. The data was taken in 
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comparison to non-transgenic cotton plants and statistically evaluated using GraphPad 

Prism 7.0. 

 

Fig 3.4: Plants kept in greenhouse before whitefly bioassay. 
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Fig 3.5: In planta whitefly bioassay using clip cage. 

3.12  Statistical Analysis 

The statistical analysis were performed for the collected data by one-way and two-

way ANOVA. The comparison between experimental plants and non-transgenic control 

cotton plants were calculated using Dunnet’s multiple comparison test at 0.05% p value 

using PRISM 7.0 software.  

 



68 

 

 

  

 

 

 

 

 

 

4 RESULTS 
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4.1 Cloning and Confirmation of OsAAT2 and ZmASN genes in 

E. coli 

4.1.1 Plant expression vector 

Recombinant plant expression vector was constructed using pCAMBIA 1301 as the 

base vector for both genes. The coding region of OsAAT2 gene was ligated in the 

pCAMBIA 1301 vector replacing hygromycin gene with XhoI restriction digestion. 

Circular map of the recombinant vector pCAMBIA35S_OsAAT2 is shown in Fig 4.1 (A) 

where the gene is cloned under 35S promoter. Similarly, codon optimized ZmASN with 

CaMV35S promoter, ADH-5’UTR (Alcohol dehydrogenase gene) translational enhancer 

sequence from Arabidopsis thaliana and nopaline synthase terminator (nos) with restriction 

sites SacI and HindIII was ligated by using aforementioned restriction sites as shown in Fig 

4.1 (B). pCAMBIA35S_ASN vector map is shown in Fig 4.1 (C). 

 

A 
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Fig 4.1: Plant expression vector maps showing the position of transgene. 

pCAMBIA35S_AAT2 vector showing the position of gene OsAAT2 under 35S promoter 

A). pCAMBIA35S_ASN vector with ZmASN gene under 35S promoter. Inset shows the 

detail linear ZmASN gene cassette with promoter, enhancer, ZmASN gene and 

terminator element B). 

4.1.2 Cloning of OsAAT2 and ZmASN gene in pCAMBIA 1301 

B 



71 

 

For the cloning of OsAAT2 in plant expression vector, restriction enzyme XhoI was 

used for isolation of gene fragment from pUC57 and to linearize plant expression vector 

pCAMBIA 1301 as shown in Fig 4.2 (A). The ZmASN gene cassette was cut from the 

pUC57 vector with SacI/HindIII restriction enzyme and the same set of enzymes was used 

to linearize the plant expression vector pCAMBIA 1301 (Fig 4.2 B). Both the genes and 

the vectors were purified from agarose gel and were ligated in 3:1 insert to vector ration 

with T4 DNA ligase. The ligation product was then kept at -20oC or used immediately for 

transformation into E.coli.  

 

Fig 4.2: Restriction digestion of insert and vector for cloning. Restriction digestion 

of pUC57/OsAAT2 gene with restriction enzyme XhoI. Lane 1: 1kb DNA marker, Lane 

2-5: pUC57/OsAAT2, Lane 6-7: pCAMBIA1301 vector. The restriction digestion 

reaction was run on 1% agarose gel with 1kb marker and the respective bands were cut 

for ligation reaction (A). Restriction digestion of pUC57/ZmASN with restriction 

enzyme Sac I/ HindIII. Lane 1-5: pUC57/ZmASN, Lane 6: 1kb Marker, Lane 7-8: 

pCAMBIA1301 (B). The digestion reactions were resolved on 1% agarose gel and the 

bands were cut for ligation. 
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4.1.2.1 Screening of positive clones and orientation confirmation of 

OsAAT2 gene 

The OsAAT2 gene colonies were first screened through restriction digestion by 

using restriction enzyme XhoI after plasmid isolation. The excision of 1227bp band (Fig 

4.3 B) confirmed the successful ligation of OsAAT2/pCAMBIA.  The presence of same 

restriction site (XhoI) at both ends of OsAAT2 gene provides equal probability of gene 

ligation in either orientation, therefore, BamHI having unique restriction site was chosen to 

determine the right orientation of the clone. The restriction enzyme BamHI could make one 

cut inside gene and one cut in vector backbone and produced specific size fragments. 

Digested DNA fragment of 1137bp length was obtained which determined the correct 

orientation (Fig 4.3 A). The positive clones (5, 6 and 7) of pCAMBIA35S_OsAAT2 gene 

were further subjected to evaluation through PCR amplification by using OsAAT2 gene 

specific primers and amplicon of 1233bp further confirmed its successful ligation as shown 

in Fig 4.3 (C). 

4.1.2.2 Screening of recombinant colonies of ZmASN 

Ten colonies of E.coli transformed with the plasmid pCAMBIA35S_ZmASN gene 

were selected from LB. The excision of 1562bp fragment by double restriction digestion of 

the purified plasmid isolated from selected colonies with restriction enzyme SacI/HindIII 

resulted in only three out of ten positive clones (Fig 4.4). Positive clones of pCAMBIA35S-

ZmASN were further confirmed through PCR amplification by using gene specific primers 

producing a band of 736bp.  
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Fig 4.3: Screening of positive clones of pCAMBIA35S_AAT2. Restriction digestion 

of pCAMBIA35S_AAT2 with BamHI restriction enzyme. Lane 1: Marker 1kb, Lane 2-

4 and 9-14: Negative colonies. Lane 6-9: Four positive clones of pCAMBIA35S_AAT2. 

The digestion reaction was resolved on 1% agarose gel (A). Restriction digestion of 4 

positive clones with XhoI enzyme; Lane 1: 1kb marker, Lane 2: undigested pCAMBIA, 

Lane 3: negative clone, Lane 4-7: positive clones. The digestion reaction was run on 

1% agarose gel (B). PCR confirmation of recombinant clones. Lane 1 is 1kb marker, 

Lane 2-4 (3 selected colonies of OsAAT2 gene), Lane 5: positive control,  Lane 6: PCR 

negative control. PCR product was analysed on 1% agarose gel (C). 
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Fig 4.4: Screening of positive clones of pCAMBIA35S_ASN. After ligation with 

restriction enzyme digestion (SacI/HindIII). Lane 1 to 5 and 7-10: selected colonies, 

Lane 6: 1kb DNA Marker. The digest was run on 1% agarose gel. Fragment size is 

highlighted in the image A). PCR amplification of positive clones. Lane 3: 1kb marker, 

Lane 1: PCR negative, Lane2: Positive control, Lane: 4-5: Selected colonies of ZmASN, 

Lane 6: PCR Negative Control. Number represents 736bp amplicon of ZmASN gene B). 

4.2 Transformation of pCAMBIA35S_AAT2 and 

pCAMBIA35S_ASN into A. tumefaciens 

The transformation of pCAMBIA35S_AAT2 and pCAMBIA35S_ASN into competent 

cells of A. tumefaciens was done by using heat-shock method. The YEP agar plate 

containing rifampicin and kanamycin selection drug showed the growth of the recombinant 

plasmid indicating the successful transformation into A. tumefaciens competent cells. 

Agrobacterium colonies transformed with pCAMBIA35S_AAT2 and pCAMBIA35S_ASN 

gene constructs on YEP selection plates are shown in Fig 4.5 (A & B). 
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Fig 4.5: Single Colony plate culture of transformed A. tumefaciens. Single colonies 

of A. tumefaciens transformed with pCAMBIA35S_AAT2 plasmid (A). Single colonies 

of A. tumefaciens transformed with pCAMBIA35S_ZmASN plasmid (B). 

4.2.1 Confirmation of pCAMBIA35S_AAT2 in A. tumefaciens 

through Colony PCR 

Transformation of recombinant vector pCAMBIA35S_AAT2 into A. tumefaciens 

was confirmed by direct colony PCR. The colony PCR of five selected colonies was 

performed by using gene specific primers for OsAAT2. The PCR amplification with the 

gene specific primers produced the required fragment at 1233bp (Fig 4.6). The PCR 

positive A. tumefaciens colonies harboring the recombinant vector were preserved as 30% 

glycerol stock at -80oC for future use. 

  
A B 
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Fig 4.6: Colony PCR of pCAMBIA35S_AAT2 transformed A. tumefaciens with gene 

specific primers and PCR was run on 1% agarose gel. 

Lane M: 1kb marker 

Lane 1-5: selected colonies 

Lane 6: positive control 

Lane 7: Negative control 

4.2.2 Confirmation of pCAMBIA35S_ZmASN in A. tumefaciens 

through Colony PCR  

Transformation of recombinant vector pCAMBIA35S_ZmASN into A. tumefaciens 

was confirmed by direct colony PCR (Fig 4.7). Four single colonies were proceeded for 

PCR using gene specific primers for ZmASN (Table 3.1). The PCR product of 1564bp has 

been amplified as shown in Fig 4.7. The bacterial culture A. tumefaciens harboring the 

recombinant vector was preserved as 30% glycerol stock at -70oC for future use. 

A 
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Fig 4.7: Colony PCR of pCAMBIA35S_ASN transformed A. tumefaciens with gene 

specific primers and PCR was run on 1% agarose gel. 

Lane 6: 1kb DNA marker 

Lane 1: pUC57 as Positive control 

Lane 2-5: Selected colonies 

Lane 7: PCR Negative control 

4.3 Plant Transformation 

4.3.1 Selection of cotton variety and determination of its 

Germination Index. 

Seed viability can be checked with germination index. Cotton with high germination 

index is preferred for transformation experiments since sterilization of seeds before 

germination further minimizes the seed germination index. Cotton variety CIM-482 was 

selected for transformation experiments based on its good germination index. The 

germination index of cotton seeds was calculated to be 63.3% through formula given below. 
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Germination Index (%age) = (Germinated Seeds / Total seeds) x 100  

Germination Index (%age) = (19 / 30) x 100 

Germination Index (%age) = 63.3 % 

4.3.2 Cotton seeds Delinting, Sterilization and Soaking for 

Germination 

Before starting the transformation experiments, cotton seeds were delinted for 

removal of the fiber lint from their surface with the help of concentrated H2SO4. Cotton 

seeds were continuously stirred with 100% H2SO4 by using the spatula in glass beaker until 

their tip become shiny followed by excessive washing with tap water until complete 

removal of acid. The delinted cotton seeds were thoroughly surface sterilized with SDS 

(0.1%) and HgCl2 (0.1%) by continuous shaking for 3min to remove any contaminating 

bacterial and fungal spores. The ratio of sterilizing agent and time of exposure to 

decontaminate are important factors while executing the process of sterilization. Too much 

sterilizing agent and prolonged exposure time are toxic to the seed and even the 

environment. In contrast, less time leads to inadequate sterilization (Sen et al., 2013). 

Adsorption of HgCl2 by cotton seeds during sterilization reduces the germination ratio and 

germination index and leads to the browning and even death of germinated embryo (Sen et 

al., 2013). Sterilized cotton seeds incubated at 30 oC in the dark for about 30 to 36 hr for 

germination. The seeds of cotton variety CIM-482 were germinated and attained root length 

of 1-2 cm within 30 to36 hr. Germinated seeds after 30 hr are shown in Fig 4.8. 
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Fig 4.8: Germinated seeds of CIM-482 variety of G.hirsutum after 48 hr. 

4.3.3 Agrobacterium-Mediated Transformation of 

pCAMBIA35S_AAT2 and pCAMBIA35S_ASN into G. 

hirsutum CIM-482 variety 

Transformation of G. hirsutum CIM-482 variety with pCAMBIA35S_AAT2 and 

pCAMBIA35S_ASN was carried out through A. tumefaciens strain LBA4404. The A. 

tumefaciens harboring each of the recombinant plasmid was used in their log phase. After 

overnight growth of the bacterial cultures, cells were harvested by centrifugation at 5000 

rpm for 10 min and supernatant was discarded. Bacterial pellet was resuspended in MS 

broth for co-cultivation.  

4.3.4 Shoot apex cut method of cotton transformation  

The transformation of plants was carried out by a method originally developed by 

(Gould and Manascedeno, 1998). Germinated cotton embryos after 36hr were isolated and 

subjected to transformation by following the method (Fig 4.9 A). The cotton embryos were 

isolated from the cotyledons with the help of forceps and spatula under laminar airflow 
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cabinet as shown in Fig 4.9 (B). The epicotyl region of the embryos was given a slight cut 

(injury) by a sharp blade mounted in a petri plate to allow for the Agrobacterium to infect 

the embryo. Then the shoot apices were co-cultivated in MS broth (Appendix III) with A. 

tumefaciens as shown in Fig 4.9 (C) at 30oC for 30-60min at shaking incubator. Injured 

embryos could interact with recombinant Agrobacterium for a specific time and then blot 

dried on sterilized filter paper for the removal of excessive bacterial culture. The embryos 

co-cultivated with the Agrobacterium were plated on MS-0 or MS basal medium for the 

growth and development of roots and shoots.  

 

 

Fig 4.9: Steps of embryo isolation and co-cultivation. A) Cotton seeds germinated for 

36 hr. B) Isolation of shoot apex/epicotyl from cotyledons by applying pressure. C) Co-

infection of injured embryos with recombinant Agrobacterium. 
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Fig 4.10: Co-cultivation of seedlings on MS-0 medium. A) Embryos co-cultivated on 

MS-0 plates for three-five days. B) Development of roots and shoots in healthy 

embryos. Red circle indicates malformed embryo while black circle indicates healthy 

embryo. C) Seedling development in the glass tubes containing MS media with B5 

vitamins. 

Around 200-300 embryos were processed at a time and transferred to MS-0 plates 

in each experiment and kept in the culture room for 3-5 days under standard growth 

conditions of 30oC, 16:8 of light: dark cycle respectively as shown in Fig 4.10 (A). After 

three to five days, the embryos started to develop roots and shoots Fig 4.10 (B). However, 

at this stage embryos may also get malformations due to the injury of the apical meristem. 

Only healthy plantlets were transferred to glass culture tubes containing MS media 

supplemented with B5 vitamins (1µl/1ml) and hygromycin (30mg/L). The glass tubes were 

covered with cotton plugs and kept incubated at 30oC for 8-9 weeks under the fluorescent 

tube light with sub-culturing performed as per requirement as shown in Fig 4.10 (C). 
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4.3.5 Hardening of plants and acclimatization to soil 

After six to eight weeks, the fully-grown plants in glass tubes were transferred to 

pots containing sterilized soil. For hardening of the plants to natural conditions, these plant 

pots were covered with the plastic bags for first 10-15 days to maintain proper humidity 

inside the plastic covers. Soil pots were placed in growth room at a temperature of 30°C ± 

2°C with a photoperiod of 16:8hr of light: dark as shown in Fig 4.11 (B) After 3-6 days 

when the plants were stabilized in soil pots, plants were acclimatized slowly to the natural 

environmental condition. For acclimatization purposes, the plastic covers were removed on 

regular basis from minimum to maximum time, starting from 30min (first day) and 

increased progressively until the plants could maintain their vigor without the plastic cover 

for 24hr (Fig 4.11 C). During the process of acclimatization, plants were placed in sunlight, 

starting from 30 min until whole day sunlight exposure (Fig 4.11 D).  After one week, when 

plants were stable in greenhouse, they were shifted to cotton tunnel (controlled field 

condition) for their better growth as shown in Fig 4.11 (E & F). 
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Fig 4.11: Acclimatization of putative transgenic plants. Six-weeks old plantlets in 

glass tubes in the growth room with well-developed roots and shoots A). Pots were 

covered with plastic bags and the bags were inverted daily to remove excess moisture 
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B). Plants after acclimatization to soil in growth room C). Hardening of plants by 

exposure to sunlight for acclimatization (10 weeks old cotton plants D). Bird-eye view 

of T0 putative transgenic cotton plants in tunnel soil E). A healthy putative transgenic 

cotton plant F). 

4.3.6 Transformation Efficiency 

The transformation efficiency was calculated to measure the successful 

transformation and integration of transgene into the host plant. Transformation efficiency 

was calculated for pCAMBIA35S_ASN construct. Total 550 embryos were processed for 

this purpose. The 60 plants survived after hygromycin selection were considered as putative 

transgenic cotton plants which were shifted to soil in pots and were further analyzed for the 

presence of transgene. Only 30 plants survived in the tunnel upto the boll formation stage, 

out of which 14 plants were confirmed as positive for transgenes by PCR. The data is given 

in Table 4.1. 

Table 4.1 Transformation efficiency of G. hirsutum in this study. 

 

Survival Efficiency = (Plantlets survived after co-cultivation/ Total No. of embryos 

processed) x 100  

Transformation Efficiency = (Total number of PCR positive plants/ Total embryos 

processed) x 100 

Embryos 

processed 

Seedlings 

shifted to 

Selection 

media  

Plants 

survived 

in soil  

Survival 

efficiency 

% 

PCR 

Confirmed 

Positive 

plants in soil 

Transformation 

Efficiency % 

550 321 60 58.18 14 2.54 
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4.4 Molecular Analysis of Putative Transgenic Cotton Plants in 

T0 generation 

4.4.1 PCR Analysis of putative transgenic cotton plants in T0 

generation 

Putative transgenic cotton plants were screened initially with PCR from the freshly 

isolated genomic DNA of cotton leaves. The PCR was conducted with full length amplicon 

gene specific primers (Table 3.1). 

A total of 64 plants were screened for the gene OsAAT2 initially. However, the 

initial PCR reaction resulted in non-specific bands (Data not shown). For further evaluation, 

optimization of the PCR reaction was carried out. Ten positive plants were selected for final 

optimization of PCR reaction as shown in Fig 4.12 (A) out of which seven plants namely 

(P2, P5, P6, P7, P8, P9, P10) resulted in amplification of desired fragment 1233bp while 

P1 and P4 showing a very weak amplification were subjected to further analysis.  

For screening of ZmASN putative transgenic cotton plants in T0 generation, gene 

specific primers (Table 3.1) were used to conduct PCR from genomic DNA isolated from 

the cotton leaves. Initially, sixty putative transgenic cotton plants which survived 

hygromycin selection for six weeks were proceeded for PCR screening (data not shown). 

Fourteen plants were subjected to PCR amplification out of which nine plants were 

considered as confirm positive cotton plants due to the amplification of desired fragment 

of 1564bp length (Fig4.12 B). 
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Fig 4.12: PCR screening of putative transgenic plants in T0 generation. (A) OsAAT2 

transgenic cotton plants in T0 generation. Lane 1 & 15: 1kb marker, Lane 2-5 & 7-12 

putative transgenic plants, Lane 6: control plant, Lane 13: positive control, Lane 14: 

PCR control. (B) PCR screening of ZmASN plants in T0 generation. Lane 1, 10, 18, 28: 

1kb marker, Lane 2, 11, 19: PCR control, Lane 9, 17, 20: positive control where 1564bp 

fragment represent the PCR fragment, Lane 6, 16, 21: Control plant, Lane: 3-5, 7, 12-

15, 22-27: putative transgenic plants. 

.
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4.4.2 Dot-Blot analysis of transgenic cotton plants in T0 

generation 

PCR positive plants were further subjected to DNA dot blot analysis to further 

authenticate the transgenic plants. The DNA concentration used for the dots was ranged 

from 4 to 8µg. All the samples which were positive in PCR were also found to develop 

color after hybridization in dot blot assay. The result of dot blot analysis is shown in Fig 

4.13 (A and B) for OsAAT2 and ZmASN genes respectively.

 

 

 

A 



88 

 

 

Fig 4.13: DNA dot-blot analysis of transgenic plants of OsAAT2 and ZmASN gene. 

(A) OsAAT2 lines in T0-generation. Labeling represents the plant number. W is the non-

transgenic plant while NC is water negative and PC is the purified vector. (B) ZmASN 

lines in T0 generation. Positive plants are numbered. W is the non-transgenic plant while 

NC is water negative and PC is the purified vector. 

4.4.3 Reverse transcriptase PCR screening in T1 generation 

Reverse transcription PCR (RT-PCR) is one of the powerful method of detection of 

the transgene integration in plant genome. The total RNA conversion to cDNA and then 

subsequent PCR amplification with gene specific primers annuls any chances of non-
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integrated T- DNA contamination. This is obvious since only integrated transgene in plant 

genome produce mRNA in eukaryotic system. 

For validation purposes, plants in T1 generation were confirmed directly through 

RT- PCR. Gene specific primers (Table 3.1) were used for RT-PCR. Three biological 

replicates of transgenic lines were raised in T1 generation to screen the best plant of each 

transgenic event. The biological replicates which were positive in RT-PCR assay were 

selected further for gene expression analysis Fig 4.14. 
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Fig 4.14: Reverse Transcriptase PCR of transgenic plants in T1 generation. (A) RT-

PCR of OsAAT2 lines. Lane M: 100bp DNA marker, Lane 1-16,18-19: Transgenic 

lines, Lane17, 21: positive control, Lane 20: Plant control, Lane 22: PCR negative. B) 

RT-PCR of ZmASN transgenic lines. Lane M: 50bp DNA marker, Lane 1-9: Transgenic 

lines, Lane 10: PCR negative, Lane 11: Control plant, Lane 12: positive control. 
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4.4.4 Quantitative mRNA (qRT-PCR) Expression of transgene 

in T1 generation 

Gene expression analysis was conducted using cDNA from fresh leaves of plants 

considering the fact the gene is constitutively expressed in all parts of plant. Actin gene was 

used to normalize the gene expression as internal control. The results of mRNA expression 

for pCAMBIA35S_AAT2 and pCAMBIA35S_ASN transgenic cotton plants are shown in Fig 

4.15 (A & B). The relative expression of both transgenes was measured with reference to 

housekeeping gene actin according to the following formula. The mathematical model used 

to quantify fold change in expression was used as devised by (Pfaffl, 2001). 

 

Transgenic cotton plants expressed many folds higher transgene expression at the 

mRNA level indicating that both the transgenes are being overexpressed. All the transgenic 

lines analyzed depicted the increased expression of transgene in OsAAT2 transgenic plants. 

However, highest mRNA expression of OsAAT2 was 31.71-fold (Fig 4.15). In case of 

ZmASN gene, only one line was found to have non-significant increase in transgene 

expression than the control, and two among others showed highly significant transgene 

expression than the OsAAT2 line (40 and 48-fold higher than control). 
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Fig 4.15: Relative expression of OsAAT2 and ZmASN transgenic lines in T1 

generation. mRNA expression analysis through qRT-PCR for transgenic lines of 

OsAAT2 gene (A). mRNA expression analysis through qRT-PCR for transgenic lines 

of ZmASN gene (B). The bars present n + SD, where n=3.   
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4.5 Biochemical Analysis of transgenic cotton plants 

4.5.1 Seed free Amino acid analysis 

The effect of transgenes on the concentration of seed free AAs in T0 generation, i.e. 

aspartic acid along with two other seed storage AA concentrations (glutamate and 

asparagine) were determined. To reduce any error in the analysis, three seeds were grinded 

together for AA extraction. For control plant, seeds from three different plants (3 seeds of 

each line) were analyzed separately and then the average of triplicates is presented in the 

data. Seed free AA content for each AA analyzed showed a significant difference than the 

wild type cotton. Aspartate concentration was found to be increased significantly, reaching 

upto 8-fold higher level in the line-6 (Fig 4.16). A many fold increase in asparagine content 

was observed in all the lines tested, but the line-6 showed maximum increase (Fig 4.16).  

In ZmASN transgenic cotton lines, the AA content were analyzed for three major 

AAs as was for OsAAT2 lines. Line 21 showed a significant increase of aspartic acid of 

about 8-fold as compared to the non-transgenic cotton, except few lines where no 

significant improvement was observed than the control cotton. Similarly, significant 

increase in glutamate and asparagine contents was also observed in the transgenic lines as 

compared to control (Fig 4.17). A fourth storage AA glutamine was also analyzed in 

transgenic lines of both transgenes but most of the line did not show any detectable range 

of the free glutamine in the seed, therefore its data was not plotted and ignored.  
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Fig 4.16: Seed free amino acid concentration in OsAAT2 transgenic cotton lines in 

comparison to the non-transgenic cotton plant. The graphs are plotted as n + SD, where 

n=2.  The significance is determined by Dunnett’s multiple comparison test at 

p<0.0001. 
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Fig 4.17: Seed free amino acid concentration in ZmASN transgenic cotton lines in 

comparison to the non-transgenic plant. The graphs are plotted as n + SD, where n=2.  

The significance is determined by Dunnett’s multiple comparison test at p<0.0001. 

4.5.2 Phloem-Sap free amino acid analysis from T1 transgenic 

cotton plants 

Whitefly specifically feeds on the phloem sap of the cotton and other crops. 

Therefore, the cotton phloem sap was isolated and measured for different AAs in the 

transgenic cotton lines and compared with the non-transgenic control lines. Aspartate 

concentration was increased significantly in all the transgenic lines while the maximum 
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phloem sap aspartic acid was observed in transgenic line 6 (Fig 4.18). Glutamate levels 

showed varied pattern, as some of the lines showed a decreased glutamate level than control 

while others show an increase level of glutamate than the control plant. Asparagine content 

in the phloem sap also found to be increased in transgenic lines than control plants. 

However, glutamine content changed invariably between high and low than the control 

plant. Total AA content in phloem sap did not show an evident increase in all transgenic 

lines as it was observed in the seed total AA content. 

Transgenic cotton lines expressing ZmASN gene were analyzed for the same AAs 

as for OsAAT2. The main AA detected was free aspartate which showed substantial increase 

in all transgenic cotton lines compared to the non-transgenic cotton. Glutamate and 

glutamine levels increased significantly than the non-transgenic control while asparagine 

concentration found to be lower than non-transgenic cotton except for two line where it 

increased (Fig 4.19). 
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Fig 4.18: Phloem sap amino acid content in OsAAT2 transgenic lines in T1 

generation. The graphs are plotted as n + SD, where n=2.  The significance is 

determined by Dunnett’s multiple comparison test at p<0.0001. 
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Fig 4.19: Phloem sap amino acid content in ZmASN transgenic cotton lines in T1 

generation. The graphs are plotted as n + SD, where n=2.  The significance is 

determined by Dunnett’s multiple comparison test at p<0.0001. 
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4.6 Assessment of morphological characteristics of transgenic 

cotton plants 

The plants were observed for their height, monopodial and sympodial branches, 

number of bolls and yield to determine the effect of transgene on any of the above-

mentioned morphological traits. Morphological analysis was performed in T0 and T1 

generation respectively. All the lines which were analyzed in T0 generation and performed 

best were further proceeded for analysis in T1 generation. 

4.6.1 Morphological characteristics of OsAAT2 transgenic 

plants 

Height of the non-transgenic cotton lines versus OsAAT2 transgenic cotton lines 

was recorded in three different time spans within one month in T0 generation which showed 

a significant height increase in almost all transgenic lines. The data was recorded for two 

generations i.e. T0 and T1. The ANOVA analysis revealed the significant difference in same 

transgenic lines in successive generations. Fig 4.20 refers to the height data in T0 generation 

(A-0) and T1 generation (A-1). Transgenic cotton line 6 attained maximum height in both 

generations, however, some lines outperformed for height in T1 generation (2, 5, 8,9 and 

10). Height of the plant is correlated with the sympodial branches and the boll formation. 

Tall plants developed more sympodial branches, more number of bolls and ultimately 

yielded more. This pattern was maintained in transgenic cotton lines 6, 9 and 10 in T1 

generation as observed in Fig 4.20 (A-1, B-1 and C-1). Monopodial branches did not show 

any significant variations in control versus transgenic cotton lines. However, the fiber yield 

data was found non-consistent with the other traits like height, sympodial branches and 

number of bolls (Fig 4.20 D-0 and D-1) reflecting the involvement of various genetic 

factors in fiber quality determination. Leaf area expansion was measured as an indication 
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of growth rate for the selected plants in T1 generation. However, there was no substantial 

difference in the leaf area of different transgenic cotton lines as compared to the non-

transgenic control plant (Fig 4.20 E-1). 
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Fig 4.20: Morphological characteristics of OsAAT2 transgenic cotton plants. A-0, 

B0, C-0 and D-0 represent data in T0-generation while A-1, B-1, C-1 and D-1 represent 

data in T1 generation. E-1 is the measurement of leaf area in T1 generation. Control 
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refers to the non-transgenic cotton plant. Data was statistically analyzed by one-way 

ANOVA and Dunnett’s multiple comparison test was used to determine the significance 

and (****) represent the statistical significance at p < 0.0001. The data is represented 

is n + SD where n = 3. 

4.6.2 Morphological characteristics of ZmASN transgenic cotton 

lines 

Effect of ZmASN gene expression was analyzed on the morphological alterations in the 

transgenic lines in both T0 and T1 generations to observe the stability of the effect of gene 

on morphological traits. Major morphological traits like plant height, sympodial and 

monopodial branches, number of bolls and yield were recorded as A-0. B-0, C-0 and D-0 

in T0 generation respectively while A-1, B-1, C-1 and D-1 in T1 generation. From the data 

in Fig 4.21 it is concluded that ZmASN transgenic cotton lines showed differences in the 

height of the cotton plants in both T0 and T1 generations (Fig 4.21 A-0 & A-1). Similar 

variation in the growth of the sympodial branches was observed. Lines with more height 

were found to have more number of sympodial branches and vice versa in both T0 and T1 

generation. Number of bolls is though specie specific character, but it is also directly 

proportional to the number of sympodial branches i.e. more branches, more fruit. A direct 

positive relation was observed in the ZmASN transgenic lines for the number of bolls /plant 

to the height and number of sympodial branches (Fig 4.21). All the transgenic cotton lines 

tested exhibited more fiber yield than the control cotton lines. However, it was observed 

that the transgenic lines 14, 15, 25 and 26 outperformed among other cotton lines for fiber 

yield in T1 generation. Differences were also observed in the leaf area for ZmASN lines as 

compared to control, but significant difference was not observed among them (Fig 4.21 E). 
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Fig 4.21: Morphological characteristics of ZmASN transgenic plants. A-0, B0, C-0 

and D-0 represent data in T0-generation while A-1, B-1, C-1 and D-1 represent data in 

T1 generation. E-1 is the measurement of leaf area in T1 generation. Control plant is the 
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non-transgenic cotton plant. Data were statistically analyzed using one-way ANOVA 

and Dunnett’s multiple comparison test. The significance level determined at p<0.0001 

and the **** indicates level of significance. Data was recorded as n + SD whereas, n = 

3. 

4.6.3 Fiber characteristics of transgenic cotton lines 

Effect of both transgenes (OsAAT2 and ZmASN) was evaluated on fiber quality 

characteristics. The mature cotton fiber of transgenic and control lines in T1 generation 

were sent to one of the standard lab (CCRI-Multan) for fiber analysis. Each sample was 

analyzed in triplicates. Fiber of transgenic cotton plants was analyzed for its length, 

micronair value, strength and uniformity index in comparison to wild type control(non-

transgenic). The UHML (Upper High Mean Fiber) length for OsAAT2 lines was measured 

in comparison to the wild type cotton. Two transgenic cotton lines (5 and 6) showed slightly 

increased fiber length while fiber length of some of the transgenic lines was reduced (2 and 

7) (Fig 4.22 A). However, no substantial change was observed in the length of the fiber of 

other transgenic cotton lines. The strength of the fiber was measured for different transgenic 

cotton lines and compared with the non-transgenic cotton. Maximum fiber strength was 

observed for transgenic cotton line 6 (Fig 4.22 B). Similarly, the micronair value which is 

a combination of maturity (degree of cell wall thickening) and fineness (mass per unit 

length) exhibited some differences in transgenic cotton lines in comparison to non-

transgenic cotton. Transgenic cotton line 6 with highest strength (g/tex) was found to have 

improved micronair value than the non-transgenic control. However, variables values of 

micronair were observed in other transgenic lines as compared to the non-transgenic control 

cotton (Fig 4.22 C). Similarly, Uniformity Index was also found highest for line 6 (Fig 4.22 

D). 
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Fig 4.22: Characteristic features of fiber of transgenic cotton lines of OsAAT2 gene 

in comparison to the control plant in T1 generation. Control refers to the non-

transgenic cotton plant and number 2 to 10 refers to the transgenic lines. A) UHML or 

fiber length in mm. B) Fiber strength C) Micronair value of control and transgenic lines 

D) Uniformity Index of control and transgenic lines. Data were statistically analyzed 

using one-way ANOVA and Dunnett’s multiple comparison test. The significance level 

determined at p<0.0001 and the **** indicates level of significance. Data was recorded 

as n + SD whereas, n = 3. 

Data from ZmASN transgenic cotton lines was compared with the non-transgenic 

cotton fiber. Different lines showed variation in length of fiber. Fiber length of two lines 
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(15 and 27) were close to the non-transgenic cotton fiber while rest of the transgenic lines 

showed a substantial decrease in the average fiber length (Fig 4.23 A) and similar pattern 

was observed for strength of cotton fiber in transgenic cotton lines (Fig 4.23 B). Micronair 

values increased than the control for most of the lines. However, line 27 has showed highest 

micronair leading towards coarse fiber (Fig 4.23 C). no obvious effect was observed on the 

uniformity index of all transgenic cotton lines as compared to non-transgenic cotton. (Fig 

4.23 D). 

 

Fig 4.23: Fiber characteristics of transgenic cotton lines of ZmASN gene in 

comparison to the control plant. Whereas, control refers to the non-transgenic plant 

and number 14 to 28 refers to the transgenic lines. A) UHML or fiber length in mm. B) 

Fiber strength C) Micronair value of control and transgenic cotton lines D) Uniformity 
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Index of control and transgenic cotton lines. Data were statistically analyzed using one-

way ANOVA and Dunnett’s multiple comparison test. The significance level 

determined at p<0.0001 and the **** indicates level of significance. Data was recorded 

as n + SD whereas, n = 3.  

4.6.4 Surface structure determination of fiber through scanning 

electron microscopy 

For microscopic features analysis, the mature fiber was sent for scanning electron 

microscopy to a lab (Centre for Electron Microscopy, division of life sciences, Zhejiang 

University, China). Fiber structure of the best performing plants of OsAAT2 and ZmASN 

transgenic cotton lines were studied through scanning electron microscopy. Electron 

microscopy structure reveals the fineness of the fiber as well as convolutions. The number 

of convolutions in non-transgenic plant fiber were less than both the OsAAT2 and ZmASN 

transgenic cotton lines (Fig 4.24) as observed at 100µm resolution. A higher magnification 

of 10µm further illustrates the degree of fineness the transgenic cotton plant fiber in 

comparison to the non-transgenic cotton fiber. The fiber from OsAAT2 line was more 

smooth and fine than the control plant. However there was no substantial difference among 

the transgenic cotton lines belonging to two different genes (Fig 4.24). 
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Fig 4.24: Scanning electron microscope images of mature cotton fiber grown under 

field conditions. Mature cotton fiber of non-transgenic cotton plant scanned at 100µm, 

50µm and at 10µm showing the fiber surface (A). Mature cotton fiber of OsAAT2 

transgenic plant scanned at 100µm, 50µm and at 10µm (B).  Mature cotton fiber of 

ZmASN transgenic plant scanned at 100µm, 50µm and at 10µm (C). 
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4.7 Physiological characteristics of transgenic plants 

Physiological analysis of the transgenic cotton lines was comprised of the net C 

assimilation/respiration (A), stomatal conductance (gs) and transpiration (E). The analysis 

was conducted in the months of July-August 2018 for physiological performance of the 

transgenic and non-transgenic cotton plants in T2 generation. The atmospheric relative 

humidity ranged between 65-84% during observation days. The net 

photosynthesis/assimilation rate (A) of transgenic lines of OsAAT2 plants was measured 

from young leaves of non-senescing cotton plant and non-transgenic cotton plant. Most 

transgenic lines showed an increase in the photosynthetic activity as shown in Fig 4.25 (A). 

Some of the transgenic lines (5, 6, 9) represented significant difference in the 

photosynthetic data. Similarly, net photosynthesis/assimilation data obtained for transgenic 

cotton plants of ZmASN lines was compared with the non-transgenic control lines as an 

average of three replicates from the same plant Fig 4.25 (D). A mixed trend was observed 

among the transgenic cotton lines of ZmASN. Transgenic cotton lines 16 and 25 revealed 

significant difference in the photosynthetic rate.  

Stomatal conductance (gs) data was recorded from the young expanded leaves of 

the transgenic cotton plants of OsAAT2 lines as compared to non-transgenic control cotton 

plant in triplicate. Most of the transgenic lines represented an increase in the stomatal 

conductance than the control cotton plant. Dunnett’s multiple comparison test indicated 

that two transgenic cotton lines namely, 6 and 9 represented significant difference than the 

non-transgenic cotton plant. (Fig 4.25 B).  Stomatal conductance data of ZmASN transgenic 

lines represented an increase in all the transgenic cotton lines than the control cotton plant 

whereas, line 14 and 25 were significantly different than other counterparts (Fig 4.25 E). 
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Transpiration rate (E) was measured from the partial pressure of water vapor of the 

air entering and exiting the cuvette. Data for OsAAT2 transgenic cotton lines was compared 

with the non-transgenic control cotton plant as a means of three replicates and is shown in 

Fig 4.25 (C). Transgenic cotton line 6 and 9 showed significant difference against control. 

The data was consistent with the results obtained for photosynthetic rate and stomatal 

conductance as the same lines showed a significant increase in the net photosynthetic and 

stomatal conductance traits. Transpiration rate was also recorded for ZmASN transgenic 

cotton lines and compared with the non-transgenic cotton plant as shown in Fig 4.25 (F). 

It was observed that all the transgenic cotton lines have increased rate of transpiration (E) 

among which lines 14 and 25 were significantly different from the control. 
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 Fig 4.25: Photosynthetic measurements in transgenic lines. Net photosynthesis (A) of 

OsAAT2 transgenic lines (A). Stomatal Conductance (gs) of OsAAT2 transgenic lines (B). 

Transpiration (E) of OsAAT2 transgenic lines (C). Net photosynthesis (A) of ZmASN 

transgenic lines (D). Stomatal Conductance (gs) of ZmASN transgenic lines (E). 

Transpiration (E) of ZmASN Transgenic lines (F). Data were statistically analyzed using 

one-way ANOVA and Dunnett’s multiple comparison test. Data was recorded as n + SD 

whereas, n = 3. The significance level determined at p<0.0001 and the **** indicates level 

of significance. 
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4.8  Fluorescence In Situ Hybridization assay of transgenic 

plants 

Fluorescence In Situ Hybridization assay for gene integration and copy number 

detection was performed for transgenic cotton plants of both genes OsAAT2 and ZmASN. 

The results of the hybridization assay and karyogram of metaphase chromosomes of non-

transgenic cotton plant is shown in Fig 4.26 (A).  Transgene integration detection through 

fluorescent signal of gene specific probe of OsAAT2 determines the single copy gene 

integration (Fig 4.26 B). Karyogram analysis of the metaphase chromosomes depicts the 

successful gene integration at chromosome number 12 (Fig 4.26 B). 
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Fig 4.26: FISH assay of OsAAT2 transgenic plant. Metaphase chromosome karyotype 

of non-transgenic cotton plant A). Flourescent signal amplification at metaphase 
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chromosome with gene specific fluorescent probe of transgenic plant B). Metaphase 

karyotype analysis of transgenic plant with indication of chromosome number 

containing integrated transgene C). 

ZmASN gene integration analysis through FISH assay was determined for best 

transgenic cotton plant and the control plant. Karyotype of the metaphase chromosomes of 

non-transgenic G. hirsutum is described in Fig 4.27 (A). Transgenic plant of ZmASN 

metaphase chromosome hybridized with fluorescent labeled gene-specific probe describes 

the single copy gene integration Fig 4.27 (B) while the karyotype analysis reveals the gene 

was integrated successfully at chromosome number 1 as shown in Fig 4.27 (C).  

  
A 
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Fig 4.27: FISH assay of ZmASN transgenic cotton plant. Metaphase chromosome 

karyotype of non-transgenic cotton plant A). Signal amplification of gene specific 

fluorescent probe of transgenic plant at metaphase chromosome B). Karyotype analysis 

 
B 

 
C 



117 

 

of ZmASN transgenic cotton plant with indication of chromosome number containing 

integrated transgene C). 

4.9  In planta whitefly bioassay of transgenic plants 

 Insect bioassay of transgenic cotton plants of both genes (OsAAT2 and ZmASN) 

was conducted in T2 generation grown under controlled conditions in greenhouse and free 

of any insect attack. The plants were grown for two months in pots. Newly emerged (0-24 

hr) whitefly adults were released onto the young cotton leaves and encased with the clip 

cages to prevent the escape of whitefly adults. The mortality data were recorded at third 

day (72 hr) and the area on the leave was marked. Any alive whiteflies were removed, and 

the plants were quarantined in a net cage for next two weeks. At the end of 2nd week, the 

leaves were detached and observed under microscope for the nymph development or the 

hatched adults. In this way the effect of the aspartic acid was observed both on the adults 

and on the nymphs of the next generation. In OsAAT2 transgenic cotton lines, 80 to 95% 

mortality of the adults was observed as compared to non-transgenic cotton plant. A 

significant decrease in the nymph population was observed; a direct correlation was 

distinctly visible with the adults’ mortality and the nymph’s population. More nymphs were 

observed at 80% mortality than at the 95% mortality (Fig 4.28). 

ZmASN transgenic cotton lines revealed that the mortality of whiteflies ranged 

between 70 to 95.5% (lowest to highest) indicating all the transgenic lines impart significant 

mortality of the whiteflies at third day of observance. The highest mortality of the adults’ 

caused the significant reduction in the nymph population as compared to non-transgenic 

cotton plants (Fig 4.29). 
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Fig 4.28: Whitefly bioassay of OsAAT2 transgenic lines in T2 generation. Two-way 

ANOVA was conducted for statistical analysis at p<0.0001 and Dunnet’s multiple 

comparison test was used to measure the level of significance as ****. 
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Fig 4.29: Whitefly bioassay of ZmASN transgenic lines conducted in T2-generation. 

Two-way ANOVA for statistical analysis at p<0.0001 and Dunnett’s multiple 

comparison test was used to measure the level of significance as ****.
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5 DISCUSSION 
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Cotton is vulnerable to many abiotic and biotic stresses which affect the 

yield/quality of cotton fiber. Whitefly is one of the major sucking insect pest of cotton and 

has serious consequences on the yield and quality of cotton fiber. Nutritional quality of 

plant is one of the major factor in determining the resistance status of the plant against sap 

sucking pests. Some studies demonstrate that the contents of amino acids in the plant 

phloem acts as a limiting factor in pest survival. Aspartate is a central regulator of the 

essential amino acid production (de la Torre et al., 2014), ethylene biosynthesis (Le Deunff, 

2018) and in plant growth and development  (Zhou et al., 2009). To explore this approach, 

biosynthesis of aspartate in G. hirsutum was manipulated by the overexpression of OsAAT2 

and ZmASN genes under CaMV35S promoter which were successfully cloned and 

expressed in transgenic cotton plants. Transformation of cotton plants was carried out 

through shoot apex cut method of newly germinated seedlings through Agrobacterium as 

done by (Ahmad et al., 2017). Since the shoot apices rapidly undergo mitosis and doesn’t 

involve the intermediate stages of tissue culture, therefore the chances of somaclonal 

variation and genetic mutation are very low (Rao et al., 2009). In this study, 2.54% 

transformation efficiency was achieved which is consistent with the findings by (Satyavathi 

et al., 2002). Several factors influence the efficiency of  Agrobacterium-mediated 

transformation e.g. the explants’ wounding treatment, strain and cell density of A. 

tumefaciens, size of the gene to be transformed and the selection pressure of the antibiotic 

(Bazargani et al., 2010). Different authors report transformation efficiency of cotton 

ranging from 0.02% (Gould & Magallanes-Cedeno, 1998) to 9% (Majeed et al., 2000). 

Cultivar dependent Agrobacterium-mediated transformation of plants can be as high as 

20%, a much higher ratio as compared to the earlier reports (Wamiq et al., 2016). 

In this study, both OsAAT2 and ZmASN genes were expressed constitutively under 

CaMV35S promoter. Relative gene expression of the transgenes was analysed from the 
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transgenic cotton plants using actin as a housekeeping gene. The mathematical model 

adopted by (Pfaffl, 2001) could detect very weak signals from the target gene enabling us 

to determine the transgene expression with very low copy number genes in qRT-PCR 

compared to the method of (Livak & Schmittgen, 2001). Upto 31.7-fold higher relative 

expression of OsAAT2 gene was observed which is consistent with the overexpression of 

cytosolic AAT in Arabidopsis (Brauc et al., 2011). The OsAAT2 gene expression level in 

cotton reported in current study is also consistent with the gene expression level reported 

in rice under the CaMV35S promoter (Zhou et al., 2009) indicating higher expression levels 

of the said gene in both crops. Zhou et al. (2009) also reported that overexpression of 

exogenous E.coli AAT in rice, induced the expression of endogenous rice OsAAT2, 

strengthening our study that we overexpressed a monocot gene OsAAT2 into the dicot plant 

(cotton). Bulk production of aspartic acid is catalysed by cytosolic AAT (McAllister et al., 

2016) which is supportive to the idea of current study involving the overexpression of 

cytosolic AAT for aspartic acid biosynthesis.  

UPLC analysis of seed free-aspartic acid revealed an increase in concentration of 

aspartic acid upto 9.65 mg/100g in OsAAT2 transgenic cotton as compared to 1.435 

mg/100mg in non-transgenic cotton while free aspartic acid content in phloem sap was 

found to be increased upto 3.4 x 10-2 mg/100 mg in transgenic cotton line than 0.8466 x 10-

2 mg/100mg in non-transgenic cotton. Interestingly, overexpression of OsAAT2 in 

transgenic cotton plants also revealed an increase in the free contents of asparagine (76 

mg/100mg) and glutamate (9.29 mg/100mg) in the seeds as compared to non-transgenic 

cotton plant (10.67 mg/100g and 3.7 mg/100g respectively). The increased content of all 

the above amino acids are in accordance with the findings by (Murooka et al., 2002; Zhou 

et al., 2009) who also observed an increase of amino acids in seeds in relation to AAT 

overexpression. Glutamate increase in the seeds is consistent with the fact that AAT 
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catalyses reversible transamination reactions between aspartate and 2-oxoglutarate forming 

oxaloacetate and glutamate causing an increase in either aspartate or glutamate or even both 

(Toney, 2014). In the phloem sap, free-amino acid levels of the aspartate (3.4 x 10-2 

mg/100g), asparagine (3.75 x 10-2 mg/100g), glutamate (1.96 x 10-2 mg/100g) and 

glutamine (7.13 x 10-2 mg/100g) were found to be increased than non-transgenic control 

(0.84 x 10-2 mg/100mg, 1.325 x 10-3 mg/100mg, 1.22 x 10-2 mg/100mg and 4.97 x 10-2 

mg/100mg respectively) suggesting that overexpression of cytosolic AAT can lead to 

increase in aspartic acid and in combination an overall change in the other amino acids. By 

catalysing a reversible reaction, AAT increases aspartic acid/glutamic acid and then the 

intracellular levels of glutamine/asparagine are also affected (Gaufichon et al., 2015; 

Murooka et al., 2002; Schlüter et al., 2018). 

Asparagine hydrolysis by ZmASN enzyme yields to aspartate and ammonia which 

is used for further aspartate and glutamate biosynthesis respectively (Gaufichon et al., 

2015). Relative quantification by qRT-PCR revealed that around 40 to 48-fold increase in 

the transcript of ZmASN gene was observed in transgenic cotton plants describing the 

success in achieving overexpression of the said gene. Aspartic acid level in plants is usually 

being influenced by many internal factors despite of its expression level  (Kambhampati et 

al., 2017). Therefore, amino acid content of ZmASN transgenic lines was also quantified in 

the seeds and phloem sap by UPLC. Measurement of free aspartic acid levels in seeds of 

ZmASN transgenic cotton plants revealed a maximum increase of 9.96 mg/100 mg than 1.4 

mg/100 mg in the non-transgenic control. Glutamate levels were also found to be increased 

in ZmASN transgenic cotton lines upto 11.8 mg/100mg maximum than 3.72 mg/100mg in 

non-transgenic control.  Increase in the glutamate content could possibly occur via 

GS/GOGAT cycle which actively metabolizes the released NH4
+ by ZmASN (Gaufichon et 

al., 2015). While asparagine was increased from 10 mg/100 mg in non-transgenic control 
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to 37 mg/100 mg in transgenic cotton plant, comparison between transgenic lines of 

OsAAT2 and ZmASN gene indicated a substantial decrease in asparagine content in seeds 

of later than the non-transgenic control. Endogenous plant asparaginases are more active in 

the developing seeds and young expanding leaves in pea (Gaufichon et al., 2015) while 

asparagine aminotransferase (asparagine to oxosuccinamate and an amino acid) activity 

remains stable in plant life (Kambhampati et al., 2017). The free amino acid concentrations 

in phloem sap in ZmASN transgenic cotton plants presented a slightly different profile than 

the seed amino acids. Both the free aspartate and glutamate concentrations were found to 

be increased in transgenic cotton lines (2.18 x 10-2 mg/100g and 1.4 x 10-2 mg/100g 

respectively) when compared with the non-transgenic control (0.87 x 10-2 mg/100g, 0.83 x 

10-2 mg/100g) conforming to the ZmASN transcript expression profile. Both asparagine and 

glutamine represented reduced levels (except the line number 25 and 27 which showed 

exceptionally higher content) in the phloem sap in comparison to non-transgenic cotton 

(Fig 4.19), indicating that ZmASN gene efficiently converted the bulk of asparagine into 

aspartate, leading to an overall reduction in the free contents of asparagine and a 

concomitant increase of aspartate in the phloem sap. We also attached a translational 

enhancer 5’ untranslated Alcohol DeHydrogenase (ADH 5’) with CaMV35S promoter 

which is found to be involved in the enhanced expression of protein. In chrysanthemum, 

about 95% increase in delphinidin was achieved by using ADH 5’ with petal specific 

promoter (Noda et al., 2013). However, similarity in the aspartic acid content in both 

OsAAT2 and ZmASN transgenic cotton plant (both genes expressed under CaMV35S 

promoter) can be an indication of non-significant effect of this ADH 5’ translational 

enhancer on ZmASN protein expression. However, consistent with this study, similar 

increased concentration of amino acid in seeds through overexpression of AAT gene was 

reported by (McAllister et al., 2016; Zhou et al., 2009). 
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It is important to observe the effect of transgene on the growth and ultimately on 

cotton yield including quality of its fiber. Growth traits like height, number of sympodial 

branches and number of bolls/plant were observed for both the ZmASN and OsAAT2 

transgenic cotton lines and compared to non-transgenic cotton. Data of two generations was 

taken at two different locations named, CEMB-PU Lahore Pakistan and MBG-Aarhus, 

Slagelse, Denmark. The data of T0 progeny was taken in Pakistan (2015-2016) while T1 

experiments/analysis were carried out in Denmark (Feb-July 2017). The differences in 

temperature between both countries was found to have its impact on the yield parameters 

of cotton. However, transgenic cotton lines maintained the increase in height, boll 

formation and yield in OsAAT2 lines (5, 6 and 9) in both progenies which exhibited higher 

expression level of transgene and ultimately the amino acid concentration. This is in 

contrast to the results of (McAllister et al., 2016) who studied AAT overexpression in 

Brassica napus for nitrogen use efficiency and denied that the overexpression of AAT can 

lead to changes in biomass and seed yield. It can be suggested that overexpression of same 

gene produced different response in different crops, while alteration obtained in amino acid 

concentration was same in both studies (McAllister et al., 2016; Zhou et al., 2009). 

Furthermore, an AAT mutant in A.thaliana study confirmed that no change in the 

morphology of the plant might be due to gene redundancy (Brauc et al., 2011). We report 

that overexpression study showed variations in the morphology of the transgenic cotton 

plant in both T0 and T1 generations (Fig 4.20). Differences in the morphology was also 

observed by the silencing of plastidic AAT in N. benthamiana (de la Torre et al., 2014; 

Fernando et al., 2014) consistent with this study. Moreover, current study is unique in a 

sense that expression of monocot gene was taken in dicot which was not the case with other 

reports.  
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A balanced free asparagine is important in maintaining the growth of the plant as 

asparagine synthetase (converts aspartate to asparagine) mutants showed defective growth 

pattern while asparaginase double mutants (ASPGA1/ASPGB1) grew normally under high 

nitrogen condition (Gaufichon et al., 2015; Ivanov et al., 2012). The ZmASN overexpression 

lines in this study exhibited improved morphology when compared to the OsAAT2 

overexpression lines. The data is lacking on the overexpression of asparaginase with the 

seed yield and plant agronomic characters. However, it was observed that exogenous supply 

of a certain amount of asparagine and glutamine positively affects the growth 

characteristics of Phaseolus vulgaris but higher concentration imparted negative affect on 

the same (Shukry et al., 2008). Interestingly, the ZmASN gene overexpressed constitutively 

increased the vegetative growth of the transgenic cotton plant and it was found an increase 

in the fiber and seed yield in transgenic cotton plants as compared to the non-transgenic 

cotton (Fig 4.21). This might explain the fact that asparagine at a certain threshold levels is 

beneficial to plants growth supporting the study by Shukry et al. (2008) in which more than 

1mM asparagine or glutamine treatment resulted in growth inhibition of P. vulgaris. Leaf 

surface area was also measured for both genes, but no significantly different effect of genes 

was found on this trait.  

Fiber development and elongation is regulated by many different factors. Cotton 

fibers are single cell hairs originating from ovule epidermis at anthesis and can reach upto 

3-5cm upon maturity (Lockhart, 2013). However, complete set of all the genes responsible 

to control fiber development are still unknown (Han et al., 2013). Because both OsAAT2 

and ZmASN genes lead to the higher content of four major amino acids; aspartate, 

glutamate, asparagine and glutamine, a modulation of the fiber characteristics observed due 

to close relationship between the N and C cycles (Tuttle et al., 2015). Overexpression of 

OsAAT2 revealed that strength of the fiber in transgenic cotton line was improved upto 
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18.2% while in ZmASN transgenic cotton lines, 14.6% improvement in fiber strength was 

observed. However, micronair value in ZmASN transgenic line was increased by 18.2% 

maximum. But it was observed that both the target transgenes impart effect on the fiber 

quality due to the association of carbohydrate metabolism with plant nitrogen metabolism 

and several factors involved in the regulation of this complex interaction (Li et al., 2017). 

We can correlate this study with the findings by Tuttle et al., (2015) who found out that 

aspartic, glutamic and alanine are overexpressed at the transcriptome and metabolome level 

during fiber development in G. hirsutum (Tuttle et al., 2015). We also observed alterations 

(Fig 4.22 and 4.23) in the length of fiber of both genes’ transgenic lines as compared to the 

non-transgenic control. Findings of a study correlates with these outcomes that increased 

levels of aspartate in Ligon lintless-2 (Li2) mutant of cotton were observed during 

elongation phase. In this study, they observed that aspartate, glutamate, asparagine and 

glutamine were all increased in Li2 mutant suggesting their role in fiber elongation 

(Naoumkina et al., 2013). During N assimilation process, organic acid metabolites like 

succinate, malate and 2-ketoglutarate are incorporated in this pathway while they are also 

intermediates in the biosynthesis of carbohydrates. Therefore, perturbations in the 

carbohydrate biosynthesis by N-pathway affects the length of the fiber and maturity 

(Naoumkina et al., 2013). Our study highlights the relationship of N and C cycle and its 

impact on the fiber quality. Scanning electron microscopy analysis revealed more 

convolutions and smoother surface of fiber in both ZmASN and OsAAT2 transgenic cotton 

lines than non-transgenic control cotton fiber, again supported by findings of  (Naoumkina 

et al., 2013) that aspartate/glutamate interference with carbohydrate metabolism affects 

fiber secondary cell wall development. More carbohydrate accumulation in the secondary 

cell wall leads to coarser and rough fiber. Cotton fiber is also regulated by many other 

factors e.g. biostimulants (containing plant hormones and metals like Zn, Mo, K) treatment 
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to seeds amend the cotton fiber features like, uniformity index, strength, length, and 

micronair value and the increase in leaf N, K, S and Fe was also observed without any 

influence on crop yield (Copur et al., 2010; Silva et al., 2016).  

Effect of the transgene on the carbohydrate metabolism was studied in lieu of 

physiological performance of transgenic cotton plants. For this purpose, physiological 

parameters like photosynthesis, stomatal conductance and transpiration rate was considered 

in this study. The photosynthetic rate, stomatal conductance and transpiration rate in both 

ZmASN and OsAAT2 transgenic cotton lines were measured to be 17.33 µmol m-2s-1, 322 

mmol m-2s-1,3.83 mmol m-2s-1 and 22 µmol m-2s-1, 492 mmol m-2s-1, 4.45 mmol m-2s-

1respectively, higher than non-transgenic control which was 9.5 µmol m-2s-1, 37.66 mmol 

m-2s-1 and 0.4 mmol m-2s-1 respectively (Fig 4.25). This is in close agreement to a study 

who described that either increase in aspartate or glutamate promote the stomatal opening 

in vicia faba (Kang et al., 2007). Stomatal opening and the photosynthesis are highly co-

regulated, however, the former is not always dependent on photosynthesis and several 

primary metabolites of TCA cycle intermediates and amino acids show positive 

correlations (Gago et al., 2016). The increase in photosynthetic parameters in transgenic 

lines revealed that carbohydrate synthesis pathway is not suppressed by the N assimilation 

pathway modulated by our transgene. Whitefly infestation also leads to decrease in stomatal 

conductance, photosynthesis and transpiration (Inbar & Gerling, 2008). It is suggested that  

balanced partitioning of N metabolites in C3 plants is necessary for good photosynthetic 

performance (Yin et al., 2018). Our study is consistent with the findings of Shukry et al. 

(2008) where 1 mM asparagine caused positive effect on the physiological parameters 

while above than this caused reduction in growth and yield. Moreover, the organic acids 

released by amino acid catabolism (aspartate, glutamate) feed the C-synthesis pathway e.g. 

TCA cycle (Schlüter et al., 2016).  
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In transgenic cotton plants, the copy number of gene is of prime importance for 

stable expression. Presence of multiple copies of transgene is linked with unstable gene 

expression, gene silencing by DNA methylation or aberrant RNA  (Travella et al., 2005), 

and may even lead to the transgene rearrangement or mutations in subsequent generations 

(Ismagul et al., 2018). In the development of transgenic cotton plants, single copy gene is 

preferred for stable gene expression and Mendelian segregation in subsequent generations. 

Insertion location of the transgene also determines the gene expression patterns (Ismagul 

et al., 2018; Jakowitsch et al., 1999). The copy number of the transgene and its 

chromosomal location was determined by using Fluorescence In Situ Hybridization (FISH) 

in T2 generation in selected transgenic cotton plants. The best OsAAT2 expressing 

transgenic cotton line was found to have a single copy no. of gene located at the 

chromosome number 12. Similarly, selected ZmASN transgenic cotton plant having higher 

expression was found to have single copy no. of transgene located on chromosome number 

1. FISH analysis is preferred over southern blot analysis on account of  its higher sensitivity 

and visual determination of chromosomal integration and copy number and its location on 

chromosome(Jensen, 2014).  

The last objective of the study was to check the effect of free aspartic acid in plant 

phloem on whitefly adults’ survival and its reproduction. The hypothesis was tested by 

conducting a lab-based whitefly feeding assay as was done by (Dixit et al., 2013). Based 

on feeding response to whitefly adult mortality, AAT taken from rice and ASN from corn 

was overexpressed in cytoplasm to increase free aspartate levels. After the successful 

establishment of transgenic cotton lines, whitefly mortality assay was conducted on 

transgenic cotton lines of both genes (OsAAT2, ZmASN) transgenic cotton lines. Whitefly 

mortality assay was performed on non-transgenic cotton plant, independent transgenic lines 

of both genes and replicates of the same transgenic cotton lines. After the adult mortality 
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data acquisition, the plants were kept under observation for one month to study the next 

generation of whitefly i.e., nymphs. Significant mortality of the whitefly (90 to 95%) adult 

population was observed in transgenic lines of both genes independently. Plants were then 

shifted to open field conditions and were later observed for field infestations of whitefly. It 

was observed that transgenic cotton plants performed better in the field both in resisting the 

whitefly infestation and in yielding good plant growth and development as compared to 

non-transgenic control cotton plants. Neurotoxic studies of glutamate/aspartate highlight 

that their higher levels can cause neurotoxicity to the insects (Gardiner et al., 2002; Tomlin 

et al., 1993) at neuromuscular junctions. Excitatory amino acid transporters (EAAT) 

regulate the extracellular levels of glutamate and aspartate which is substrate homolog of 

glutamate and is preferentially taken by the transporter in sodium coupled transport 

(McLean & Caveney, 1993), causing accumulation of higher levels in insect neuromuscular 

junction (Rival et al., 2006). Our study is also consistent with the findings by (Bhatti et al., 

2011) who explained that improved nutritional status of the plant confers resistance to 

whitefly. 

Conclusion 

To avoid the losses anchored by whitefly infestations, several techniques, ranging 

from conventional breeding to molecular approaches have been practised. Such devised 

strategies worked perfectly well at a level which is not optimal to control increasing 

population and their incurred losses. Transgenic cotton plants developed in this study have 

shown resistance through increased mortality and decreased whitefly infestation both under 

controlled conditions and in open field. A significant decline in the number of nymphs of 

the whitefly was also observed suggesting an obvious control in the subsequent generation 

of whitefly. Apart from the tolerance to whitefly infestation, improvement in the plant 

growth characteristics and fiber quality was also observed. Moreover, improvement in 
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physiology and fiber characteristics of transgenic cotton plant was also observed which 

indicate that there was no adverse effect of transgene on overall plant characteristic. The 

success obtained in this study combined with other approaches like CRISPR Cas9, Tma12 

and plant lectins can provide good platform for incoming researchers to combat such 

devasting pest strongly and save the losses for the welfare of poor cotton growing 

community.  
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APPENDIX-I 

LURIA BERTANI (LB) MEDIUM 

Tryptone    10g 

Yeast Extract    10g 

NaCl     5g 

Agar    15g/L 

Dissolved in 1 liter of distilled water, adjusted pH: 7.5 and autoclaved.  

 

YEAST EXTRACT (YE) MEDIUM 

Peptone    5g 

Yeast Extract   10g 

NaCl    10g 

Dissolved in 1 liter of distilled water, adjusted pH: 7.5 and autoclaved. 

LB AGAR  

LB containing   15g/L of Bacto Agar 
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APPENDIX II 

TETRACYCLINE (12.5mg/ml) 

Tetracycline   125mg 

Ethanol 70%   10ml 

KANAMYCIN (50mg/ml) 

Kanamycin   500mg 

Distilled H2O   10ml 

AMPICILLIN (100mg/ml) 

Ampicillin   1g 

H2O   to 10ml 

RIFAMPICIN (50mg/ml) 

Rifampicin   0.5g 

MetOH    10ml 

CEFOTAXIME (50mg/ml) 

Cefotaxime Powder   0.25g 

Distilled H2O   5mL 

HYGROMYCIN (20mg/ml) 

Hygromycin   1g 

Distilled H2O   50ml 

For preparation of all antibiotics, filter sterilize using 0.22 m syringe filter, prepare 

aliquots of 500l and preserve them at -20 oC for long term storage. 
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APPENDIX-III 

MS MEDIUM (Murashige and Skoog, 1962) Composition 

MS Salts     4.33g/l 

Sucrose    30g/l 

Phytagel    3g/l 

pH     5.6-5.8 

B5 vitamins added after autoclave 

B5 Vitamins 1000X 

Nicotinic acid   50mM 

Thiamine hydrochloride   10mM 

Pyridoxine hydrochloride  10mM 

Myo-inositol   100mM 

Glycine    2mM 

Mix all of them in 50 ml of water and add 1ml/L in pre-autoclaved MS media. 

Kinetin (1mg/ml): 

Dissolve kinetin (1g) in 1N KOH (2 mL) and raise volume up to 1L to make the final 

concentration of 1mg/mL. 

Indole butyric acid (1mg/ml) 

Dissolve 1g IBA in 1N NaOH (5 mL) and raise volume up to 1L with distilled 

H2O. 
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APPENDIX-IV 

DNA Extraction Buffer (Working solution) 

TrisCl    100mM (pH 8.0) 

EDTA     20mM (pH 8.0) 

NaCl    1.4 M 

CTAB    2% 

PVP-40   2% (w/v) 

ß-mercaptoethanol  1%  

Tris-HCl Buffer (pH 8.0) 

1M Trisma Base   121.1g 

H2O     to 1 litre 

HCl conc.    Add slowly to pH 8.0 

0.5 M EDTA  

EDTA     18.6g 

H2O     100ml 

pH     8.0 

To EDTA powder, add 70ml of water and add NaOH pellets slowly while stirring 

vigorously and at hot plate. EDTA will only dissolve at pH 8.0.  

TE Buffer 

 1M Tris-HCl pH 8.0    5ml 

 0.5M EDTA pH 8.0    1ml 

 H2O      494ml 
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APPENDIX-V 

50x TAE Buffer (Tris-Acetate-EDTA)    1litre  

Tris Base      242 g  

Acetic Acid     57.1 ml  

0.5 M EDTA     100 ml (pH 8.0) 

 

6x DNA Loading Dye 

Ficol      20 % 

EDTA       0.1M 

SDS       1 % 

Bromophenol blue     0.25 % 

Xylene Cyanol     0.25 % 
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APPENDIX-VI 

 

RNA Extraction Buffer 

RNA Extraction Buffer: (working solution) 

CTAB    2%(w/v) 

Polyvinylpyrrolidone (PVP) 2% (w/v) 

Tris-HCl (pH-8)   100mM (pH 8.0) 

EDTA     25mM (pH 8.0) 

NaCl    1M 

β-mercaptoethanol  2% 

Buffer II: 

Phenol: Chloroform: Isoamyl alcohol   25:24:1 

RNA Loading Dye (3X): 

1ml 6X DNA Loading dye: 1ml Formamide  1:1 
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APPENDIX-VII 

Mellavaine Buffer (pH 7.0; 20ml) 

0.2 M Na2HPO4  16.47 mL 

0.1 M Citric Acid  3.53 mL 

 

1X TBS Buffer, pH 7.5 (1 L) 

Tris base    6.5 g 

NaCl    8.76 g 

dH2O    800 mL 

 

20x SSC (pH 7.0; 1L) 

NaCl    3M (175g) 

Sodium citrate   0.3M (88.2) 

H2O    to 1L 

 

2x SSC (pH 7.0) 

20X SSC   2x 

SDS    0.1% 

 

1X SSC (pH 7.0) 

20X SSC   1X 

SDS    0.1% 
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