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Abstract 

Codon optimized synthetic epsps gene was used to develop transgenic tobacco and 

sugarcane lines using Agrobacterium and biolistic approach, respectively. Putative 

transgenic tobacco lines analyzed by qRT-PCR showed variable mRNA transcript 

levels. Southern hybridization performed for determining gene integration patterns 

showed multiple copy inserts (1-4) of transgene in various tested lines. Immunoblot 

strips confirmed the translation of cp4-epsps mRNA transcripts in T1 line. Malachite 

green assay showed variable EPSPS activity levels in various lines in response to 

glyphosate application. Transgenic tobacco lines exposed to 1% (v/v) glyphosate at 4 

to 5 leaf stage showed variable resistance levels ranging from moderate level tolerance 

to high tolerance. The cp4-epsps mRNA transcript levels varied from genotype to 

genotype in tested transgenic sugarcane lines regardless of the integration of multiple 

copy number (3-6) of transgene. Genetic transformation with pyramided constructs 

results in the integration of multiple genes at a single locus, which is desirable in terms 

of expression efficiency of transgenes. The cp4-epsps gene was pyramided with insect 

resistant cry1Ac and cry2Ab genes and cloned in pSb187 vector was used to genetically 

transform tobacco using Agrobacterium mediated approach. Transgenic lines were 

confirmed through PCR using gene specific primers of respective genes. The mRNA 

transcript level of cp4-epsps gene detected through qRT-PCR using GAPDH gene as 

an internal control was found to be variable among different transgenic lines. 

Transgenic lines were tested for checking the translational efficiency of all three genes 

using immunoblot strips. Transgenic tobacco lines found expressing all three proteins 

were subjected to detached leaf insect bioassays to evaluate the effectiveness of Bt 

genes in putative transgenic tobacco against insect attack using first instar larvae from 

Spodoptera littura and Helicoverpa armigera. Transgenic tobacco found to be resistant 

against these insects showed that cry1Ac and cry2Ab genes were efficient enough in 

pyramided form. When these transgenic tobacco lines were exposed to glyphosate at 

10 to 12 leaf stage, chlorotic symptoms were observed which hinted that herbicide 

tolerance potential of transgene declined with increasing age of the plants. In  order to 

overcome the spatio temporal gene expression issues, a dual copy epsps expression 
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cassette synthesized under different regulatory elements, cloned in pGreen0029 binary 

vector was used to generate transgenic tobacco. These tobacco lines exhibited excellent 

resistance against 19% (v/v) glyphosate at 10-12 leaf stage. This construct has shown 

tremendous potential regarding transgene expression levels which is required in the 

field crops. This dual cassette cp4-epsps gene has been recommended for generation of 

glyphosate resistant cotton and other commercially important cultivars. 
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1 Introduction and Review of Literature 

1.1 Growing Global Food Challenges 

Food security, population explosion, and environmental stresses are the critical 

challenges being faced by human beings. The global food security imbalance has 

dramatically exacerbated during the recent decades, and may culminate in food crises 

in coming years. Rapidly increasing world population - reaching 9 billion by 2050- and 

economic development, does impose a big threat of meeting cereals, vegetables, and 

fruit and diary requirements in the coming years [1]. About 30 percent of cereal 

production is utilized as animal feed source to obtain animal products like eggs, meat, 

and dairy products, which would ultimately mount pressure on crop land, fossil fuel 

energy and water sources. Food security, basically an issue of the developing world, 

has now become point of concern of developed countries as well, so farmers from all 

over the world will be under pressure to produce higher yields up to 70-100% to meet 

these challenges by keeping in mind the conservation of land and water resources 

through paying proper attention to fragile environment[2]. Producing crops with 

improved quantity and quality is key to cope up the challenges of increased food 

deficiency and malnutrition using selection, breeding or genetic engineering approach 

[3].

1.2 Crop Losses  

Biotic and abiotic stresses are currently the main constraints in the crop productivity. 

Commercially grown field crops give an average of 50% of their potential yield due to 

negative impact caused by abiotic stresses such as salinity, drought, and extremes of 

temperature and rainfall [4]. Biotic stress also increase drastically the yield gap which 

can rise up to 50–80% in the absence of proper control measures [5]. Crop losses casued 

by pathogens, insect pests, and weeds, are generally accountable for major global 

agricultural productivity losses. Most of the research carried out in the 20th century was 

dedicated to the innovation oriented at increasing crop productivity through protecting 

crops from yield losses caused by various biological and non-biological factors. The 
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problem is still as challenging as it was in the 20th century due to extra complexity 

engendered by the reduction in potential for navigating the available sources socially, 

economically, and environmentally [6]. Biotechnology has an apparent part to play in 

fulfilling the increasing demand for food quantity and quality[7]. 

1.3 Weeds as Pests 

Weeds are one of the severe biotic factors responsible for reduction in crop productivity. 

The term weed is described generally as a plant considered undesirable in human 

controlled settings e.g., farm fields, parks, lawns, and gardens. In an agricultural field, 

all the plants are weeds except those which are grown with intention to harvest. Weeds 

are still a big menace to agricultural productivity in spite of many in-practice weed 

control technologies. Weed management emphasizes more on inhibiting weed 

reproduction, decreasing weed emergence after crop plantation, and reducing the crop 

and weed competition to maximum possible limit, other than just controlling the 

prevailing weed issues [8]. 

1.4 Classical Approaches for Weed Control 

1.4.1 Cultural Practices 

This strategy is based on the proactive approach and it requires preventing entry of 

weed seeds into the field including contaminated crop seeds, processing equipment, 

manure, compost , forage and food grains, and irrigation and drainage water. Weed 

prevention also depends upon farm size, weed species and their means of dissemination 

and they are more successful when taken at community levels particularly using 

certified seeds. These measures comprise of cropping practices to suppress weeds using 

crop rotation and competitive or smoother crops. Cultural practices may include 

adjusting crop spatial and sowing time arrangements, intercropping, cover crops and 

crop genotype [9].  

Physical measures usually undertaken for weed removal include tilling, hoeing, 

mowing, hand weeding, burning etc. Besides this, annual, biennial and perennial weeds 

can be pulled out when soil is moist preferably before the seed setting stage. Mulching 

is based on the principle of excluding light from top of weeds so that it gets deprived 

of light long enough, exhausting all of its nutrients and become permanently wilted. 
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Mulches include black or transparent plastic, crop straw, sawdust, and hay. Soil 

solarisation technique is also effective to some extent if applied when soil surface is 

uniformly prepared and retain plenty of moisture to favor the efficient heat transfer to 

destroy the reproductive structures of weeds so that the germination is hindered [10]. 

1.4.2 Chemical Weedicides 

The easiest option for the farmers is to use suitable chemicals usually as sprays to check 

the menace imposed by the weeds. There are many factors such as application stage 

and method, effectiveness of the employed method, stage of application, and selection 

of proper herbicides according to nature of target weeds [11]. Most of these chemicals 

are broad spectrum toxins that can persist in the environment for longer periods of 

times, contaminating the host environment. Therefore, many environmental factors, 

such as persistence, residual effects of herbicides in the farm products and soil, 

hazardous effects, and chemicals compatibility issues need to be addressed before 

formulating the chemical options for weed control [12]. The main logic behind rapid 

herbicide adoption in the developed countries was socialistic, through simultaneous 

release of people from farming and ultimate reduction in the labor requirement for 

weeding stuff [13]. Chemical weed control benefited farmers through reduction in the 

weeds, discount in the cost of production, decrease in the soil tillage practices, and early 

planting options [14].                       

1.5 The Increasing Application of Herbicides in Crop 

Production 

Herbicides are routinely used to prevent the losses caused by weeds. There is also a 

trend for the selection of herbicides with added features such as environmental and 

animal safety other than high efficacy. Synthetic organic herbicides have provided an 

effective mean to control the problematic weed plants throughout the world [15]. 

Herbicide’s effectiveness and usefulness is measured by the recognition of crop plant 

and problematic weed. Herbicides usually affect the photosynthetic process and 

synthesis of amino acids- the processes present in both crop and weed plants [16]. In 

the past, herbicide selectivity was based on differential uptake between crop and weed, 

site of application and controlled timing or detoxification of herbicide by the crop 

plants. Rapidly biodegradable, non-toxic and highly effective herbicides were 

developed to overcome the environmental and public concerns. For the last two 
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decades, research approach and aims are to minimize the herbicidal usage through the 

development of environment friendly, cost effective and non-toxic products [17]. 

Herbicide applications are increasing in crop production worldwide. In the last 

decade the value of herbicide market grew by nearly 50%. Herbicides are being adopted 

rapidly in the countries that need to raise crop yields but cannot cope up with the 

required field labor [18]. Herbicides not only promise to control weeds efficiently but 

also have great potential to enhance crop production levels in many developing 

countries. Proper herbicide application promotes the increased fertilizer use, which 

increases the crop yield substantially. Proper hand weeding at optimal times can easily 

avoid the crop yield losses imposed by weed competition. But in reality hand weeding 

is tedious, labor extensive and time consuming and the crop fields are rarely weeded by 

hand in adequate way. Weeding if done is often late due to non-availability of field 

labor at proper times and it results in drastic reduction in crop yield. Efficient 

nonchemical weed controls are not available and there is a dramatic increasing trend in 

the use of herbicides as a result of rising labor costs across the developing countries. 

Herbicide applications are also increasing in the countries where intentions have been 

made to conserve natural resources: water, soil and energy. Reduction in tillage 

practices dramatically lessens the direct fuel consumption in comparison to 

conventional tillage [19]. One herbicide spray not only substitutes for many tillage trips, 

yet tillage implements are also heavier than herbicide equipment and subsequently there 

is increased emission of agricultural greenhouse gases due to increased fuel 

consumption by the field equipment [20]. One gallon of burned diesel fuel results in the 

release of 10,180 g of CO2 [21]. Reduction in the tillage operations is the largest 

contribution of herbicides for the reduction of CO2 emissions related with farming 

activities [19]. 

1.6 Discovery of Glyphosate Herbicide 

Studies on herbicide mode of action and metabolism enabled researchers to explore 

many key herbicides, tolerant genes and enzymes. Glyphosate (N-phosphonomethyl 

glycine), a remarkable enzyme inhibitor being used in agriculture was discovered in 

1970 as a nonselective, systemic and potent herbicide by a group of scientists led by 

Dr. John Franz at Monsanto [22]. Herbicidal activity of glyphosate was not discovered 

as serendipity, but was the result of a synthetic strategy oriented at exploring the mode 
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of actions of related compounds sharing the same metabolic fate using extensive 

biochemical studies [23]. In 1972, Dr. E. Jaworski observed the inhibition of 

biosynthesis of aromatic amino acid after exposure of plants to glyphosate. Later in 

1980, a group of scientists led by Professor N. Amrhein identified EPSPS as its target 

enzyme [22]. Glyphosate does not inhibit any other enzyme, this it maintains exquisite 

specificity for EPSPS. Glyphosate is a simple molecule with a chemical structure not 

different from that of the universal high energy phosphoryl-transfer agent 

phosphoenolpyruvate (PEP), which makes it an incredible inhibitor and herbicide. 

Glyphosate has been the most widely used herbicide and the advent of transgenic crop 

innovation has further captivated the exploitation of glyphosate as herbicide of choice. 

Now this is presumptively the perfect herbicide than any other by far. At physiological 

pH, glyphosate is anionic, however, it reacts actively with cations such as 

isopropylamine and sodium salts etc [15]. Glyphosate, when applied, penetrates the 

plant surface very rapidly. Leaf uptake rates varies from species to species depending 

upon the differences in the diffusion rates across plant cuticles, determining the 

variation in susceptibility of plants to glyphosate to some extent. Glyphosate 

translocates via phloem from leaf surface to the tissues that are metabolic reservoir for 

sucrose [24]. Effect of glyphosate toxicity becomes obvious on meristematic tissues, 

young leaves and roots, actively growing tissues and storage organs. Efficacy of 

glyphosate relies upon the good uptake, slow mode of action, limited degradation and 

translocation rates [25]. 

1.7 Marvels of Genetic Engineering 

1.7.1 Transgenic Approaches 

Genetic engineering provides us options to transfer novel traits between organisms of 

distant taxonomic hierarchies. Scientists employed DNA manipulation techniques to 

transfer herbicide resistance genes using Agrobacterium and biolistc approach for 

producing    crops. Just five years after the commercialization of first GM crop (Flavr 

Savr™ tomato), transgenic HR crops were introduced in the market with release of 

bromoxynil resistant cotton and glufosinate resistant canola [26]. First glyphosate 

resistant (GR) crop was marketed in 1996, and since then many HR transgenic crops 

have been commercialized [18]. GR crops are now grown over 80% of all transgenic 

crops cultivated area worldwide [27]. 
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1.7.2 Transplastomic Approaches 

Plastid transformation can be method of choice for generating the transplastomic plants 

of certain crop species due to higher level of heterologous protein expression. The 

higher expression levels are due to lack of position effects and gene silencing as 

transgene integration is site specific [28]. Beside this, presence of multiple chloroplasts 

in each cell and maternal inheritance of transgenes are also the basis of increased 

transgene expression. This strategy has been tried to generate both HT [29] and IR [30] 

plants, but no transplastomic plant has been commercialized so far. Though crops with 

chloroplast-targeted transgene expression are already in market e.g., Bollgard II® 

cotton [31]. 

1.7.3 Chimeraplasty 

This highly site-specific targeted gene correction approach using complementary 

synthetic chimeric DNA and/or RNA oligo- nucleotide, has been used in different 

plants such as maize [32], rice [33], wheat [34], and tobacco [35] for HT by modifying 

the acetolactate synthase encoding gene. San Diego-based biotechnology company 

Cibus LLC, developed a sulfonylurea HT genetically modified canola which is 

commercially available in Canada and USA. A mutated version of the acetolactate 

synthase permits plants to thrive against the application of a specific herbicide by 

mediating the synthesis of the essential amino acids isoleucine, leucine, and valine, 

while the enzyme in the natural form remains active to cause the permanent wilting of 

target weeds [31]. 

1.7.4 CRISPR/Cas9 System 

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9) editing tool is more efficient approach than the above mentioned 

technologies. CRISPR RNA (crRNA) act as a guide for the CRISPR-associated (Cas9) 

nuclease to produce double stranded breaks in the complementary DNA sequence in 

specific loci in the targeted plant tissues [36]. Synthetic hairpin like guide RNA (gRNA) 

has been developed to carry a particular Cas9 for the sequence-specific DNA cleavage. 

Inheritable modifications have been developed in rice, sorghum, tobacco [37], tomato 

[38], and wheat [39]. The potential of this amazing technology is yet to be explored in 

the development of genetically engineered plants [31, 40]. 
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1.8 Shikimate Pathway 

The shikimate pathway has been the hallmark as far as the herbicide tolerant crops are 

concerned. The shikimate pathway is completely absent in insects, birds, fish, mammals 

and reptiles.  Shikimate pathway derived aromatic molecules constitute to more than 

35% plant mass dry weight, which further validate the status of the shikimate pathway. 

Aromatic compounds and aromatic amino acids are the critical constituents for the 

survival of plants and microorganisms and therefore biosynthesis of these components 

through shikimate pathway is very crucial for their continual existence. The 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC2.5.1.19), a chloroplast-bound 

and nuclear-encoded enzyme, has central role in the shikimate pathway for the 

biosynthesis of aromatic amino acids such as tyrosine, tryptophane and phenylealanine 

and secondary metabolites (e.g. phytoalexins, lignin, auxins etc.), including 

ubiquinone, tetrahydrofolate, and vitamin K in plants, fungi, and bacteria [41]. EPSPS 

catalyzes the transfer of enolpyruvyl moiety of PEP to the 5-hydroxyl group of 

shikimate-3-phosphate (S3P) for the formation of 5-enolpyruvylshikimate-3-phosphate 

(EPSP) in the penultimate step of the shikimate pathway[42].  Recognition of EPSPS 

as a primary target of N-phosphonomethyl glycine has brought forth immense curiosity 

in characterization of enzyme. Glyphosate resembles phosphoenolpyruvate in transition 

state and form a dead end complex with plant chloroplast bound EPSPS enzyme, 

resulting in the complete inhibition of shikimate pathway [41]. As a result biosynthesis 

of aromatic amino acids is blocked and plant wilts. After application of glyphosate 

plants become starved of aromatic amino acids through competitive inhibition of 

EPSPS by phosphoenol pyruvate [43]. Glyphosate also blocks the movement of EPSPS 

protein to chloroplast- an aromatic amino acid synthesis site- from cytoplasm, a site 

where EPSPS protein is synthesized [44]. 
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Figure 1-1 Shikimate pathway in plants.  

Shikimate pathway leads to the production of various metabolites which are used by 

plants for diverse functions. Adapted from Maeda and Dudareva [45]. 

1.9 Mechanism of Glyphosate Resistance 

Glyphosate, a functional analogue of PEP, binds in ternary complex of glyphosate-S3P- 

EPSPS and subsequently terminates the shikimate pathway by obstructing EPSPS 

enzyme through interference with the conversion of phosphoenolpyruvate (PEP) and 

shikimate-3-phosphate (S3P) to 5- enolpyruvylshikimate-3-phosphate (EPSP) and thus 

subsequently leads to plant death [44]. Glyphosate is PEP analogue in transition state 

and acts as substrate for EPSPS action [46]. Glyphosate is the only molecule that 

effectively inhibits the EPSPS. This unique inhibition of EPSPS results in reduction of 

feedback inhibition of the shikimate pathway, leading to an increased carbon flow to 

S3P which gets converted into shikimate. This rapid accumulation of shikimate at high 

level in plants sprayed with glyphosate led to the discovery of EPSPS as molecular site 

of action for glyphosate. Inhibition of shikimate pathway through application of 

glyphosate results in insufficient production of aromatic amino acids, which are 

important to synthesize proteins for the maintenance of photosynthetic process [15]. 

This is the primary effect- associated with symptom development on consistent basis. 
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Yet there is another hypothesis that enhanced carbon flow upon inhibition of shikimate 

pathway in glyphosate treated plants results in reduction of carbon to a level which 

becomes insufficient to support the other essential pathways. Exact mechanism of 

shikimate pathway involved in plant death is unknown [47]. 

1.10  Classes of EPSPS 

 EPSPS of all the plants seems to be sensitive to glyphosate. First mutant epsps gene 

was isolated from Salmonella typhimurium in 1983 [48] and since then EPSPS enzyme 

has been extensively studied as the target of glyphosate resistance [49]. On the basis of 

their substantial sequence variations and intrinsic glyphosate sensitivities, various 

EPSPS synthases isolated from various sources have been classified into two types. 

Type I EPSP synthases isolated mainly from Escherichia coli, Aeromonas salmoncida, 

Arabidopsis thaliana and Petunia hybrida are completely intolerant to glyphosate, 

while type II EPSP synthases  identified from Agrobacterium tumefaciens strain CP4, 

Ochrobactrum anthropic, Pseudomonas sp. strain PG2982, Staphylococcus aureus and 

Bacillus subtilis [50] usually are glyphosate tolerant and contain high affinity for PEP 

and share less than 30% sequence similarity with class I enzymes. Two conserved 

regions, RXHXE and NXTR (X denotes non-conserved amino acids), in class II 

enzymes have been attested as crucial sites intricated in glyphosate resistance. The side 

chain of Arg having positive charge obstructs the binding of glyphosate with both of 

these regions [42]. Consideration of EPSPS for the generation of HR   crops was made 

after the identification of this enzyme as recognition site for glyphosate action. Earlier 

attempts to produce GR plants through over expression of their indigenous EPSPS 

failed to yield any successful transgenic event. Later on it was reported that mutation 

in EPSPS may lead to its enhanced expression which might be sufficient enough for 

conferring resistance in plants against glyphosate [44]. Natural bacterial and plant 

enzymes containing conserved Gly residue at position 100 are sensitive to glyphosate, 

while cp4-epsps becomes glyphosate insensitive with a single residue change from Gly 

to Ala [51]. A single residue change in EPSPS protein coding sequence from Pro to Ser 

at postion 106  in the goosegrass results in 5 to 6 times higher glyphosate tolerance than 

the wild types [52]. Glyphosate insensitive EPSPS is usually isolated from bacterial 

population growing in glyphosate contaminated environment. These bacteria tolerate 

the stressed conditions by altering their gene expression profile through physiological 
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changes resulting from adaptive mutation due to selection pressure. Many glyphosate 

insensitive aroA genes (HTG7aroA, G2 aroA, RD aroA, AM79 aroA and A1501 aroA) 

have been isolated and cloned from various bacteria, but only EPSPS type II genes from 

Agrobacterium sp. CP4 and mutants of type I EPSPS from maize or E. coli have been 

transformed into commercial crops [53-56].  

1.11  Structure of EPSPS 

The 3-D structure analysis reveals that EPSPS is made up of six alpha helices aligned 

in parallel. This pattern of alignment forces negative ligand to attract electropositive 

ligand at the junction between two domains. The nature of glyphosate binding with cleft 

of EPSPS has not been resolved yet. Crystal structure comparison of EPSPS either 

during its binary complex with S3P or ternary complex with glyphosate or S3P reveals 

that two EPSPS domains close during ligand binding and thus active site is formed in 

the inter-domain cleft.  

 

Figure 1-2 Structure of EPSPS Protein.  

(A) Un-liganded state (open) [Protein Data Bank entry code 1EPS], (B) Liganded state 

(closed). S3P and glyphosate are shown as ball-and-stick models in green and magenta, 

respectively. Adapted from Schonbrunn et al. [57]. 

Although epsps gene family from diverse members of species including model plants 

like A. thaliana and N. tabacum has been identified and characterized. EPSP synthase 

with molecular weight of 46,000 contains two similar domains comprising of three 

bababb-folding unit copies each [58]. There is only one mechanistic homologue UDP-
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N-acetylglucosamine enolpyruvyl transferase (MurA, EC 2.5.1.7) which exhibit this 

architecture by catalyzing the transfer of enolpyruvyl moiety from PEP to a sugar 

nucleotide [59]. EPSP synthase domains move in a screw-like manner to approach each 

other, and inter domain cleft harbors the emerged active site. Glyphosate binds S3P in 

close proximity without disturbing the active site structure formed in EPSPS and S3P 

complex. The OH group of S3P binds to N atom of glyphosate [57]. Charged residues 

from both of EPSPS domains dominate the glyphosate binding site. The positions of 

the carboxyl and phosphonate groups of glyphosate is occupied by a formate ion and 

phosphate in the absence of glyphosate. Though, the general structure of EPSPS-S3P-

glyphosate complex is similar to that of the EPSPS-S3P complex. The S3P prompts the 

transition of the enzyme from open to the closed state, and glyphosate or negatively 

charged ions do not participate any role in this phenomenon. Closure of domain results 

in the buildup of positive charges in the cleft which causes the movement of negatively 

charged molecules towards active site. Alanine interacts exclusively with S3P and its 

substitution with Arg-27 hinders the binding of S3P and glyphosate, thus S3P binding 

becomes essential for glyphosate binding [60]. Carboxyl and phosphate moieties of 

PEP mediate the similar ionic interactions as suggested by the same salt bridges which 

regulate phosphate and formate ions in the glyphosate-free structure, and bind the 

anionic centers of glyphosate. Anionic centers of PEP lie in closer proximity in 

comparison with glyphosate conformation. The side chains of Lys-411, Lys-22 and 

Arg-124 are predicted to follow the phosphate group of the shorter PEP because 

carboxyl moieties of glyphosate and PEP lie at the same position. Slender 

rearrangements in two lysine side chains and stretching of Arg-124 make the interaction 

network feasible as depicted by crystal structures [57]. 

1.12  Strategies to Develop GR Crops  

Various approaches have been followed to engineer glyphosate resistance such as 

overexpression of the target protein, modification in the target enzyme to develop an 

insensitive form of EPSPS and expression of genes involved in enzyme detoxification 

[61]. Initially genetic engineering was used to over-express plant’s indeginous EPSPS 

to a level which can withstand the field doses of glyphosate. However this approach 

failed to succeed despite the elevated level expression of plant’s indeginous EPSPS, as 

glyphosate treated plants could not withstand the glyphosate application in the field. 
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Thereafter, a search was carried out to identify organisms whose EPSPS is insensitive 

to glyphosate inhibition and could be used to confer resistance in crop plants. After 

screening various bacteria and plants, epsps genes from Agrobacterium strain CP4 and 

mutated Petunia were selected. Due to low affinity and high catalytic activity, 

glyphosate insensitive CP4-EPSPS has been a center of attraction [20]. Many other 

mutated genes of bacterial origin for example aroA gene transformed in plants also 

conferred good resistance against glyphosate. Bacillus lichiniformis possesses an 

enzyme known as N-acetyltransferase (gat) which has the potential to degrade 

glyphosate by attaching an acetyl group to the enzyme molecule. This gene has shown 

appreciable resistance against glyphosate in several crops including tobacco [62], maize 

[61] and soybean [63]. 

1.13  Worldwide Adoption of GR Crops 

Glyphosate and GR crops revolutionized the weed control strategies in most of largest 

farming markets of the world including South and North America, Australia, China and 

India. GR crops will not only continue thriving in current agricultural markets, but will 

even expand into new geographies and crops [27]. Few genes have been been the 

hallmark of genetically modified GR crops revolution and cp4-epsps is the high impact 

single gene among them. Initial rapid adoption of GR crops drew the enormous fund to 

the seed industry and as a result there was shift from funds allocated for pesticide 

discovery to transgenic seed development [64]. Price of glyphosate declined 

significantly after expiration of glyphosate patents in 2002 and the number of herbicides 

used on soybean in USA declined from total of 11 to 1 and that single herbicide was 

glyphosate. Crop safety suggested that GR crop systems were good enough due to 

restricted application times and now GR crops are taken as ‘conventional’ crops due to 

their worldwide adoption. Due to continuous decline in the prices of glyphosate, 

availability of GR traits expressing germplasm of major crops, and inexpensive 

glyphosate, GR seeds have become so common that rowers just assume the seed they 

are buying is GR and glyphosate has to be added as spray as they do surfactants [65]. 

Transgenic corn and soybean are the major transgenic crops covering 32% and 47% of 

the overall transgenic crops cultivated respectively. Use of HR crops and broad-

spectrum herbicides has led to the adoption of conservation tillage which is accredited 

with reduction in soil erosion, elevating the level of soil carbon and decreasing the CO2 
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emissions in the United States. After the rapid approval of GM crops, the use of 

herbicides and pesticides was decreased by 6.9% and the environmental impact related 

with these chemicals was reduced by 15.3%. The impact of HR plant on the biodiversity 

reported so far is variable; some reports suggesting that biodiversity is affected in early 

season, but not later, and other indicating changes in weed patterns, but no overall shift 

in the biodiversity or weed density [66]. 

1.14  Why HR Crops are Indispensable? 

Though selective herbicides have been contributing in agriculture for the past 60 years, 

but usage of non-selective herbicides started with advent of HR crops [50, 67]. The 

basic advantage of HR crops is the injury avoidance from the previously used non-

selective herbicides, but additional benefits are higher yields due to better weed control, 

less soil erosion due to reduced tillage, reduced costs, and advantages of using herbicide 

with improved toxicological or environmental profile, fewer application restrictions 

and lower costs. Glyphosate appeared as perfect herbicide for development of HR crops 

because weeds were becoming difficult to manage due to their resistance to selective 

herbicides. Glyphosate controls all 300 weed species with no cropping restrictions at 

multiple growth stages [67]. Use of glyphosate in HR crops has made weed 

management effective, easy and efficient. Despite the higher seed cost linked with seed 

technology, HR crops improved farm productivity ultimately by reducing the weed 

management costs. GR crop systems are environmental friendly as they reduce soil 

tillage [68], fuel use, CO2 emission and dependence on persistent herbicides which can 

pollute groundwater. Conservation tillage can decrease soil erosion up to more than 

90% and phosphorus movement up to 70%, and there is increase in organic matter 

build-up and decrease in soil compaction. Use of glyphosate improved weed 

management in GR crops which in turn resulted in rapid adoption of zero tillage crop 

production [69]. HR crops decrease the usage of herbicides as the quantity of herbicide 

sprayed on HR crops is usually less. When farmers applies an HR-crop-enabled 

herbicide, that herbicide actually swaps another herbicide. The quantity of herbicide 

applied on HR crops is often less as the herbicide consumption declined by 204 million 

kg during last decade [70]. 
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1.15  Biosafety of GR Crops 

Since the genes encoding the proteins which have no role to play in human and animal 

metabolism are mostly transformed into crops, therefore, they must not cause any sort 

of adverse effects in the environment and crops [71]. There have been lots of debates 

on the biosafety of transgenic plants since their release into the market in mid 1990s. 

Biosafety of transgenic plants is determined by the destiny of transgenic plants, 

variability of nutrient constituents, and expression of proteins in gastrointestinal tract 

and digestion of metals in the stomach [72]. Glyphosate, when utilized according to 

proper instructions, imposes no health hazardous issue to human. Glyphosate neither 

has carcinogenic activity and nor it has the chronic toxicity [73]. Glyphosate when 

formulated with cationic salts is less toxic than anioic formulation. Glyphosate, with 

LD50 greater than 5 g kg−1 for rats, possesses less acute toxicity than commonly used 

chemicals such as aspirin or sodium chloride and hence it is one of those chemicals 

which are least toxic to animals. Glyphosate is an environmentally safe molecule having 

relatively short half-life in soil as a result of pronounced microbial degradation to 

aminophosphonic acid (AMPA) [15]. Generally, glyphosate does not leach down from 

soil to groundwater due its strong binding nature with soil [74]. 

1.16  Glyphosate Herbicide and HR Weed Evolution 

Glyphosate has been the most commonly used broad-spectrum herbicide since the 

introduction of glyphosate tolerant crops. There was a belief that there will be no case 

of GR weeds due to lack of known mechanism in plants for metabolism of glyphosate; 

as the insertion of genes of bacterial origin is required for the development of herbicide 

toleranance gene and the fact that this phenomenon is not naturally present in plants; 

and also due to no case of evolution of GR species for two decades of glyphosate 

utilization history [75-77]. Weeds have been developing resistance worldwide due to 

selection pressure incurred upon them from the continuous application of herbicides as 

some of the naturally HR plants withstand the treatment of herbicides, thrive and 

reproduce, leading to large population of plants resistant to herbicides and ultimately 

dominate the native wild and susceptible species [66]. The emergence of glyphosate 

resistance owes to following mechanisms: (1) alterations in herbicide metabolism rates; 

(2) changes in the translocation of the herbicide; and (3) variations in the target sites 

[75]. Complex of weed management strategies and environmental factors acting within 
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agroecosystems induces the evolution of HR weeds. Evolution of HR weeds is 

intimidating sustainable weed management by driving up crop production costs in 

commercial agriculture mainly in the countries where glyphosate has been used 

excessively for last two decades [78]. However, HR did not start to evolve with the 

advent of HR crops [79]. Evolution and spread of HR weeds can be impeded by 

broadening the herbicide mechanisms of action (MOAs) [79, 80]. Herbicide cycling 

through exploitation of herbicides with different MOAs decreases selection pressure on 

specific target sites within the same season or in successive growing seasons. Growers 

would manage resistance efficiently even if their neighbors failed to do so by taking 

care of causal relationships between contemporary glyphosate resistance frequencies 

and past herbicide use [80]. Herbicide mixes are also short term solution to delay 

evolution of HR weeds [81]. Environmentally sound, cost-effective and long-term weed 

management strategies require integrated weed control practices for reduction in 

selection of herbicide resistance traits. Integrating physical, cultural, biological, and 

chemical tactics can reduce reliance on herbicides and offer cost-effective weed 

management. 

1.17  Future of HR Crops 

Herbicide resistance accounting for 84% of GM crops today, has been the dominant 

trait for last two decades. GR crops revolutionized weed management practices due to 

simplified weed management systems and superior efficacy [82]. Occurrence of GR 

weeds is a matter of concern in countries with larger farm sizes such as USA, Canada, 

Brazil, China, and Argentina. Environmental Protection Agency has decided to approve 

the use of Enlist Duo- a new herbicide formulation containing 2, 4-D and glyphosate- 

for combating the concerns related to evolution of resistant weeds as a consequences of 

overexposure of crops to glyphosate at larger farms (under the Enlist Duo decision, 

transgenic crops tolerant to 2, 4-D, glyphosate, and other multiple herbicides will be 

raised) [83, 84]. But, these concerns regarding resistant weeds evolution are not 

menacing for faming families with relatively small agricultural lands where an aided 

option of mechanical or physical weeding is feasible. Though glyphosate is still 

effective, but new sustainable weed management technologies which can offer better 

weed management without any hazardous impact on human health and environment are 

desperately required. Unfortunately, no new technology is expected to come close to 
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matching the efficacy of glyphosate in HR crops. However, new multiple HR crops 

would help by exploiting existing herbicide technologies in new combinations to 

remain a vital element of future integrated weed management solution in countries 

where HR weeds are matter of concern.  

1.18   Bioinformatics and Synthetic Gene Development 

Adaptable factors regulating transgene expression can be divided into two i.e., inside 

(mRNA and protein primary structure and features) and outside features (host system, 

vector system and culture conditions). Inside and outside features are closely related 

and have mutual impact. The ultimate impact of modifications in codon usage with 

respect to final gene expression and protein abundance needs to be determined e.g., in 

some cases it increases the gene expression upto 1000-fold and in other cases it does 

not increase gene expression at all. Codon bias is very critical parameter for gene 

designing in terms of influencing protein expression [85, 86]. 

 

Figure 1-3 Schematic overview of inside and outside features affecting protein 

expression. 

 Inside features (IFs) include codon bias, intron sequences and UTRs, while outside 

features (OFs) include host systems, culture conditions, expression cassettes and 

promoters. Marked with colored arrows are promoter (orange), UTR (gray), coding 

sequence (black, violet and salmon) and intron (red). Adapted from Ulrich et al. [87]. 
 

1.18.1 GC Contents and Codon Usage 

Changing the codon usage according to the host genome is an important step for 

enhancing transgene expression. Codon usage database (http://www.kazusa.or.Jp/ 

codon/) can be consulted for finding codon usage data for most of the commercially 

http://www.kazusa.or.jp/%20codon/
http://www.kazusa.or.jp/%20codon/
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important plants. Codon usage of bacterial genes differs substantially from nuclear 

DNA of plants [88]. So the transformation of native bacterial genes into the plant 

nuclear genome results in very low expression. Plant-preferred codons usage, 

increasing the guanine and cytosine contents and the removal of polyadenylation 

signals and improper splicing sites are the key points for improving the transgene 

expression to the appropriate levels [89]. A combination of many different metrics is 

available to calculate and change the composition of codon usage. Codon usage can 

provide the understanding of evolutionary mechanisms which form the gene sequence 

and ultimately control the expression levels [90]. Codon bias maybe observed due to 

selection for either translational accuracy or translational efficiency determining the 

interaction between inside and outside features [87, 91]. Codon usage in the eukaryotic 

genome can be described in best way by a mixed model [92]. There are many factors 

that affect the selection of codons at certain sites such as tissue specific expression and 

maintaining mRNA structure. Stability of mRNA can be linked with first nucleotides 

from coding sequence and then with ribosome density and tRNA abundance during 

translation. Altered mRNA structure can aslo be utilized for introducing synthetic 

riboswitches to suppress or induce the gene expression [93]. The complex interactions 

of multifactorial gene design need to be determined to know the impact of various 

modifications in gene sequence after gene expression. Deletion of RNA instability 

sequences from gene sequences also improves the transgene expression levels [94]. 

1.18.2  Significance of Untranslated Regions  

Upstream sequences of translation initiation site have a direct relationship with 

translation rates in plants. The 21 bp upstream site, a highly conserved region in plants, 

counts for up to 200 fold translational variation in A. thaliana. This gives the prospect 

of improving 5’ untranslated regions (UTRs) for genetic engineering [95]. A 5’ CAP 

structure is required to recognize translation initiation factors in eukaryotic genome. 

Translation enhancers can be grouped depending upon the resulting RNA structures. 

Protein expression can be increased further by incorporating changes in the 5’ UTR 

enhancer region as recently identified in Nicotiana tabacum [96]. Beside UTRs, intron 

sequences can also change the expression by affecting the gene transcription initiation 

rate through promoter activity or via interaction with polyadenylation factors. Introns 

can be present in the UTR regions but they are not located in the pre-mRNA translated 
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regions. An internal enhancer sequence present within 5’ UTR region links directly 

with gene expression in A. thaliana by interfering with other intron regions [97]. 

Presence of a spacer on pre-mRNA level enables transgene intron sequences to prevent 

the binding of regulatory proteins directly or change RNA interference (RNAi). 

Substitution or incorporation of intron sequences can result in higher tissue specific 

gene expression [98]. Specific endogenous gene expression can be enhanced by 

designing transcription factors by combining DNA binding proteins and recognized 

transcription activation domains [99, 100]. 

1.18.3  Consideration for Designing Gene 

De novo gene designing can be both daunting and redemptive. A single amino acid can 

be encoded by large number of DNA sequences in an average of three codons, so for 

the production of 100 amino acid protein, there might be around 3100 nucleotide 

sequences [101]. If the one most frequently used codon by the host is used for each 

amino acid, then this ´one codon - one amino acid´ approach is not going to work 

perfectly. High codon concentrations will be generated for a subset of the tRNA from 

a strongly transcribing mRNA of such a gene, which would result in skewed codon 

usage pattern, imbalanced tRNA pool and likelihood of translational errors [102]. 

Without any choice in the codon usage selection it is not possible to avoid secondary 

structures and repetitive elements in the gene and mRNA that affect the ribosomal 

processing through mRNA stem-loops. Repetitive elements affect the stability of the 

gene and prevent the manipulation of the gene sequence for inclusion or exclusion of 

restriction sites, and hence make the gene synthesis process highly complicated [103]. 

1.18.4  Expression Cassette Repertoire  

An expression cassette capable of producing sufficient levels of proteins is required for 

transgene to be expressed in any desired plant. Suitable promoter is mandatory for 

achieving high gene expression [104]. Directed or channelized transgene expression in 

cellular compartments and organelles has come to focus recently [105]. Suitable 

promoter sequences are available for efficient transcription of mRNA in plant cells. 

Various promoters of bacterial (e.g., nopaline synthase and mannopine synthase), viral 

[e.g., cauliflower mosaic virus (CaMV 35S), pristinamycin- responsive and CVMV 

(Cassava vein mosaic virus) and Figwort Mosaic Virus (FMV) etc.] and plant origin 
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(actin, polyubiquitin-1 and maize globulin-1 etc.) have been used extensively to obtain 

constitutive expression in the transgenic plants [106]. Gene expression level varies in 

different plant species and different plant parts, but still it is continuous for most of the 

plant tissues. Novel hybrid promoters (such as CaMV 35S promoter operably linked to 

Act8 or any other promoter) are currently being utilized to achieve enhanced transgene 

expression. Enhancer regions responsible for increasing the transcript levels and 

stability, are mandatory for achieving higher expression levels [107, 108]. 

Selectable marker genes are used in plant expression vector to allow the 

selection of successfully transformed plant cells by completely inhibiting the growth of 

untransformed cells on the culture media. Neomycin-phosphotransferase-II gene (nptII) 

or hygromycin phosphotransferase (hpt) genes are commonly used selectable marker 

genes for generating transgenic plants due to high selection efficiencies [109]. 
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1.19  Aims and Objectives 

The aim of this study was to characterize synthetic version/s of HR cp4-epsps gene 

alone or in combination with insect resistant cry1Ac and cry2Ab genes under different 

regulatory elements. It was decided, therefore, to characterize the gene first in model 

plant like tobacco and/or other tissue culture responsive genotypes for saving the time, 

resources, and efforts before using this gene for generation of commercially important 

transgenic crop lines especially cotton. The main objectives to characterize the 

transgenic plants were:  

 To transform the tobacco with synthetic cp4-epsps gene after cloning in suitable 

plant expression vector for characterization in terms of transgene integration, 

copy number, mRNA transcript levels, enzyme and protein production, and 

gene bioassay  

 To characterize the transgene in complex genome by transforming different 

cultivars of sugarcane in terms of transgene integration, and expression. 

 To see the expression of cp4-epsps in pyramided form with cry1Ac and cry2Ab 

genes in model plant system. 

 To use the various chimeric promoters and enhancer regions to enhance the 

expression of cp4-epsps gene in genetically transformed plants using new 

versions of cassette, if required. 
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2 Materials and Methods 

2.1 Preparation of Competent Cells 

2.1.1 Preparation of Heat Shock Competent Escherichia coli Cells 

A single, freshly grown, E. coli colony was picked from plate and shifted into 50 mL 

flask containing 20 mL LB medium under sterile conditions and subjected to incubation 

at 37 °C for 16 h at 200 × g. Then 2 mL of inoculum was taken from overnight grown 

culture and transferred into 250 mL LB medium in 1L flask and incubated at 37 °C with 

rigorous shaking till an OD600 of 0.5-1 was obtained. The culture was immediately 

subjected to chilling on ice for half an hour, transferred to sterile 50 mL disposable 

propylene tubes and centrifuged at 3,220 × g at 4 oC for 5 min to pellet the cells. Pelleted 

cells were resuspended in 20 mL of 0.1 M MgCl2 with gentle tabbing, chilled on ice 

and centrifuged again. The pelleted cells were resuspended in 20 mL of 0.1 M CaCl2, 

chilled on ice for 30 min and subjected to centrifugation again. The pelleted cells were 

finally resuspended in 0.1 M CaCl2 (3-4 mL) and shifted to filter-sterilized chilled 

glycerol (200 μL glycerol/mL of 0.1 M CaCl2). The cells were stored at -80 °C in 

aliquots of 200 μL

2.1.2 Preparation of Electro-competent Agrobacterium tumefaciens 

Cells 

A single freshly grown colony of A. tumefaciens strain LB4404 was picked from 

revived source using sterile toothpick and transferred to 20 mL LB broth medium in a 

50 mL autoclaved flask containing 25 μg/mL rifampicin and incubated in a shaker at 

28 °C for 48 h at 160 × g. Then 5 mL of the culture was taken to inoculate 250 mL of 

LB medium in 1 L flask containing 25 μg/mL rifampicin and incubated in 250  × g  

shaker at 28 °C until OD600 of 0.5-1 was obtained. The cells were aseptically transferred 

to 50 mL propylene ice chilled tubes, incubated for 10 min on ice and subjected to 

centrifugation at 3000 × g at 4 °C for 10 min. The pellet was gently resuspended in ice 

chilled 50 mL sterile distilled water and subjected to centrifugation. Cells were 

resuspended in ice chilled sterile distilled water and the wash was repeated. Cells were 

resuspended in 10 mL chilled sterile water containing 10% [v/v] filter sterilized chilled 
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glycerol and subjected to centrifugation. This wash was repeated. Cell pellet was 

resuspended finally in 3-4 mL of 10% [v/v] filter sterilized ice chilled glycerol, 

transferred to 1.5 mL aliquots and stored at -80 °C. 

2.2 Transformation of Competent Cells 

2.2.1 Transformation of Heat-Shock Competent E. coli Cells 

Transformation of E. coli competent cells was performed according to the methods 

described by Sambrook et al. [110]. The frozen competent cells were allowed to thaw 

on ice. Plasmid/ligation mixture was added to competent cells by gentle mixing and 

incubated on ice for 30 min. The cells were subjected to heat shock at 42 °C in a dry 

bath for 1-2 min. Then the cells were incubated for 2 min on ice and 1 mL of LB broth 

was added to the tube followed by incubation at 37 °C in a 150 × g shaker for 1 h. Then 

the transformed cells were spread on LB agar plates, containing selection respective 

antibiotic for selection, and incubated overnight at 37 ᵒC.  

2.2.2 Transformation of Electro-competent A. tumefaciens Cells 

Electro-competent cells of A. tumefaciens were allowed to thaw on ice and then 

transferred to pre-chilled electroporation cuvette. About 1-2 μL plasmid of ~100 ng 

concentration was mixed with the cells in cuvette. The cuvette was inserted into 

electroporator device (ECM 600, BTX, USA) set at 1.44 kV and the pulse was given. 

After electric shock, cuvette was taken out and 1 mL of LB liquid medium was added 

to the cuvette, mixed and then the cells were transferred to 1.5 mL tube and incubated 

at 28 °C for 2 h in a shaker. Then the cells were spread on LB agar plates containing 

AB minimal medium [20% (w/v) glucose, 3g/L of K2HPO4 and 1g/L of FeSO4.7H2O, 

agar 4g/L and appropriate antibiotics with pH adjusted to 7.2], covered with aluminum 

foil and incubated at 28 °C for 48 h. 

2.3 Plasmid Isolation 

A single, freshly grown E.coli colony was picked from plate using a sterile tooth pick 

and inoculated into 5 mL of LB broth containing the appropriate selection agent in 15 

mL falcon tubes and incubated in a shaker at 37 °C for 16 h. Then 1 mL of the culture 

from 15 mL falcon tube was taken in 1.5 mL microcentrifuge tube and subjected to 

centrifugation at 14000 × g for 2 min to collect cell pellet. Supernatant was discarded 

and pellet was resuspended in 100 μL Resuspension solution (50 mM Tris-HCl [pH 
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8.0], 10 mM EDTA, 100 μg/mL RNase A) and subjected to vortexing. Then 200 μL of 

Lysis solution (0.2 M NaOH, 1% [w/v] SDS) was added and mixed gently by inverting 

the tubes until the formation of sticky wire at the lid of tube. And then 200 μL of 

Neutralization solution (3.0 M potassium acetate [pH 5.5]) was added to the Eppendorf 

tube, mixed properly and subjected to centrifugation at 16000 × g for 10 min. The 

supernatant was carefully shifted to new 1.5 mL Eppendorf tube and about 1 mL chilled 

absolute ethanol was added and mixed properly. After precipitation of DNA, tubes were 

subjected to centrifugation for 10 min. After discarding the supernatant, the DNA pellet 

was washed with 200 μL of 70% ethanol, followed by centrifugation for 1 min. Pellet 

was air dried and dissolved in sterile distilled water. 

2.4 Digestion of Plasmid DNA 

Plasmid digestion was performed using restriction endonucleases and their 

corresponding buffers according to guidelines of the suppliers (Fermentas/New 

England Biolabs). A final volume of 10 μL consisting of 3 units of restriction enzyme, 

500 ng DNA, buffer and SDW was used for screening plasmid preparations for insert 

size. While 20 μL final volume containing 10 units of restriction enzymes, 2 μg DNA, 

buffer and SDW was used for digestions aimed at cloning.  Digestion mixtures were 

incubated according to the optimum temperatures of the corresponding enzymes for 

period of 1-3 h. DNA fragment sizes of the restricted products were determined on 

agarose gels stained with ethidium bromide (section 2.7).  

2.5 Preparation of Glycerol Stocks 

Glycerol stocks were prepared in 1.5 mL Eppendorf tubes by adding 700 μL of cell 

culture and 300 μL filter sterilized glycerol and stored at -80 °C after mixing thoroughly. 

Preserved bacterial cultures were recovered from glycerol stocks by taking small 

amount of the cultures with a sterile loop and streaking them on the LB agar plates with 

appropriate antibiotics and incubated at optimal temperatures.  

2.6 Stable Genetic Transformation  

2.6.1 Agrobacterium-mediated Transformation 

The plant expression vector was transformed into A. tumefaciens strain LBA4404 using 

electroporation method. The transformed cells were grown in LB medium with 150-

250  × g at 28 °C overnight. Culture was diluted with LB broth in 1:1 ratio to achieve a 
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cell density of 1.0 at A550. Leaf discs of N. tabacum cv. Samsun were cut from 4-5 weeks 

old in vitro grown plants, and used for Agrobacterium mediated transformation. 

Following infection with A. tumefaciens, leaf discs were transferred to co-cultivation 

medium and incubated in dark for 2-3 days at 28 ºC. Leaf discs were washed with 

cefotaxime 250 mg/L and cultured on selection medium for differentiation. When the 

shoots were 2-3 cm in size, they were transferred to rooting medium in jars. 

Regenerated plants formed the roots within 1-2 weeks of transfer and were shifted to 

the pots containing sterilized peat moss. Plants were acclimatized in standard growth 

room condition with artificial lighting providing a photo system of vertically active 

irradiance of 170, l M photons m-2 s-1 on a 16 h photoperiod.  

Table 2.1 Composition of tissue culture media used for tobacco transformation 

Media Composition 

Co-cultivation medium Murashige and Skoog [111] salts 4.2 g/L, sucrose 30 

g/L, 6-benzylaminopurine 2.0 mg/L, α- 

naphthaleneacetic acid 0.1 mg/L, B5 vitamin (100X) 5 

mL/L, phytagar 3.0 g/L 

Selection medium MS salts  4.2 g/L, sucrose 30 g/L, 6-benzylaminopurine 

2.0 mg/L, α- naphthaleneacetic acid 0.1 mg/L, B5 

vitamin (100X) 5 mL/L, phytagar 3.0 g/L, kanamycin 

50 mg/L, cefotaxime 250 mg/L 

Rooting medium MS salts 4.2 g/L, sucrose 30 g/L, cefotaxime 250 mg/L 

and kanamycin 100 mg/L 

2.6.2 Biolistic Transformation 

The plasmid was precipitated at the rate of 6 µg per 1µg of gold particles according to 

the method described by Franks and Birch (1991). Gold particles in suspension of 50 

µl sterile ddH2O were mixed with 6 µl of plasmid DNA (1 µg µl –1), 50 µl of CaCl2 

(2.5 M) and 20 µl of spermidine (0.1 M) in a centrifuge tube at 4 ᵒC and vortexed for 

three min at low speed. Centrifuge tube was placed on ice for one min to let the contents 

settle down and then subjected to centrifugation for 30 sec. After discarding the 

supernatant, pellet was dissolved in 250 µl of chilled absolute ethanol. After washing, 

ethanol was discarded and gold pellet was dissolved in 60 µl absolute ethanol. DNA 
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coated gold particles (8 µl) were dispensed in the middle of macro-carriers and allowed 

to air dry. These DNA coated gold particles were bombarded according to 

manufacturer’s instruction for the Biolistic [Particle Delivery System (PDS-1000/He) 

BioRad, USA]. Other parameters used for the particle bombardment were as follows; 

vacuum 26 mm Hg, distance from holding plate to target tissues 6-12 cm, rupture disc 

of 7,585 kPa (1100 psi), number of bombardments per plate (1-2), and particle size of 

1.0 µm. 

2.7 Genomic DNA Isolation 

Genomic DNA was isolated from tobacco leaves using CTAB method. Approximately 

1.0 g of leaf material was ground in liquid nitrogen with pestle and mortar to a fine 

powder and transferred to 1.5 mL centrifuge tubes. CTAB buffer (2X) containing 0.2% 

β-mercaptoethanol was heated to 65 °C and added to the fine powder in the centrifuge 

tube and incubated at 65 °C in a dry bath for 45 min after mixing by vortex. Tubes were 

occasionally swirled during the incubation. Chloroform: isoamyl alcohol (24:1) 

solution was added to the mixture after 45 min incubation at 65 °C and tubes were 

vortexed vigorously to homogenize the mixture. After adding chloroform: isoamyl 

alcohol (24:1), samples were subjected to centrifugation at 10,000  × g  for 10 min. 

Upper phase of the liquid was transferred to new tube and ice chilled isopropanol was 

added and tubes were inverted gently to precipitate the DNA. Then tubes were 

incubated at -20 °C for 1 hour. Tubes were subjected to centrifugation at 10,000 × g for 

12 min and DNA pellet was collected after discarding the supernatant carefully. Tubes 

were kept in slanting position for few min to drain off the moisture from DNA pellet. 

Then the pellet was washed with 70% ethanol followed by centrifugation at 10,000 × g 

for 2-5 min. After discarding the ethanol, pellet was allowed to dry at 37 o C. Dried pellet 

was finally dissolved in purified water containing 10 µg/mL RNAse. Tubes were kept 

for 30 min at 37 °C for RNAse activity. DNA vials were stored at -20 °C for further 

studies. 
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2.8 DNA Analysis Techniques 

2.8.1 Quantification of DNA 

DNA quantification was carried out using a NanoDrop (ND-2000, BioRad). The 

absorbance was recorded at 260 nm. An OD of 1 at 260 nm in case of dsDNA is 

equivalent to DNA concentration of 50 μg/mL. 

2.8.2 Agarose Gel Electrophoresis 

After mixing with 6X loading dye, DNA was electrophoresed in 1% [w/v] agarose gel 

containing 0.5 μg/mL ethidium bromide. Minigel apparatus (12 x 9 cm) was used for 

gel preparation. Either 0.5X TAE (20 mM Tris acetate and 0.5 mM EDTA [pH 8.0]) or 

1X TBE (2 mM EDTA, 89 mM boric acid, 89 mM Tris) buffer was used. Gels were 

subjected to electrophoresis at 60-120 volts. Plasmid was analysed using short 

wavelength ultraviolet transilluminator (Eagle Eye, Stratagene) and length of the 

fragment determined through comparison with 100 bp or 1 kbp DNA ladder (Thermo 

Fisher Scientific Cat # 11823963). 

2.9 PCR Screening of Putative Transgenic Plants 

Putative transgenic plants were analyzed by PCR using gene specific primers. DNA 

was isolated using CTAB DNA extraction method from all putative transgenic plants. 

Genomic DNA extracted from wild-type tobacco was used as negative control, while 

pure plasmid DNA was used as the positive control. A blank control containing all the 

ingredients of typical PCR reaction except DNA template was also run to confirm the 

validity of the reaction. PCR analysis was repeated to check the reproducibility of the 

results.   

2.10  Southern Hybridization 

Southern hybridization was performed following methods described by Sambrook et 

al. [110]. Genomic DNA 20 µg was divided and added in three different 1.5 mL 

eppendorf tubes with 2 units of EcoRI per 6.66 µg DNA in every tube for complete 

digestion of genomic DNA, and incubated at 37 °C for 6 h. After incubation period, 3 

µl 6 x DNA-loading buffer was added to the tube for stopping the digestion reaction. 

Similarly, plasmid and wild-type tobacco genomic DNA, to be used as positive and 

negative control, respectively were also digested. Agarose gel 0.8% was used for 
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loading the digested DNA samples. Gel was subjected to electrophoresis at 40 volts, 35 

milliamperes (mA) for 14 h. After electrophoresis, gel was taken out, a ruler was placed 

along one side and photographed. Upper left- hand corner of the gel was cut off to help 

remembering the gel orientation. Nylon membrane sheet (GE Healthcare, USA) was 

cut according to the size of the gel. Nylon memberane was floated on top of the distilled 

water for making it wet. 

 Gel was soaked in denaturation buffer for 15 min twice. Gel was transferred to 

large electrophoresis tray and 10X SSC buffer was added. Gel saturated with transfer 

buffer was placed in the middle of the support. All air bubbles were carefully removed 

with glass pipette. Wick (3 mm) paper of the gel size was placed on the tray with both 

of its edges dipped in to the transfer solution. Three pieces of Whatman paper 3mm 

were placed on support. Gel was placed upside down by marking the gel orientation. 

Nylon membrane was placed on top of the gel using blunt ended forceps followed by 

three more pieces of Whatman paper 3mm. Then 5 cm thick layer of dry paper towels 

was stacked. Gel was wrapped with parafilm to avoid the paper towels coming in 

contact with wet paper. Evaporation from the transfer solution was also prevented by 

sealing both ends of the tray with plastic wrap. Glass plate about 500 g in weight was 

placed on top of the assembly. Gel assembly was left overnight for proper transfer. 

Blotting material was taken off the next day and position of the wells was marked with 

lead pencil. Gel was soaked in SSC buffer for 5 min to remove gel particles from 

membrane. Wet membrane was placed on filter paper of equal size and DNA was 

immobilized by UV cross linking at 100 mJ/cm2. Membrane was dried thoroughly at 

room temperature before further treatment. 

 Twenty microliter cross linker solution was diluted with 80 μL of water to 

obtain the working concentration. Working solution was stored at 2–8 °C in a 

refrigerator. DNA (PCR product) to be labeled was diluted to final concentration of 10 

ng/μL by adding water. Ten microliter of diluted DNA was added in microcentrifuge 

tube and subjected to denaturation by heating in vigorously boiling water bath for 5 

min. DNA was cooled down immediately on ice for 5 min and microcentrifuge tube 

was spun briefly to collect the tube contents at the bottom. Reaction buffer 10 μL was 

added to the DNA and mixed thoroughly but gently. The reaction mixture was kept on 

the ice. Labeling reagent 2 μL was added to microcentrifuge tube and mixed thoroughly 

but gently. Cross linker working solution 10 μL was added, mixed thoroughly, and 
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centrifuged briefly to collect the tube contents at the bottom. Reaction was incubated at 

37 °C for 30 min. Labeled probe was used and stored in 50% (v/v) glycerol for long 

term. 

Required volume of already prepared AlkPhos Direct hybridization buffer was 

measured and heated to 55 °C. The volume of the buffer varied with the size of 

membrane and it was equivalent to 0.25 mL/cm2 of membrane. Blot was placed in 

hybridization buffer and pre-hybridized at 55 °C for at least 15 min in hybridization 

oven set at 60 strokes per min. Labeled probe (5–10 ng per mL of buffer) was added to 

the buffer for pre-hybridization step. Blot was hybridized at 55 °C overnight in 

hybridization oven. 

Table 2.2 Composition of Southern hybridization solutions 

Solution Reagents                          Concentration 

  NaCl 175.3 g 

20X SSC  Sodium citrate 88.2 g 

  Nanopure water 800.0 ml 

   

Hybridization Buffer  NaCl 0.5 M 

  Blocking reagent 4% (w/v) 

   
  Urea 2.0 M 

  SDS 0.1% 

Primary wash buffer  NaH2P O4 (pH 7.0) 50 mM 

  NaCl 150 mM 

  MgCl2 1 mM 

  Blocking reagent 0.2% 

   
  Tris base 1.0 M 

Secondary wash buffer  NaCl 2.0 M 

  Solution pH 10 

 Primary wash buffer was pre-heated to 55 °C and used at volume of 2–5 mL/cm2 

of membrane (Table 1.2). Blot was transferred to this solution carefully and washed at 

55 °C for 10 min with gentle agitation. Further washing was done in fresh, primary wash 

buffer for 10 min at 55 °C. Blots were placed in clean container and an excess of 

secondary wash buffer added (Table 1.2). Washing was done at room temperature for 

5 min with gentle agitation. Further washing was performed in fresh, secondary wash 

buffer for 5-30 min at room temperature. 
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 Excessive secondary wash buffer was drained from the blots and placed on a 

non- absorbent, clean, flat surface with sample side up. Blots were prevented from 

drying. Detection reagent was pipetted on to the blots at the volume of 30–40 μL/cm2 

and left for 2-5 min. Excessive detection reagent was drained off by touching the blot 

corner on to the non-absorbent surface. Blot was wrapped in SaranWrap and placed in 

the film cassette with DNA side up. Any air pocket formed during wrapping of blot was 

smoothed out gently and it was made sure that there was no free detection reagent that 

could not get wet in the film cassette. A sheet of autoradiography (Hyperfilm™ ECL) 

was placed on top of the blot under safe light conditions inside a dark room. Cassette 

was closed and subjected to exposure at room temperature for 1.0 hour. For maximum 

sensitivity, DNA side of the wrapped up filter was placed next to the film. Film was 

removed and developed in developing soulution according to manufecturer’s 

instructions (GE Healthcare, USA). 

 

Figure 2-1 Southern blot assembly for the transfer of DNA from an agarose gel 

to a nylon membrane. 

2.11  Total RNA Isolation 

Before starting RNA extraction, pestle, mortars, eppendorf tubes, pipette tips, double 

distilled water and all other apparatus was immersed in DEPC- treated water and kept 

overnight in laminar flow to drain excessive DEPC. All of solutions required for RNA 

extraction were prepared using DEPC-treated water and sterilized by autoclaving 

before use. For treatment of 1 L water, 800 µl of DEPC (Bio Basic, Canada, Cat # 

DB0154) was taken. 
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Eppendorf tubes, pestle and mortar should were chilled in liquid nitrogen to 

prevent the heat production during grinding. Leaf sample 0.5 g was taken by weighing 

and crushed in liquid nitrogen to get a very fine powder. One third of 1.5 mL eppendorf 

tube was filled with powder (100 mg) and immediately transferred to liquid nitrogen 

flask. After grinding all of the samples, eppendorf tubes were taken out of liquid 

nitrogen and 1.0 mL of pre-chilled (4 °C) Trizol reagent was added immediately. Tissue 

samples were homogenized by flicking the bottom of the tube, and incubated at room 

temperature for 5 min. Then 200 µl of chloroform was added, vortexed briefly (about 

30 seconds), and incubated for 2-3 min on ice. Tubes were subjected to centrifugation 

at 4 °C for 10 min at 13000 × g to separate the two layers. 

Upper aqueous phase was transferred to RNase free tube and equal volume of 

isopropanol (500 µl) was added and mixed by gently inverting the tubes several times. 

Mixture was incubated at room temperature for 8 min and then centrifuged at 13000  × 

g  at 4 °C for 10 min. Supernatant was discarded carefully and the collected pellet was 

washed with 200 µl of 70% ethanol by centrifugation at 13000  × g  for 1-2 min at 4 °C. 

Pellet was dried at 37 °C and dissolved in 30 µl of RNase-free water. Total RNA’s 

purity, integrity and concentration was determined using gel electrophoresis and 

nanodrop. 

2.12  RNA Quality Analysis 

Concentration of RNA is determined by recoding the absorbance at 260 nm on 

nanodrop. Value of 260/280 ratio should preferably be 2.0, although values fluctuating 

between 1.8 and 2.1 are also considered reasonable. Concentration of RNA greater than 

1 µg/µL suggests that the isolation was appropriate. Integrity of RNA was determined 

by gel electrophoresis. For this purpose 1% agarose gel was made by using TAE 

prepared in DEPC-treated water. Comb, tray, and tank were immersed for 15 min in 

3% hydrogen peroxide solution followed by rinsing with DEPC treated water. About 2 

µg of RNA was used for loading and the gel was run at 60-80 V for 30-60 min.  

2.13  DNase Treatment 

Since the extracted RNA is required to be converted back into DNA via reverse 

transcriptase so the genomic DNA impurities were removed by DNase treatment to 

make sure that final results of RT-PCR owe to the cDNA and not to the genomic DNA. 
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For DNase treatment, following components were added in 1.5 mL eppendorf tube in 

this order: DEPC treated water 6.0 µl, RNA 2.0 µl (2 µg), reaction buffer 1.0 µl, DNase 

1.0 µl. Tubes were mixed gently, centrifuged briefly, and incubated at 37 °C for half an 

hour. Then 1.0 µl of 25 mM EDTA was added and incubated at 65 °C for 10 min. 

Quality of DNase treated RNA was checked using gel electrophoresis. 

2.14  Synthesis of cDNA 

Synthesis of cDNA was performed using High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Cat # 4368813). All the components of the kit were allowed 

to thaw on ice. Volume of the components were calculated for preparing required 

number of reactions. For preparing 2X RT master mix, 10X RT Buffer 2.0 µl, 25X 

dNTP Mix (100 mM 0.8 µl, 10X RT Random Primers 2.0 µl, Reverse Transcriptase 1.0 

µl, Nuclease-free H2O 4.6 µl were added in 1.5 mL eppendorf tube, mixed gently, and 

placed on ice. Ten microliter of 2X RT master mix was pipetted into wells of 96 wells- 

reaction plate. Ten microliter RNA was pipetted into each well and mixed by pipetting 

up and down twice and the plate was sealed. Plate was centrifuged briefly for 

eliminating any air bubble and spinning down tube contents. Plate was placed on ice. 

Thermocycler was programmed at 25 ᵒC for 10 min, 37 °C for 120 min, 85 °C for 5 min, 

reaction volume was set to 20 µl. Reaction plate was loaded into the thermocycler and 

machine was turned on to complete the reaction. After the completion of cycle, the 

cDNA was stored at -20 °C. 

2.15  Qualitative Real-time PCR Analysis 

Quantitative Real-time PCR (qRT-PCR) was performed using cDNA as template. 

Primers were designed to amplify 180 bp cp4-epsps and 150 bp GAPDH fragments; 

EPSPS1 (F-TGGGTTTGGTTGGTGTTT; R-AAGTTATGGGAGTGGGAG); 

GAPDH (F-CACGGCCA CTGGAAGCA, and R-TCCTCAGGGTTCCTGATGCC). 

For relative quantification of epsps mRNA, wild-type cDNA was used as negative 

control. Data analysis was performed using Applied Biosystems Cycler software (RQ 

Study) that has the program to calculate the CT values automatically. The reaction 

mixture consisted of 0.4 μL of each primer (EPSPS-F1 and EPSPS-R1; 4 picomole), 

cDNA 2 μL (prepared from 1 µg of total RNA), 12.5 μL, XiQ SYBR Green Supermix 

with final reaction volume of 25 μL. PCR reactions were performed in Real-Time PCR 
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Detection System (Applied Biosystems, USA) in 96- well plates. The reactions were 

performed in triplicate. PCR machine was programmed at 94 °C for 5 min for 1 cycle 

followed by 40 cycles consisting of 20 sec at 94 °C, 20 sec at 60 °C and 20 sec at 72 °C, 

followed by final extension of 10 min at 72 °C. 

2.16  EPSPS Activity Analysis 

Total protein was extracted and quantified from transgenic tobacco plants using the 

procedures as described by Umesha [112] and Bradford [113], respectively. Protein 

extract was diluted to values below 1.0 mg/mL. Malachite green assay was performed 

to determine the EPSPS activity. This assay measures the amount of inorganic 

phosphate released during the reaction and correlates it with the EPSPS activity. The 

enzyme analysis was carried out for determining the EPSPS activity in the transgenic 

lines and wild-type control plants.  Amount of inorganic phosphate liberated during the 

reaction between S3P and PEP to form 5-enolpyruvyl shikimate-3-phosphate was used 

as a marker for enzymatic activity. Malachite green dye was used for measuring the 

amount of inorganic phosphate released. Optical density was recorded after completion 

of the reaction. After glyphosate application, enzymatic activity was determined from 

the crude protein enzyme extract prepared from plants. Optical density was measured 

for each of the sample and used for calculating the enzyme activity.  

The reaction was performed in 50 mM Hepes buffer (pH 7.0), 0.5 mM PEP, 0.5 

mM S3P augmented with 0.03 mg of the purified EPSPS separately and incubated at 

28 °C for 4 min. Afterwards, malachite green (0.8 mL), ammonium molybdate 

(0.045%), and colorimetric solution (4.2%) were added, and the mixture was incubated 

for 1 min at room temperature. Reaction was stopped by adding 0.1 mL sodium citrate 

solution 34% (w/v), and incubating at room temperature for 30 min. Finally, the 

absorbance was recorded at 660 nm using spectrophotometer. This reaction solution 

minus S3P was used as blank control. 

2.17  Immuno-blot Assay of EPSPS Protein 

Expression of CP4-EPSPS was assessed in the transgenic lines using immuno-strips 

(QuickStix Envirologix, Portland, USA). The crude protein was extracted from the 

young plant leaves using extraction buffer following manufacturer’s instructions. 
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QuickStix Immuno-strips were immersed in the extracted samples for 10 min to let the 

bands develop, and then a final interpretation of the results was made.  

2.18  Photography and Computer Graphics 

Plants were photographed using high resolution digital camera (Nikon D700). 

Photographs were adjusted using Microsoft Picture Manager. Figures were drawn using 

Microsoft PowerPoint. 
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3 Characterization of CP4-EPSPS Gene in 

Tobacco  

3.1 Introduction 

World-wide crop yield losses due to weeds infestation have been estimated from 30-

45%, and only an integrated weed control management program using classical and 

chemical methods seemed viable to control this menace. However, many weed species 

could quite easily escape these control measures [18], unless the issue was resolved by 

the advent of broad-spectrum chemical herbicide and subsequent development of HR   

crops harnessing the shikimate pathway. Shikimate pathway is critical for biosynthesis 

of aromatic amino acids such as tyrosine, tryptophan and phenylealanine in plants, 

fungi, and bacteria. The enzyme EPSPS catalyzes the transfer of enolpyruvyl moiety of 

PEP to the 5-hydroxyl group of S3P for the formation of 5-enolpyruvylshikimate-3-

phosphate (EPSP) in the penultimate step of the shikimate pathway. EPSPS acts as a 

target of N-phosphonomethyl-glycine (glyphosate). Glyphosate resembles PEP in 

transition state, and forms a dead end complex with plant chloroplast bound EPSPS 

enzyme, resulting in the complete inhibition of shikimate pathway. As a result 

biosynthesis of aromatic amino acids ceases and results in subsequent wilting of the 

plant and ultimate death [44].  

Genetic engineering enabled scientists to employ DNA manipulation techniques 

to transfer genes conferring herbicide resistance (HR), and successfully produce HR   

crops. One of such HR genes is cp4-epsps that is isolated from Agrobacterium CP4 

strain [26, 114]. The enzyme EPSP synthase is endogenously produced by all plants, 

but its conformation is quite different from that of the cp4-epsps product. This 

difference in conformation of cp4-epsps enzyme decreases its affinity for glyphosate, 

and helps the transgenic plants to survive [20]. Protein encoding cp4-epsps gene must 

express uniformly and continuously for the maintenance of sufficient level of EPSPS 

enzyme in the plant after herbicide application, and high transgene expression can be 



Chapter 3: Characterization of CP4-EPSPS Gene in Tobacco 

35 

 

attributed to the adjustments in the GC contents, codon usage bias, and secondary 

structures [115]. The cp4-epsps genes can exhibit a thousand time enhanced gene 

expression in the eukaryotic system, and such codon optimized genes have already 

paved the way for agricultural revolution in some countries of the world. 

The present study describes the development and characterization of a synthetic 

cp4-epsps for possible applications in crop plants. The gene was codon optimized 

according to cotton preferred codons as the trait was basically intended to be 

incorporated into cotton, and got synthesized commercially. We decided to characterize 

this newly synthesized gene in a model plant to check the expression and translational 

efficiencies of the transformed construct before proceeding for transformation of a 

construct into cotton and possibly other commercially important crops as well. 

3.2 Materials and Methods 

3.2.1 Development of Synthetic cp4-epsps Gene  

Nucleotide sequence of cp4-epsps gene was modified and codon optimized according 

to preferred codon usage in cotton using Geneious software (http://www.geneious.com) 

in a way that amino acid sequence of the EPSPS protein remained unaltered. The cp4-

epsps gene was designed using codon usage frequency based on highly expressed 

cotton nuclear encoded genes. The cp4-epsps gene is 1584 bp in length encoding 

EPSPS protein (55.48 kDa) consisting of 527 amino acids. As bacterial cp4-epsps gene 

is expressed in the cytoplasm and lacks chloroplast transit peptides (CTP), therefore, 

CTP signal (296 bp) sequence was added to cp4-epsps gene sequence for transportation 

of protein to the chloroplast. Furthermore, cauliflower mosaic virus (CaMV) promoter 

sequence (561bp) and the E9 terminator sequence (201bp) from yeast cofactors were 

incorporated respectively at 5’ and 3’ ends of the optimized cp4-epsps gene. The 

expression cassette including CaMV promoter, cp4-epsps gene, CTP signal and E9 

terminator, respectively was synthesized and cloned into pUC57 vector having the 

EcoRI and HindIII restrictions sites at  the 5’ and 3’ ends of expression cassette by 

DNA2 (Newark, California, USA).   
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3.2.2 Cloning of Synthetic cp4-epsps Gene in Plant Expression Vector 

pGreen0029 

Plasmid pUC 57 containing the synthesized EPSPS expression cassette and 

pGreen0029 vector were restricted with EcoR1 and HinDIII enzymes in two separate 

1.5 mL eppendorf tubes using DNA (plasmid) 10μL (10µg), reaction buffer (10X) 2μL, 

EcoR11μL (10U μL-1), HindIII 1μL (10U μL-1), making up the final volume to 20μL 

by adding sterile double distilled (dd) water. Both reaction mixtures were incubated for 

1 hr at 37 ᵒC. The digested EPSPS DNA fragment and plasmid (pGreen0029) were 

electrophoresed on 1% agarose gel using 1 kbp DNA ladder as a marker. Restricted 

pGreen0029 vector and pUC57 plasmid were eluted using GeneJETTM Gel Extraction 

Kit (Fermentas, Life Sciences USA). EPSPS gene fragment was ligated in plant 

expression vector pGreen0029. Mole ratio of the vector and insert 1:3 were used for 

ligation of insert (cp4-epsps gene cassette, 2.7 kbp) and vector (pGreen, 4.6 kbp). This 

ligation mixture consisting of T4 DNA ligase buffer (10X) 2μL, insert DNA (50 ng) 

3μL, vector DNA (37.5 ng) 1μL, T4 DNA ligase 1μL, nuclease-free 13μL, was 

subjected to incubation at 16 ᵒC for 12-16 hour and then transformed into E.coli 

competent cells Synthetic cp4-epsps gene cassette cloned in pGreen0029 vector was 

digested with EcoR1 and HindIII restriction enzymes for confirmation. Confirmed 

expression cassette was named as pG-EPC. 

3.2.3 Plant Material 

Seeds of tobacco (N. tabacum L.) cultivar Samsun were surface sterilized with 2.5% 

NaOCl solution for a period of 15 min, and 70% ethanol for 1 min, followed by repeated 

rinsing with distilled water. Seeds were placed in sterile petri plates containing MS 

media supplemented with sucrose 30 gL-1, agar 0.8% and pH adjusted to 5.7-5.8, before 

opting for autoclave. Seeds were incubated for germination at 25 ºC under 16 h 

photoperiod. After one month time, these plants were used as source of explants for 

transformation purposes. 

3.2.4 Stable Plant Transformation 

The plant expression vector was transformed into A. tumefaciens strain LBA4404 using 

electroporation methods following the standard protocol [116]. Transformation of N. 

tabacum L. cv. Samsun was carried out using protocol as described by Horsch et al. 

[117]. Culture was diluted with LB broth in 1:1 ratio after overnight incubation at 150-
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250 rpm and 28 ºC, and the transformed cells were allowed to grow to cell density of 

1.0 at A600. Leaf discs were cut from fully expanded leaves of 4-5 weeks old in vitro 

grown plants, and used for Agrobacterium mediated transformation. Following 

infection with A. tumefaciens, leaf discs were transferred to co-cultivation medium 

[modified MS (Murashige and Skoog 1962, Cat# 07K40409N) 4.2 g/L, sucrose 30g/L, 

6-benzylaminopurine 2.0 mg/L, α- naphthaleneacetic acid 0.1 mg/L, B5 vitamin (100X) 

5 mL/L, phytagar 3.0 g/L] and incubated in dark for 2-3 days at 28 ºC. Leaf discs were 

washed with cefotaxime 250 mg/L and cultured on co-cultivation medium containing  

kanamycin 50 mg/L, cefotaxime 250 mg/L) for differentiation. When the shoots were 

2-3 cm, they were transferred to rooting medium (MS salts 4.2 g/L, sucrose 30 g/L, 

phytagar 4.2 g/L , cefotaxime 250 mg/L and kanamycin 100 mg/L) in jars. Regenerated 

plants formed the roots within 1-2 weeks of transfer and were shifted to the pots 

containing sterilized peat moss. Plants were acclimatized in standard growth room 

condition with artificial lighting providing a photo system of vertically active irradiance 

of 170 µM photons m-2 s-1 on a 16 h photoperiod. 

3.2.5 Molecular Verification of Putative Transgenic Tobacco 

All of the transgenic lines raised from independent transformation events were screened 

by PCR analysis using gene specific EPSPS primers PF5-5’CCTCACCTCCTGCGAG 

ACGGA3’, and PR5-5’CGCCGCTACCGGATGCAGATT 3’(see section 2.9). 

Southern hybridization analysis was carried out using AlkPhos Direct Labeling and 

Detection Kit (GE Health Care, USA) following manufacturer’s instructions. About 20 

µg genomic DNA extracted from transgenic and wild type tobacco was digested with 

EcoRI, and was immobilized on Hybond-N+ membrane. Amplified fragment of 625 bp 

using primers from EPSPS CaMV promoter region (CaMV-F 

TGAGGATACAACTTCAGAGA, EPSPS6-R TCCATTTCCAA CGCCGTCAA T) 

was used for preparing the probe (see section 2.10). 

3.2.6 Herbicide Resistance Assay 

From the transformants analysed through PCR, 22 lines were selected for glyphosate 

testing. Glyphosate was used as the commercial herbicide Roundup Ready® 

(Potassium salt of N-(phosphonomethyl) glycine in the form of isopropylamine 49% w, 

inert gradients Ethoxylated tallow amines 51% w). The herbicide application was 
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performed under controlled conditions of light, temperature and humidity in the 

containment. For herbicide assay of tobacco plants, the concentration of glyphosate 

used was 1000 ppm. Herbicide was applied by pasting it to the leaf surface of individual 

plants with a canvass brush. Vegetative injury data was recorded 10 days after the spray 

by visual observation.  

Glyphosate treated plants were scored for resistance using a scale ranging from 

1 to 4; with 4  (highly resistant; normal plant vigor, fertile, typical maturity and seed 

setting), through to 3 (small chlorotic symptoms, fertile, typical maturity and seed 

setting ), 2 ( a part of leaf wilted after one week of glyphosate application, fertile, typical 

maturity and seed setting ), 1 (two or more leaves wilted after one week of glyphosate 

application , stunting growth, delay in maturity and abnormal seed setting, and 0 

(permanently wilted, dead plant). The injury data were averaged for all the treated 

plants, and the lines with average values 2 or more were considered resistant plants 

while, the plants average values less than 2 were considered as susceptible. 

3.2.7 Expression Analysis of cp4-epsps Gene Using qRT-PCR 

Total RNA extracted from newly emerged leaves of 30 days old transgenic and wild 

type tobacco plants using trizol method (Invitrogen, USA) was followed by DNase1 

(Invitrogen, USA) treatment. Total RNA (1µg) was reverse transcribed to cDNA using 

commercial cDNA synthesis kit (Advanced Biosystems, USA). Quantitative real- time 

PCR (qRT-PCR) was performed using cDNA as template. Gene specific primers 

EPSPS1 (F-TGGGTTTGGTTGGTGTTT, R-AAGTTA TGGGAGTGGGAG) and 

housekeeping gene GAPDH primers (F-CACGGCCACTGGAAGCA, R-TCCTCAG 

GGTTCCTGATGCC) were designed to amplify 180 bp  cp4-epsps and 150 bp GAPDH 

fragments. The reaction mixture consisted of 0.4 μL of each primer (EPSPS-F1 and 

EPSPS-R1; 4 picomole), 2 μL cDNA, 12.5 μL platinum SYBR Green Supermix 

(Thermo-Fisher Scientific, USA) with final volume reaction of 25 μL. PCR reactions 

were performed in Real-Time PCR Detection System (Advanced Biosystems, USA) in 

96- well plates. The samples were run in triplicate. PCR machine was programmed at 

94 ºC for 5 min for 1 cycle followed by  40 cycles  consisting of  20 sec at 94 ºC, 20 

sec at 60 ºC and 20 sec at 72 ºC, followed by final extension of 10 minutes at 72 ºC. 
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3.2.8 EPSPS Activity Assay 

EPSP synthase activity depends upon the mount of inorganic phosphate release, 

which can be determined by recording the change in optical density. EPSPS activity 

was analyzed by determining inorganic phosphate release using malachite green assay 

according to method described by Lanzetta et al. [118] (see section 2.16). 

3.2.9 Inheritance of cp4-epsps Gene in T1 Generation and Protein 

Analysis 

For progeny analysis, T1 seeds were harvested from GR T0 plants and incubated at 25 

ºC for germination in trays containing peat moss. After two weeks of germination, 

genomic DNAwas extracted from T1 plants and subjected to PCR analysis for presence 

of cp4-epsps gene. Some of the PCR positive plants from each of five independent 

transgenic lines were subjected to immunoblot strip (EnvirLogix, USA) assays (see 

section 2.17). 

3.2.10  Data Analyses 

Expression of mRNA among different HR-transgenic lines was compared using three-

way Analyses of Variance (ANOVA). Afterwards, the means were compared using 

Least Significant Difference (LSD) test. Similarly, the enzyme activity in different 

transgenic lines and the control was compared by ANOVA. The means of different 

lines were compared using LSD test. Inheritance of transgene in T1 generation was 

assessed by comparison of observed and expected ratios. Goodness of fit to the 

Mendelian ratio of 3:1 was tested using Chi-square analysis. Correlations and 

regression analyses were also performed to assess the influence of different parameters 

on each other. All statistical analyses were performed using computer software MS 

Excel Version 13 (Microsoft, USA) and SPSS Version 16 (IBM, USA). 

3.3 Results 

3.3.1 Molecular Analyses of Transgenic Plants 

Synthetic cp4-epsps gene designed using codon usage frequency based on highly 

expressed cotton nuclear encoded genes was commercially synthesized from DNA2, 

USA. This expression cassette cloned in plasmid pG-EPC (Figure 3-1) was transformed 

into N. tabacum plants using Agrobacterium mediated approach.  
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Figure 3-1Vector map of pG-EPC.  

The expression cassette, consisting of a Cauliflower mosaic virus (CaMV) promoter, 

the cp4-epsps gene and a E-9 terminator from yeast cofactor, was cloned as a EcoRI-

HinDIII fragment into the binary vector pGreen0029 to produce pG-EPC plasmid for 

plant transformation. 
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Figure 3-2 Different tissue culture stages involved in tobacco transformation. 

A) Non-transformed leaf discs on selection medium, B) Callus development from leaf 

discs on selection medium, C) Organogenesis D) Shoot development E) Roots 

development F) Transgenic plant shifted to pots. 

A total of 42 putative transgenic plants obtained from independent transformation 

events, were confirmed by PCR using gene specific primers. The cp4-epsps fragment 

was amplified according to the expected band size of 565bp (Figure 3-3), which 

suggested that epsps gene had been successfully transferred in the host genome.  

A B C

D E F
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Figure 3-3 Confirmation of putative transgenic plants through PCR analysis. 

Electrophoresis of PCR product on agarose gel for confirmation of the integration of 

cp4-epspsgene in genomic DNA. Lane M, 1 kbp DNA marker; lane 1, negative (water 

) control; lane 2, negative (non-transformed plant DNA) control; lane 3, empty well; 

lane 4, positive control (pG-EPC plasmid); lanes 5–13, PCR amplified products from 

genomic DNA of putative transgenic plants. 

 

Figure 3-4 Southern hybridization analysis of T0 transgenic tobacco plants. 

 Southern hybridization analysis of transgenic tobacco plants for copy number number 

determination. Genomic DNA (20 µg) from wild type and transgenic plants was 

digested with HindIII and resolved on 0.8 % agarose gel electrophoresis for 14 hours. 

The resolved DNA was shifted on to the nylon membrane.  The cp4-epsps 615 bp 

labelled fragment was probed with the blot. Lane 1 shows the linearized plasmid used 

as positive control and lane 2 shows the untransformed wild type plant while 10 

independent transgenic plants are shown in lanes 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 

representing lines GTT-1, GTT-2, GTT-3, GTT-15 and GTT-16, GTT-6 , GTT-7  , 

GTT-8 , GTT-9  and GTT-10 respectively. Lanes 9, 10, 11 and 12 showed single copy 

integration, while lane 3 showed double copy integration. Lanes 4, 5, 6, 7 and 8 showed 

multiple copy integration (3-4). 
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Southern hybridization assay was performed to confirm the integration of cp4-

epsps gene in the genome of transgenic tobacco lines. Southern hybridization analysis 

showed that transgenic lines GTT-7, GTT-8, GTT-9 and GTT-10 had single inserts, 

while transgenic lines GTT-1 GTT-2, GTT-3, GTT-4, GTT-5 and GTT-6 contained 

multiple inserts. Each hybridizing band was interpreted as a separate integration event. 

There was no hybridizing band detected in case of WT plant (Figure 3-4). 

3.3.2 Herbicide Resistance Assay 

All the PCR positive putative tobacco transgenic plants were shifted to the soil. Twenty-

two independent PCR positive T0 lines were selected for glyphosate resistance assay. 

Transgenic tobacco plants along with non-transformed wild-type control were treated 

with 1.0 % (v/v) herbicide Roundup ready (41.0%, w/v isopropylamine glyphosate salt 

as an active ingredient). Under the field conditions, 0.2% glyphosate is sufficient to kill 

most of the weed plants [119]. Wild type untransformed plants showed severe chlorosis, 

and subsequently lead to stunting and wilting within 5 days following treatment, and 

died 7-12 days after treatment as shown in Figure 3-5. 

 Response to glyphosate spray was variable among transgenic plants. 

However, majority of the transgenic lines (GTT-6, GTT-7, GTT-8, GTT-9, GTT-10, 

GTT-13, GTT-15, GTT-16, GTT-20) showed no change in agronomic characteristics 

and produced the seeds normally, giving the notion that cp4-epsps expression in 

tobacco plants have conferred glyphosate resistance and that this trait is conserved 

strictly in their genome. While agronomic characteristics of some of the transgenic lines 

(GTT-2, GTT-19, GTT-21) changed after glyphosate treatment with appearance of 

slight chlorosis of newly emerged leaves and delay in flowering time. While few 

transgenic lines (GTT-18, GTT-22) showed severe stunting and wilted permanently 

(Table 3.1). 
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Figure 3-5 Herbicide assay of T0 transgenic tobacco plants. 

Tobacco plants were transferred to the pots. 1 % (v/v) commercial Roundup ready 

(Monsanto) was applied on the PCR positive transgenic lines. Photographs were taken 

12 days post herbicide application. Glyphosate treated plants were scored for resistance 

using a scale ranging of 1-4; 4  (highly resistant; normal plant vigor, fertile, typical 

maturity and seed setting), through to 3 (small chlorotic symptoms, fertile, typical 

maturity and seed setting ), 2 ( a part of leaf wilted after one week of glyphosate 

application, fertile, typical maturity and seed setting ), 1 (two or more leaves wilted 

after one week of glyphosate application, stunted growth, delayed maturity and 

abnormal seed setting, and 0 (permanently wilted, dead plants). A and B represents 

highly resistant plants (scale 4), C and D represents resistant plants with little stress 

(scale 3), E shows the plants with part of leaf wilted (scale 2), F represent susceptible 

plants with 2 or more leaves wilted (scale1), G represents permanently wilted plants 

(scale 0), while H shows the wild type control which wilted after 10 days of herbicide 

treatment. 

Table 3.1 Categorization of transgenic lines (A-H) based on glyphosate resistance 

levels using scale of 0-4. 

Transgenic Lines and WT Tolerance levels (Scale 0-4) 

GTT-6, GTT-7, GTT-8, GTT-9, GTT-

10, GTT-13, GTT-15, GTT-16, GTT-20 
4 

GTT-4, GTT-5, GTT-11, GTT-12, GTT-

14, 
3 

GTT-1, GTT-3, GTT-17 2 

GTT-2, GTT-19, GTT-21 1 

GTT-18, GTT-22 0 

WT 0 
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3.3.3 Expression Analysis of cp4-epsps Gene using qRT-PCR 

Expression analysis of cp4-epsps gene in various transgenic tobacco lines was carried 

out using qRT-PCR. All of the transgenic lines showed accumulation of transcript, 

however, there was some variation in gene expression among different transgenic lines.  

ANOVA results show the expression of mRNA varied significantly (F=393.569, 

p<0.05) between different transgenic lines at 95% confidence level. The LSD 

comparison of means (95% confidence) showed that the highest expression was 

recorded in line GTT-9, followed by line GTT-6, while the lowest expression was 

recorded in line GTT-7 as shown in Figure 3-6. 

 

Figure 3-6 cp4-epsps expression analysis of T0 transgenic tobacco plants using 

qRT-PCR. 

GAPDH gene was used as internal control and ΔCt values were calculated using 

difference in the Ct mean of the target gene and reference gene. Bars are the mean 

standard deviation calculated from three technical and three biological replicates. X 

axis shows different transgenic lines, and Y axis shows normalized expression of 

transgene. 

3.3.4 EPSPS Enzyme Assay 

ANOVA was performed to assess the difference in the enzymatic activity among 

different transgenic lines. The EPSPS activity varied significantly among different lines 

(F=25.226, p<0.05, confidence 95%). Moreover, the comparison of means using LSD 

showed that the highest activity was in line GTT-9 (2.25 µmole min-1 mg-1) followed 

by GTT-6 (1.71 µmole min-1 mg-1) while the lowest activity was found in the wild type 

plant (0.2 µmole min-1 mg-1) as shown in Figure 3-7. 
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Figure 3-7 EPSPS activity determination. 

EPSPS activity (µmole min-1 mg-1 + SE) of five transgenic tobacco T0 lines and a wild 

type control line. Bars are the mean standard deviation calculated from five technical 

and three biological replicates. Different letters indicate a significant statistical 

difference between means at 95% confidence with the LSD test (N=15). 

3.3.5 Correlation between Enzyme Activity and mRNA Transcripts 

in Transgenic Plants 

When the values of enzymatic activity of different plant lines were plotted against the 

expression level, positive correlation was found between these variables. EPSPS 

activity and mRNA transcript levels were positively correlated to each other at 0.9927 

as shown in Figure 3-8. 
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Figure 3-8 Correlation between normalized gene expression and mean enzymatic 
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0              0.5                1               1.5               2               2.5

500

450

400

350

300

250

200

150

100

50

0

0.955= 2R

N
o

rm
a

liz
e

d
 g

e
n

e
 e

x
p

re
s
s
io

n

EPSPS activity µM min-1 mg-1



Chapter 3: Characterization of CP4-EPSPS Gene in Tobacco 

47 

 

The values of expression analyses were drawn against the values of enzymatic activity 

of transgenic tobacco lines. 

3.3.6 Mendelian Inheritance Pattern and CP4-EPSPS Protein 

Analysis 

For the analysis of T1 generation, five lines were selected. Mendelian inheritance pattern 

in T1 progeny was analyzed using PCR (Figure 3-9) and immunoblots (Supplementary 

Figure 3). The observed and expected ratios of the PCR positive and negative plants 

were tested by chi-square test. The results (table 3.2) showed that the progeny of lines 

GTT-7, GTT-8, GTT-9 and GTT-10 were within the ratio of 3:1 (X2=0.516, X2=0.550, 

X2=0.09 and X2=0.550, respectively at 95% confidence level). While, the progeny of 

line GTT-6 (X2=0.001, confidence 95%) differed significantly from Mendelian ratio. 

This line segregated at the ratio of 15:1, probably due to multiple T-DNA insertions. 

The PCR positive plants from each of five independent transgenic lines subjected to 

immunoblot strip (EnvirLogix, USA) assays gave the protein bands suggesting that 

gene translated in the T1 inherited plants (Figure 3-10). 

 

Figure 3-9 T1 Progeny analysis of representative transgenic tobacco line by PCR 

verification. 

PCR amplification of 565 bp product using cp4-epsps sequence specific primers; Lane 

M, 1 kbp DNA marker; lane 1, negative control (water); lane 2, negative (non-

transformed plant DNA) control; lane 3, empty well; lane 4, positive control (pG-EPC); 

lanes 5–23, PCR amplified products from genomic DNA of representative transgenic 

tobacco line. 
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Table 3.2  Progeny analysis of selected transgenic lines for Mendelian 

inheritance. 

T1 progeny Total Plants Positive Plants Negative Plants X2 value 

GTT-10 60 47 13 0.55 

GTT-9 60 44 16 0.09 

GTT-8 60 47 13 0.55 

GTT-7 65 49 16 0.516 

GTT-6 60 56 4 0.001* 

*Asterisk means significant difference between expected and observed values. 

Chi-square analyses were performed to see goodness of fitness of observed and expected 

ratios of the PCR tested plants. 

 

Figure 3-10 Protein detection using Immuno-blot strips. 

CP4-EPSPS protein analysis of representative T1 transgenic tobacco plants by 

immunoblot analysis. Lanes 1–4, protein bands from crushed leaf samples of 

representative transgenic tobacco line. Lane 5, negative control (crushed leaf samples 

from non-transformed tobacco); 

3.4 Discussion 

The cp4-epsps expression has been found to confer glyphosate resistance in various 

crop plants and facilitate more effective weed management via post emergence 

herbicide application. Unfortunately number of transgenic crop cultivars raised with the 

herbicide resistance traits are very limited, and thus a vast space exists for extending 

this technology to diverse cultivars of various crops particularly for under-developed 

and developing countries. Keeping this motive in mind we designed cp4-epsps gene so 

that local crop cultivars with herbicide resistance trait can be developed. Optimization 

of codon usage is mandatory to imitate the highly expressed endogenous genes of the 

1    2   3     4    5
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host plant for achieving higher levels of heterologous expression of the transgene. 

While designing the synthetic cp4-epsps gene, use of rare codons was avoided at the 

expense of GC contents and codon adaptation index. Modification in the coding 

sequence, such as elimination of polyadenylation signals and potential RNA processing 

sequences is also an important pre-requisite. Codon optimization and precise location 

of signal sequence in the gene design are critical for increasing stability and 

accumulation of protein in receptor cells.   

This codon optimized synthetic cp4-epsps gene was used to develop GR 

transgenic tobacco plants. PCR analysis confirmed the integration of coding sequence 

of transgene in genome of putative transgenic tobacco plants. Southern analysis 

revealed that transgene copy number varied from 1 to 4 in different transgenic plants 

and these results were in accordance with the findings of Wang et al. [120]. Detection 

of multiple copy number can be mainly attributed to the integration of transgene at more 

than one insertion sites. Usually preferences are given to transgene events with single 

copy number and Agrobacterium mediated transformation is considered a method of 

choice for gene transformation because it offers low copy insertions, simple and precise 

integration patterns, and higher transgene expression. However, correlation between 

copy number and gene expression has also been declined in literature [121]. The qRT-

PCR analysis confirmed that cp4-epsps gene was expressing at elevated levels in some 

of the tested transgenic lines, while low in others. The findings of this study were in 

compliance with the result of Bhullar et al. [122] who reported variable expression 

levels among plants transformed with the same expression cassette.  

There are number of factors responsible for variable transgene expression, 

including transgene copy number, rearrangement or recombination prior to transgene 

integration, position effect and DNA methylation [123]. The most probable reason for 

lower gene expression in some of the lines might be due to partial transgene 

inactivation. The site of transgene integration in the plant genome is also critical for 

mRNA expression, for example, integration of gene in highly repetitive DNA region 

may results in the full inhibition of gene expression. Gene methylation or occurrence 

of any other homologous gene in host genome may lead to complete or partial silencing 

of the transgene as well. One percent glyphosate spray (v/v) used for herbicide assay in 

this study was equivalent to the concentration used by Chhapekar et al. [124] and 
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remarkably high in comparison to 0.1 to 0.5% (v/v) concentration used by Te et al. 

[125]. HR tobacco plants expressing cp4-epsps gene conferred variable resistance 

against glyphosate at routine field dosage. The level of resistance was directly 

proportional to the level of expression of the mRNA, observed in qRT-PCR. Majority 

of PCR positive plants conferred high level of resistance while some showed low or no 

resistance at all. The lines with lower gene expression and HR showed characteristic 

chlorosis in all plant tissues and some of these lines recovered from glyphosate stress 

within few weeks. Lower epsps gene expression has been previously reported by Dun 

et al. [62]  in transgenic crops including soybean, maize, potato, mustard, sugar beet, 

and tomato witch displayed such chlorotic symptoms. The enzyme activity exhibited 

direct correlation with the amount of mRNA detected in the qRT-PCR. Thus, the 

transgenic tobacco lines showing relatively higher transgene expression offered higher 

enzymatic activity after one week of herbicide application. These results are in 

accordance with findings of Cao et al. [54] who reported higher shikimate levels after 

5 days of glyphosate treatment. After initial surge, the shikimate level begins returning 

to normal, probably due to maintenance of over-expressed EPSPS protein [115]. In four 

out of five tested T1 lines, transgene was inherited according to Mendelian rules giving 

segregation ration of 3:1, however, the fifth line exhibited a segregation ration of 15:1, 

and these results were similar to the finding of Guo et al. [126] who reported 3:1 

segregation ratio for lines with 1-2 copy number and 15:1 segregation ratios for lines 

with 3-4 transgene inserts in transgenic tobacco plants. This abnormal segregation 

pattern was due to multiple copy numbers of the transgene in T0 parent, as segregation 

ratios are determined by the number of functional transgene inserts integrated into T0 

plants. The greater the copy number of independently segregating transgene in the 

genome, the greater the probability of transgene gametes and thus the ratio of transgenic 

plants increase [121]. The presence of multiple copy number was confirmed by the 

Southern analysis. Immunoblot strip assay showed that T1 transgenic progenies were 

expressing the CP4-EPSPS protein at sufficient level. The study presented the 

development of new synthetic HR cp4-epsps gene, its integration, expression and 

translation, and resistance assay against the target glyphosate herbicide in transgenic 

tobacco lines. 
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4 Characterization of Synthetic CP4-EPSPS 

Gene in Sugarcane Genotypes 

4.1 Introduction 

A chloroplast-bound and nuclear-encoded enzyme, EPSPS, has central role in the 

shikimate pathway for the biosynthesis of aromatic amino acids and secondary 

metabolites like phytoalexins, lignin, auxins etc.  [127]. Glyphosate, a broad-spectrum, 

systemic and potent herbicide, is a functional analogue of PEP and binds in ternary 

complex of glyphosate, S3P and EPSPS, and blocks the shikimate pathway by 

inhibiting the enzyme EPSPS through interference with the conversion of S3P and PEP 

to 5-enolpyruvylshikimate-3-phosphate (EPSP) and subsequently leads to plant death 

[128]. EPSP synthases have been classified into two types; type I EPSP synthases 

mainly isolated and identified in bacteria and plants are completely sensitive to 

glyphosate, while type II EPSP synthases identified and isolated from bacteria usually 

are completely glyphosate tolerant and have high affinity for PEP [54]. Consideration 

of EPSPS for the generation of GR crops was made after the identification of 

recognition site for glyphosate action in 1980. Earlier attempts to produce GR plants 

through over expression of their indigenous EPSPS failed to yield any successful 

transgenic event [20]. And later on it was reported that mutation in EPSPS may lead to 

its enhanced expression which might be sufficient enough for conferring resistance in 

plants against glyphosate. After research comprising of three decades, only a few 

transgenic herbicide traits encoded by such as EPSPS type II genes from Agrobacterium 

sp. CP4 and mutants of type I EPSPS from maize or E. coli transformed into 

commercial crops are available to the farmers. 

Sugarcane species belong to perennial grasses of the genus Sacharrum and 

modern cultivars are hybrids of S. officinarum and S. spontaneum with high level of 

polyploidy (2n = 100–130 chromosomes). Sugarcane is main economic crop fulfilling 

the most of the global sugar demands and is also renowned as an important crop for the 

biofuel generation. Weeds are important factor responsible for reduction in crop 

productivity and can reduce sugarcane yield by 20–90% [129]. Physical and cultural 



Chapter 4: Characterization of Synthetic cp4- epsps Gene in Sugarcane Genotypes 

52 

 

measures for weed control are taken to avoid the heavy losses imposed by the weeds, 

but these practices are not completely efficient as many weed species escape the control 

easily. This issue was resolved by the advent of glyphosate herbicide followed by the 

development of HR   (HR) crops [130]. The EPSPS gene has been transformed in many 

plant species to confer herbicide resistance. There is big interest in engineering 

sugarcane varieties through molecular and biotechnological approaches, because 

conventional breeding is extremely difficult to employ in genetic improvement of 

sugarcane clones due to their poor fertility and complex polyploid–aneuploid nature, 

and thus retrieval of elite sugarcane cultivars with required traits through conventional 

breeding is an extremely time consuming process [131]. But tendency of suppressed 

transgene expression in sugarcane is a big hurdle in the exploitation of useful traits in 

sugarcane. Recently, various synthetic, codon optimized genes were shown to generate 

higher transgene expression in sugarcane [132]. Proportion of GC content and related 

codon bias make a vital impact on transgene expression, and this difference in transgene 

expression might be due to less availability of rare codons encoded specific tRNAs. 

These rare codons disturb the translation process by destabilizing mRNA transcripts by 

exposing them to RNA degrading machinery. Designing of synthetic genes with higher 

GC contents using redundancy of the genetic code can increase the translational 

efficiency and eliminate the  AT rich sequence which proves deleterious for mRNA 

stability [133]. Synthetic cp4-epsps gene designed according to plant preferred codon 

usage was used to transform sugarcane cultivars. 

4.2 Materials and Methods 

4.2.1 Preparation of Embryogenic Calli for Bombardment 

Two advanced lines (S-2003US114, S2003US778) and one commercial cultivar (HSF-

240) were obtained from Sugarcane Research Institute, Faisalabad, Pakistan for this 

study. Stock of these cultivars were grown in greenhouse. Apical parts of shoots from 

upper portion of aforementioned cultivars where lower internode begins to elongate, 

were cut and subjected to sterilization using 70% ethanol or 20 % CLOROX® bleach 

for period of 20 mins. Followed by 3 times rinsing with sterile tap water, leaf rolls were 

stripped to terminal buds peeled with scalpel in sterile environment to form cylinders 

of 5mm diameter in size. Apical meristematic part was taken by removing the serial 

slices, and 1-2mm transverse sections (8-10) were made from each cylinder. These 
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meristematic slices were cultured on callus induction medium (Table 4.1) at 28 °C in 

the dark for 4-6 weeks, for induction of embryogenic and non-embryogenic callus. 

Embryogenic calli were separated and cultured for further proliferation on callus 

induction medium. The proliferated, high quality embryogenic culture responses were 

separated and subcultured to fresh media as target material for transformation. 

Embryogenic calli selectively isolated from compact and yellow calli were positioned 

in the center of petri dishes three days before the biolistic bombardment.   

Table 4.1 Composition of tissue culture media used for generation of transgenic 

sugarcane plants 

Media Composition 

Callus induction medium MS with salts & vitamins 4.43 g/L, sucrose 30 g/L, 

casein hydrolysate 0.5 g/L, myo-inositol 1 g/L, 

thiamine HCl 4 mg/L and 2,4-D 4 mg/L 

Plant regeneration media MS with salts & vitamins 4.43 g/L, sucrose 30 g/L, 

myo-inositol 1 g/L, 2,4-D 0.5 mg/L, kinetin 0.5 mg/L, 

NAA 1 mg/L, BAP 2 mg/L and geneticin 60 mg/L 

Rooting medium MS with salts & vitamins 2.21 g/L, sucrose 40 g/L, 

myo-inositol 1 g/L, 2,4-D 0.5 mg/L, kinetin 0.5 mg/L, 

BAP 0.5 mg/L, IBA 3 mg/L and geneticin 60 mg/L 

4.2.2 Genetic Transformation Using Biolistic Approach 

The pG-EPC plasmid coated gold particles were bombarded on embryoenic calli of all 

three different cultivars following manufacturer’s instruction for the Biolistic (Chapter 

2, section 2.6.2). 

4.2.3 Generation of Putative Transgenic Sugarcane Plants 

The bombarded calli were widely spaced on callus induction media and incubated in 

dark at 26±2 °C for 3-4 days before transferring them to selection medium (Table 4.1) 

containing geneticin 60 mg/L. The callus tissues were subcultured routinely for 2-4 

weeks on the same selection medium in the dark at at 26±2 ᵒC. Based on plant 

regeneration potential, selection resistant events were isolated from these cultures on 

selection media and subsequently transferred to plant regeneration media (Table 4.1) 
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and incubated for 2-4 weeks in dark before shifting them to growth room with provision 

to 16/8 light-dark period at 28 °C. Putative transgenic sugarcane plantlets were 

regenerated from these transformed stable callus events after 2-4 weeks. Regenerated 

plantlets were shifted to rooting medium (Table 4.1) in the jars. Glyphosate spray 

named as Roundup Ready™ (Monsanto, USA) was applied to in vitro grown plants in 

concentration of 1% (v/v). Plants were continuously observed for phenotypic variations 

and photographs were taken after two weeks. Plants with necrotic/chlorotic and/or 

wilted phenotype were considered sensitive, whereas plants with normal green leaves 

were considered resistant to herbicides. Plants with well-developed roots were shifted 

to pots containing peat moss and placed in growth room for acclimatizing purposes. 

Plants which successfully acclimatized were transferred to large pots containing soil 

and placed in glasshouse till maturity.  

4.2.4  Molecular Verification of Putative Transgenic Plants 

Genomic DNA was extracted from meristematic leaves of young sugarcane plants using 

DNAeasy kit according to manufacturer’s instructions. Verification of putative 

transgenic plants was carried out using PCR analysis with gene specific EPSPS primers 

PF5-5’CCTCACCTCCTGCGAGACG GA 3’, and PR55’CGCCGCTACCGGATGC 

AGATT 3’ (Chapter 2, Section 2.9). Transgene integration into the genome of 

randomly selected lines was carried out through Southern hybridization analysis 

following instructions of the company (GE Healthcare, USA) using EPSPS specific 

primers amplified DNA as a probe (Chapeter 2, Section 2.10). 

4.2.5 Gene Expression Analyses Using qRT-PCR 

Total RNA was extracted from newly emerged leaves of putative transgenic sugarcane 

plants from all three cultivars using trizol method (section 2.11), followed by treatment 

with DNase1 (section 2.13). First strand cDNA synthesis was performed using 

commercial cDNA synthesis kit (Applied Biosystems, USA) (section 2.14). Real time 

quantitative PCR was performed using cDNA as template by employing gene specific 

primer EPSPS1 (F-TGGGTTTGGTTGGTGT TT; R-AAGTTATGGGAGTGGGAG) 

and housekeeping gene primers GAPDH F-CACGGCCA CTGGAAGCA, and R-

TCCTCAGGGTTCCTGATGCC). The qRT-PCR analyses were performed as 

described previously (section 2.15). 
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4.2.6 Immuno-blot Analysis of CP4-EPSPS Protein 

Expression of CP4-EPSPS protein was assessed in the transgenic and non-transgenic 

control lines of sugarcane using Immuno strip test (QuickStix Envirologix, Portland, 

USA). The crude protein was extracted from the young sugarcane leaves using 

extraction buffer according to the manufacturer’s instructions. Immuno strips were 

immersed in the extracted samples for 10 min and samples were scored as negative or 

positive for transgenic plants depending upon the absence or presence of colored test 

lines. 

4.2.7 Statistical Analysis 

Statistical analyses were performed using the software PASW Statistics 18 (formerly 

SPSS Statistics; SPSS Inc., Chicago, USA [http://www.spss.com.hk/statistics/}). 

4.3 Results 

4.3.1  Regeneration of Putative Transgenic Plants 

Putative transgenic plants were regenerated with variable regeneration efficiencies in 

all three cultivars. Higher transformation was achieved in US2003S-778, followed by 

HSF-240. Least plant regeneration was observed in US2003S-114. In order to check 

the tolerance in transgenic lines against the glyphosate application, in vitro grown 

transformed lines and non-transformed plants of same stage from all the cultivars were 

treated with the herbicide in a concentration of 1% (v/v). Phenotypic patterns of all the 

in vitro growing plants were observed for four weeks after herbicide application and 

there were clear differences between treated non-transformed and transformed plants. 

Treated non-transformed plants permanently wilted after one week of herbicide 

treatment, while tolerant transformed lines continued growing in normal fashion 

Different tissue culture stages in the generation of putative transgenic sugarcane lines 

are shown below in Figure 4-1.  
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Figure 4-1 Steges in the generation of transgenic sugarcane lines.  

(A) Embryogenic sugarcane callus 72 h after microprojectile bombardment. (B) Death 

of non transformed control callus on medium containing 40 mgL-1 ' geneticin. (C) 

Growth of transformed callus, (D) Plantlets regenerating from transformed callus on 

medium containing 40 mg L-1 geneticin. (E) shoots developing on shooting medium, 

(F) shoots wilted on the mediuam containing 1% (v/v) glyphosate, (G) roots developing 

on rooting medium, (H) Transgenic plants of sugarcane cultivar after  7 months. 

4.3.2  Molecular Verification of Putative Transgenic Plants 

All the geneticin resistant putative sugarcane transgenic plants were analyzed by PCR 

to confirm the integration of cp4-epsps transgene. Majority of geneticin resistant 

transgenic plants showed amplified product of 565 bp with gene specific primers, 

suggesting that the cp4-epsps gene carried by expression vector was integrated in to the 

genome of transformed plants successfully (Figure 4-2 A). Moreover the integration of 

transgene carried out through Southern hybridization showed the presence of multiple 

inserts in majority of the tested lines of all the cultivars (Figure 4-2 B). 
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Figure 4-2 Confirmation of sugarcane lines through molecular analyses. 

[A] Agarose gel electrophoresis of PCR product for verification of the integration of 

cp4-epsps gene in genomic DNA of sugarcane. PCR fragments of a 565 bp  amplified 

using gene specific EPSPS primers; Lane M, 1 kbp DNA marker; lane 1, negative 

(water ) control; lane 2, negative (non-transformed sugarcane DNA) control; lane 3, 

empty well; lane 4, positive control (pG-EPC plasmid); lanes 5–12, PCR amplified 

products from genomic DNA of representative  putative transgenic plants. [B] Southern 

hybridization analysis of representative sugarcane plants transformed with cp4-epsps 

gene. Genomic DNA (20 µg) from wild type and transgenic plants, and pG-EPC 

plasmid was digested with EcoRI and resolved on 0.8 % agarose gel electrophoresis for 

14 hours. The resolved gel was shifted on to the nylon membrane.  CaMV-EPSPS 569 

bp labelled fragment was probed with the blot. Lane 1 shows the linearized plasmid 

used as positive control and lane 2 shows the untransformed wild type plant while 6 

independent transgenic plants are shown in lanes 3-8 respectively. 

4.3.3 Gene Expression Analyses Using qRT-PCR 

Quantitative real-time PCR (qRT-PCR) was used to analyze expression levels of cp4-

epsps gene in the five transgenic lines of each cultivar and to evaluate any possible 

relationship of gene expression and cultivar genotype. Meristematic parts of plant 

leaves grown in the green house were used for analyses. Relative gene expression levels 

were found to differ many fold within the lines of one cultivar and also in the lines from 

one cultivar to another. The highest relative expression levels of cp4-epsps gene were 

found in the lines GTT-3, GTT-92, GTT-6 of HSF-240 cultivar, while lowest 

expression was detected in the line GTT- 66, and GTT- 54 of US2003S-114 cultivar. 

Gene expression levels were moderate in US2003S-778, although there was significant 

difference among the tested lines. 
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Figure 4-3 Gene expression analysis using qRT-PCR. 

Accumulation of cp4-epsps gene transcripts in representative transgenic and wild type 

sugarcane plants. Total RNA was extracted from leaves of transgenic and wild type 

sugarcane plants, reverse-transcribed to cDNA and subjected to qRT-PCR analyses. 

Relative mRNA transcript levels of cp4-epsps gene were calculated with respect to the 

transcripts level of GAPDH gene. Bars are the mean standard deviation calculated from 

three biological replicates and three technical replicates. X axis shows different 

transgenic lines, and Y axis shows normalized expression of transgene.  

 

Figure 4-4 cp4-epsps Gene expression profile in different sugarcane genotypes. 
Average relative mRNA transcript levels of cp4-epsps gene in three different sugarcane cultivars. 

Significant differences (P = 0.05) are indicated by different letters. X axis shows different transgenic 

lines, and Y axis shows normalized expression of transgene. 
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4.3.4 Immuno-blot Analysis of CP4-EPSPS Protein 

The transgenic plants containing the cp4-epsps genes produce CP4-EPSPS protein that 

confers resistance to glyphosate. The Immuno strip test was carried out to analyze the 

cp4-epsps gene expression in transgenic plants. Transgenic lines were assayed at the 

development stage of ~20 internode. The tested plants showed bands, suggesting that 

mRNA synthesized by plants was being translated into protein, while there was no 

protein detected in the wild type control plant samples. 

 
 

 Figure 4-5 CP4-EPSPS protein detection. 

CP4-EPSPS protein analysis of representative transgenic sugarcane lines by 

immunoblot analysis. Lane 1, negative control (crushed leaf samples from non-

transformed sugarcane); lanes 2–11, protein bands from crushed leaf samples of 

representative transgenic tobacco line. 

4.4 Discussion 

Codon optimization of foreign gene sequences has been a remarkable way to enhance 

transgene expression in many plant species. Modification in sequences of foreign 

transgene in a way to mimic to indigenous coding sequences of host plant can be 

maneuvered to avoid triggering of host plant’s interactions against foreign gene 

sequences. Codon usage modification increases translational efficiency if stalling of 

rare codons directed at the ribosome is prevented. Modern design rules followed during 

the course of this study, also considered avoiding known RNA destabilizing motifs and 

polyadenylation signals. Increasing GC contents may also eliminate unknown AT rich 

RNA destabilizing sequences by chance, which suggest that increase in gene expression 

might be due to increased transcript stability through sequence modifications other than 

translational efficiency only [134]. An efficient biolistic mediated transformation 

procedure with some variations was followed to transform all three different cultivars 

with good callus transformation efficiency in all three US2003S-114, HSF-240, and 

US2003S-778, which is in accordance with previous reports by Vickers et al.  [135] and 
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Noguera et al. [17]. After 7-12 days, leaves of control plants exposed to glyphosate 1% 

(v/v) turned chlorotic and died promptly, whereas majority of GR plants remained green 

and rooted, and continued to grow in vigor with varying degree. 

The qRT-PCR analyses were carried out to examine transgene expression 

patterns in meristematic tissues in sugarcane genotypes HSF-240, S2003US-778, and 

S2003US-114 using qRT-PCR. These polyploid cultivars are widely planted all over 

the world. The expression levels of transgene varied among three genotypes. Genotypes 

S2003US-778 and S2003US-114 were found to be relatively transcription recalcitrant 

in comparison to HSF-240 genotype, which generally offered appreciable transgene 

expression levels in all the tested lines.  

There was more variability in transgene expression among plants from different 

cultivars, although plant-to-plant expression differences appeared to be relatively 

smaller. These results are in accordance with the findings of Adamczyk and Meredith 

[80] who reported higher variability in Cry1Ac expression among various cotton 

cultivars and relatively lower differences among lines of same cultivar. These 

comparative transcriptomics results are very interesting and being reported for the first 

time in sugarcane genotypes. There can be various citable reasons behind variable gene 

expression, for example, interaction of host gene and transgene may facilitate aberrant 

RNAs and/or cRNA to confer posttranscriptional gene silencing. Gene silencing varies 

with the ploidy level, higher the ploidy level higher is the gene silencing. Finn et al. 

[136] reported higher transgene methylation, transcription repression rates, and lower 

transgene expression in 4n plants in comparison to 2n Arabidopsis plant. Initially higher 

transcript abundance was thought to be associated with transgene mRNA degradation, 

and later, it was found that increased transcription was not always the case in silenced 

plants. The presence of inverted repeats (IR) at transgene locus in silenced plants was 

suggested to play a crucial role by English et al. [137]. 

All of the transgenic lines examined contained multiple copies of transgene 

inserts as reported previously by Noguera et al. [17]. Multiple transgene inserts could 

be attributed with higher translation rates as reported by Altpeter et al. [138]. However, 

the correlation between multiple transgene copy number and gene expression may not 

be straightforward to explain as a number of previous studies declined the correlation 

between higher gene expression and multiple transgene insertions in sugarcane [139].  
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The variable mean expression results of epsps gene among transgenic lines of 

all of the three cultivars are aslo consistent with the finding of Adamczyk and 

Sumerford [140] who reported variable Cry1Ac δ-endotoxin expression among 

different transgenic cotton cultivars. They found that Bt toxin level reduction in cotton 

cultivars was associated with reduction in Cry1Ac transcript levels. Finnegan et al. 

[141] also found that decline in Cry1Ac expression in cotton cultivars was associated 

with reduction in the levels of mRNA production. Continuous presence of 

retrotransposons in between the genes, and copy number changes associated with 

microsatellites have their profound impact on alteration of DNA contents in crop plants. 

Thus, different varieties of same crop vary in genome sizes for example, various maize 

varieties differ by 42% and chili varieties differ by 25% of their DNA contents. Inward 

and outward jumping of transposable elements can alter the gene expression or serve 

as sites of chromosomal arrangements or breakage, and such changes have the potential 

to alter the DNA and protein profiles of the plants [79]. Genes change their location in 

the genome as shown by the comparison of closely related grass species [142]. Different 

varieties of the same species do not necessarily comprise of same number of genes due 

to variation in number of transposon and retrotransposons [81], and thus plants can form 

completely new genes with novel functions by incorporating sequences from other 

genes [82]. Factors influencing level of transgene expression among various cultivars 

are yet to be fully known, but gene insertion site and genetic background have been 

found to be associated [143]. The transgene expression in genetically modified crops is 

significantly affected by environmental factors such as water stress, nitrogen 

deficiency, light and temperature as reported by Dong and Li [144]. Similarly factors 

such as rainfall, soil characteristics, biotic stresses, and appropriate farming 

management have direct or indirect impact on crop performance and may affect the 

expression of transgenes. These factors, inherent in environment and varieties, make 

the difference between optimal or suboptimal performance of crop cultivars. Leaf tissue 

with low chlorophyll content does not express transgene fully which suggests that 

mRNA transcription and translation is influenced by photosynthesis regulating factors. 

Pettigrew and Adamczyk [145] reported that increased rates of nitrogen fertilizers in 

various cotton cultivars had enhanced the expression of Bt genes due to production of 

leaves with higher chlorophyll concentration. Therefore managing transgenic cultivars 

properly to maintain their overall vigor may be mandatory for benefiting the full 

transgenic genetic potential. Variable transgene expression among various cultivars 
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may make development of synthetic genes more challenging and evaluation of 

transgenic varieties would require advanced resistance monitoring strategies at larger 

scale. Investigation at genetic, molecular, and physiological levels can further help 

explore the reasons behind differential expression of transgenes.   
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5 Characterization of CP4-EPSPS, Cry1Ac and 

Cry2Ab Genes in Pyramided Form  

5.1 Introduction 

Productivity of crops suffers heavily from high level risks due to incidence of insect 

pests and weeds. If crop protection measures are not taken, then crop losses due to these 

factors can be substantial. Genetic engineering can be manipulated to incorporate 

various multiple traits both qualitative and quantitative including biotic and abiotic 

stress resistance into commercial crops which shows the potential of biotechnology to 

promote the evolution of agriculture and industry.  

 Bt and roundup ready transgenic crops have been used for last two decades to 

provide resistance against number of insect pests and weeds. The year 1996 marked 

revolutionary breakthrough in agricultural biotechnology when roundup ready and Bt 

transgenic varieties of various crops were released for commercial cultivation. Since 

then, global area under biotech crops has increased rapidly. After herbicide tolerance, 

insect resistance is the second most widely used transgenic trait in global agriculture. 

Expression of multiple traits for improved and sustainable performance of transgenic 

crops is the need of hour in modern agriculture. Various approaches have been used for 

transgene stacking including crossing of transgenic plants generated independently 

[146] and serial transformation of previously transformed material [147]. The main 

concerns associated with these pyramiding approaches include the independent 

segregation of randomly integrated transgenes, which complicates the subsequent crop 

breeding program [148]. Genetic transformation with pyramided constructs results in 

the integration of transgene at a single locus [149], which is desirable in terms of 

expression efficiency of transgenes. When challenges related with vector construction 

and delivering such long DNA sequences are overcome, this approach can be highly 

advantageous.  

Transgenic plants were legally commercialized for cultivation on 181.5 million 

hectares (mha) in 27 countries in 2016 [27]. That year 18 million farmers grew 24 mha 

of cotton, 8 mha of canola, 57 mha of corn and 84 mha of soybean. Developing a new 
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transgenic crop is knowledge-intensive, long and costly process. About $136 million of 

investment and 13 years on average are required from the initial discovery of a 

transgene to the regulation and validation of a transgenic cultivar [83]. So keeping all 

these factors in mind, this seems more rational and economically feasible to incorporate 

multiple important traits at a time in any selected commercial crop cultivar [150] . 

Transgenesis was initially used to transfer individual genes into crop cultivars, but new 

transgenic crops being raised consists of traits that confer combined resistance against 

several insect pests and weeds, for example, Bollgard® 3 cotton. 

The crises imposed by weeds and pests are important factors behind reduction 

in crop productivity. Pre-harvest losses of crop productivity worldwide has been 

estimated to be 5-16 % by diseases, 30 % by insects and 34-45 % by weeds [151, 152]. 

Controlling the pests and weeds is mandatory for improving the crop production. 

Conventional approaches for crop protection are based on using synthetic 

agrochemicals. These chemicals impose severe environmental hazards and cause 

toxicity to non-target insects and organisms including human themselves. Molecular 

biologists provided a safe alternate approach for sustainable management of insect pests 

and weeds by manipulating insecticidal crystal (cry) proteins and glyphosate insensitive 

EPSPS enzyme [153]. The epsps gene and the cry genes are important for developing 

glyphosate tolerant and insect resistant crops respectively. The epsps gene isolated from 

A. tumefaciens cp4 strain, called as cp4-epsps, is an isoenzyme of plants indigenous 

EPSPS enzyme with reduced binding affinity for glyphosate due to inbuilt 

conformational changes. Therefore if plant’s native EPSPS is inhibited, the expression 

of synthetic cp4-epsps in transgenic plants can be maintained at levels sufficient enough 

to meet plants metabolic requirements. Bt toxin are very important insecticidal proteins 

to confer resistance against lepidopteran insects, and has demonstrated significant 

advantage over chemical pesticides for controlling the insect pests in various transgenic 

crops [154]. 

5.1.1 Bacillus thuringiensis 

Bacillus thuringiensis (Bt) is a gram-positive, facultative anaerobic bacterium [155] 

that forms crystalline (Cry) proteins which are toxic for some insect species including 

beetles (coleoptera), butterflies and moths (Lepidoptera) and flies (Diptera) [156]. 

There are 67 reported subspecies of naturally found Bt, which form large number of 
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crystalline proteins (More than 70 classes of Cry genes have already been described 

e.g. see Schunemann et al. 2014). The cry genes encoding insecticidal crystal proteins 

(ICPs) possess targeted toxicity against Lepidoptera (Cry1), Diptera and Lepidoptera 

(Cry2), Coleoptera (Cry3), Diptera (Cry4), or Coleoptera and Lepidoptera (Cry5). Each 

ICP possesses a unique attachment domain and physical structure which is responsible 

for host susceptibility and toxicity [157]. 

5.1.2 History of Bt Development 

Bt has been utilized in agriculture for more than a hundred years. Ishiwata Shigentane, 

a Japanese bacteriologist, isolated Bt from infected silk worms for first time in 1901. 

Then Ernst Berliner, a German scientist, isolated Bt from dead Mediterranean flour 

moths in 1915, and named it Bacillus thuringiensis [158]. In 1927, Bt formulation was 

used for the first time to control Lepidopteran insects in Germany. In 1938, first 

commercial Bt formulation was introduced with the trade name Sporeine in France 

[159]. Sandoz Corporation marketed the Bt based product “Thuricide” in 1957 and 

since then Bt has been used with numerous preparations for commercial crop 

production [160]. 

5.1.3 The Cry Proteins 

Cry1Ac protein encoded by cry1Ac gene possesses specific toxicity to certain 

lepidopteran insect species belonging to H. armigera and H. punctigera mainly and to 

some extent against rough bollworm (Pectinophora gossypii) and some other 

lepidopteran spp. Cry2Ab differs from Cry1Ac with respect to specific structural 

domains present on Cry protein. Presence of various receptor sites on the insect midgut 

is critical for Cry proteins to confer insecticidal activity [161]. 

5.1.4 Mode of Action on Target Insects 

The ICPs differ from each other with respect to their physical structures and attachment 

domains, and differences in domains mainly determines the toxicity and host 

susceptibility [162]. The action of toxins occurs after assimilation of the ICP by an 

insect larva. Ingested ICP gets solubilized and activated in the alkaline midgut of insect 

by action of protease enzymes. Toxin integrates into the cell membrane after attachment 

of the activated protein to precise receptors on the cell membrane positioned in the 

insect midgut. Integration of the toxin into the cell membrane leads to oligomerization 
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of cry proteins, which form pores in the gut lining, resulting in starvation and demolition 

of insect tissues. Subsequently insect larvae dies due to osmotic shock and septicaemia 

[163]. Cry1Ac and Cry2Ab are very potent cry proteins for target pests due to their 

receptor sites, enzymes and pH required [164]. 

5.1.5 Bt Transgenic Crops 

The Bt gene expression for insect resistance in tobacco and tomato were the first 

examples of genetically engineered plants. Afterwards many Bt genes have been 

transformed in several transgenic crop plants including tobacco, tomato, cotton, corn, 

rice, brinjal, etc. [165]. First field performance of Bt was evaluated in transgenic tomato 

plants by Delannay et al.  [166] who found that cry1Ab was effective against tobacco 

hornworm, and concluded that higher gene expression levels might be required for 

controlling Helicoverpa sp. Filed trials conducted to assess the performance of 

truncated δ-endotoxin genes in Bt transformed tobacco showed promising results [166], 

and since then several transgenic crops expressing δ-endotoxin have been field tested 

[167]. Potential benefits of transgenic Bt crops include reduction in applications of 

broad-spectrum chemical insecticides and increased crop productivity due to season 

long combat of target insect pests [168]. Bt toxins are highly specific for insect control 

without any harmful effects on predators and non-target pests [169]. Efficacy of Bt 

crops is comparable to or even better than any modern method of insect control being 

employed at present. Moreover, Bt technology is not only cost effective and time saving 

but also the health risks associated with farmers and consumers are far less as fewer 

insecticidal sprays are required on transgenic Bt crops [170]. Use of Bt crops have 

indirect impact on population of beneficial insects through reduction in use of harmful 

chemical pesticides. Bollgard I and II transgenic cotton expressing cry1Ac and cry1Ac 

plus cry2Ab genes, respectively is one the greatest success stories of biotechnology and 

genetic engineering. Major limitations behind the development of transgenic crops have 

been attributed to low expression of transgene in plants caused by transcript instability, 

stability issues of Cry proteins in plant environment and usage of plant preferred codons 

in the gene sequence. However complete genes encoding the toxin proteins cannot be 

used as such because protoxins, which require pH of 9.5 for their stability, remains 

partly insoluble in plant cells due to low pH of 7.6. Truncated cry genes translate into 

toxin proteins that can get fully activated and solubilized in plant cell environment. Cry 

protein expression in transgenic plants have been enhanced using two approaches, (1) 
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partial elimination of deleterious DNA sequences using site directed mutagenesis and 

(2) fully modified cry gene sequences for higher transgene expression in plants. Usage 

of later approach increased the expression of Bt genes up to 100 times in transgenic 

tobacco, tomato and other plants when GC contents were increased from 38% to 65% 

with nucleotide homology of 65% with the native gene [171]. 

5.1.6 Advances in Genetic Engineering for Development of Multiple 

Traits Expressing Crops 

Generation of herbicide tolerant (HT) and insect resistant (IR) varieties was inevitable 

in modern day agriculture in order to decrease the crop productivity losses caused by 

insect pests and weeds [172]. Farmers had been selecting HT plant varieties for 

centuries. A triazine-resistant oilseed rape named OAC Triton marketed in Canada 

dates back to 1984 [31]. There are few HT cultivars and about 30 patented IR plant 

varieties which have been generated through mutagenesis. Advancements in 

recombinant DNA technology and modern molecular biology has significantly boosted 

the development HT and IR plants through mutagenesis and genetic engineering [173]. 

The leading approaches to generate HT crops through genetic engineering owes to the 

incorporation of genes [e.g., glyphosate oxidase (gox) and glyphosate N-

acetyltransferase (gat)] responsible for degradation of herbicide into non-hazardous 

compounds, or prompting the hyper-production of the unmodified target protein 

without any change in plant metabolism, or by modifying the genes of plant encoding 

herbicide biochemical targets [e.g., aromatic amino acid (aroA) and EPSPS] [174]. 

Gene Pyramiding 

Transformation of multiple genes into any particular genetic background in order to 

pool the required traits using conventional breeding or recombinant DNA technology 

is referred to as gene pyramiding. Gene pyramiding basically involves crosses between 

genetically engineered plants containing various traits called as hybrid stacking, for 

example VipteraTM and AgrisureTM maize. Other gene stacking approaches include 

transformation of plant with multiple genes cloned in single gene construct (multigene 

or linked genes cassette transformation; e.g., HerculexTM maize) or in separate gene 

constructs (co-transformation; e.g., KnockoutTM maize), or the transformation of gene/s 

into an already developed transgenic plant (retransformation; e.g., Bollgard II® cotton). 

Monsanto released the first insect and herbicide (glyphosate) resistant cotton in 1997, 
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which was developed through crosses between Roundup Ready® Flex and Bollgard II® 

cotton. Monsanto and DOW AgroSciences released SmartStaxTM maize containing two 

HT genes with six Bt genes by crossing four transgenic maize lines. Marker-assisted 

Breeding (MAB) was utilized for selection of plants containing stacked genes [31]. 

5.1.7 Advantages of Expressing Stacked Genes in Transgenic Crops 

Incorporation of multiple genes generates transgenic plants with multiple functions and 

also aid in regulation of many metabolic pathways. Each Bt toxin in insect resistant 

transgenic crop shows effectiveness against a narrow range of pests [175, 176]. This 

narrow set of target organisms and evolution of resistance among insect populations 

prompted the development of Bt transgenic crops expressing more than one Cry 

proteins. Transgenic crops expressing multiple toxins can control a wider range of 

insect pests in an improved way [177-179]. Pyramided Bt crops are destined to give 

broad-spectrum pest control and delay evolution of resistance among insect population 

as pyramids produce diverse type of toxin/s which eliminate the chances of cross 

resistance [150].  

Expression of both single and multiple Bt genes in stacked form with cp4-epsps 

gene in transgenic crops have delivered considerable economic and environmental 

benefits [180]. These benefits include reduction in the use of insecticides and herbicides 

due to requirement of fewer chemical applications [181, 182], regional pest and weed 

suppression[183, 184], increased yields [181], and improved economic performance 

[180-182]. Bt crops are relatively less toxic to arthropods not closely related to target 

pests [185] and thus have positive impact on beneficial arthropods [186]. Stacked crops 

can reduce crop damage effectively by controlling the insect pests more efficiently in 

comparison to single trait expressing crops [150].  

First crop containing stacked herbicide and insect resistance traits which gained 

regulatory approval was cotton. This cotton was developed by crossing Roundup 

Ready™ cotton (expressing EPSPS enzyme which confers resistance against 

glyphosate) with Bollgard™ cotton (expressing Cry1Ac Bt toxin). After this initial 

success of pyramided traits in cotton, efforts were made to develop a portfolio of crops 

containing stacked genes. Triple gene cotton containing glyphosate resistance gene 

(cp4-epsps) and two Bt genes cry2Ab and vip3A(a) comprised of 54% of total cotton 

planted area in US during the first year of its release. Majority of GM crops planted in 
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2016 were biotech stack which clearly indicate that farmers prefer crops offering 

multiple traits for cost reduction and higher profit. According to UDSA estimates, 

transgenic cotton and corn containing the stacked traits consisted of 80% and 77% of 

total cultivated areas of US in 2017, respectively (USDA, 2017). 

Evolution of Bt resistant target insects are the real concern to the sustainable 

efficacy of Bt crops and single toxin crops may result in the evolution of insect 

resistance in majority of cases[187, 188]. Field evolved resistance is defined as the 

reduction in susceptibility of an insect population due to genetic mutation triggered by 

pesticide exposure. It can vary in severity depending upon the frequency, spatial 

distribution and magnitude of resistance. The refuge strategy, which aims at producing 

susceptible pests capable of mating with the rare resistant insects persisting on Bt crop 

by planting non-Bt host plants in or near Bt crop fields, is used to delay the development 

of pest resistance to Bt crops as the primary approach [187, 188]. Contrary to single-

toxin Bt crops, pyramids can delay insect resistance longer if fields provided with 

abundance of refuges [189, 190]. Multi-toxin Bt cotton has swapped single-toxin Bt 

cotton completely in the United States and Australia as pyramided Bt crops increase 

pest control and resistance management in sustainable manner. Redundant killing is 

necessary for the efficiency of the pyramid strategy, which suggests that one toxin may 

independently eliminate the susceptible insect population, so that insects resistant 

against one toxin protein will be controlled by alternative toxin protein in the pyramid. 

Next generation crops comprise of stacked traits including multiple Bt genes and one 

or more HR   genes to get maximum possible yields in order to make the farming more 

lucrative and sustainable. 

5.1.8 Why Development of Local Transgene Technology is Inevitable? 

Evaluation of transgene expression in the imported samples of 52 Bt cotton genotypes, 

collected from seed dealer and farmers in the country using multiplexed PCR, qRT-

PCR and immunoblot strip test showed ambiguous results. Immunoblot strip test 

showed that 86% of the tested samples were expressing Cry1Ac toxin, and 14% were 

PCR negative for any transgene. The qRT-PCR analysis showed the significantly 

variable mRNA transcription in all genotypes while ELISA results showed low levels 

of transgene expression [191].  By keeping these issues in mind, we decided to develop 

the Bt and HR   cotton locally in the country, which would not only help prevent the 
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said issues, but also result in an increased crop yield due to less seed costs  courtesy of 

local promising cotton cultivars for transformation. Moreover, the germplasm having 

stacked genes construct offers significant reduction in breeder’s efforts to keep these 

together in the plant progenies.   

These three genes if stacked in single expression cassette can have a substantial 

impact in genetic engineering of plants. Thus the main objective of this study was to 

develop transgenic lines that are not only tolerant to glyphosate but also resistant to 

pests and to lay a foundation for future production of commercial crops with these traits. 

5.2 Materials and Methods 

5.2.1 Pyramided cry1Ac+cry2Ab and cp4-epsps Construct 

Codon optimized synthetic cry1Ac, cry2Ab, and cp4-epsps gene cassettes cloned in 

pBluescript SK (+) were proceeded to assemble together in pSB187 binary vector using 

the following strategy. The cry2Ab expression cassette (FMV- chloroplast signal 

peptide-cry2Ab-G7) was restricted from pBluescript SK (+) using SgrDI enzyme and 

cloned at the same site in pSB187. Thereafter cry1Ac cassette (2X35S-cry1Ac- 35S) 

was cut from pBluescript SK (+) from Eco811 and Pac1 sites and cloned at the same 

site in pSB187 vector containing the cry2Ab cassette. Finally cp4-epsps cassette (CVM-

EPSPS-E9) was restricted from pBluescript SK (+) plasmid using Swa1 and Asc1 

enzymes, and cloned at same sites in pSB187 vector containing the cry2Ab and cry1Ac 

gene cassettes. The recombinant plasmid having three genes (cry1Ac-cry2Ab-EPSPS) 

assembled together in pSB187 vector and named as pBTHT. All the vectors involved 

in triple gene construct were taken from the PGMB Laboratory. The construct map is 

shown in Figure 1. 



Chapter 5: Characterization of CP4- EPSPS, Cry1Ac and Cry2Ab Genes in Pyramided Form 

71 

  

 

Figure 5-1 pBTHT construct map. 

Plasmid pBTHT (18.419 kbp) showing the arrangement of cry1Ac, cry2Ab and cp4-

epsps genes in plant binary vector pSB187. 

5.2.2 Primer Designing 

Forward and reverse primers for cry1Ac, cry2Ab and cp4-epsps genes were designed 

using Beacon Designer and Primer3 software (Table 5.1). 

5.2.3 Electroporation of pBTHT Plasmid into A. tumefaciens 

The plasmid pBTHT was transformed into A. tumefaciens strain AGL1 competent cells 

using electroporator (ECM 600, BTX, U.S.A) set at 1.44 kV following the standard 

protocol [116] (section 2.2.2). After 48 hours of culture of Agrobacterium transformed 

cells on LB agar medium containing rifampicin 25 mg/mL, hygromycin 50 mg/L and 

12.5 mg/L tetracycline antibiotic selection, 10 resistant colonies were picked randomly 

and suspended in 1.5 mL Eppendorf tubes containing 50 µl of lysis buffer. The solution 

was subjected to heating at 95 °C for 10 min followed by centrifugation for 10 min at 

13,000 rpm. Colony PCR was performed using cry1Ac, cry2Ab and cp4-epsps gene 

specific primers to confirm the transformation. 

5.2.4 Transformation of Tobacco 

Exized leaf discs infected with A. tumefaciens, shifted to co-cultivation medium and 

incubated for 2-3 days at 28 ºC in dark. Infected leaf discs were subjected to washing 

using cefotaxime 250 mg/L and incubated for differentiation on medium having 

hygromycin 50 mg/L, cefotaxime 250 mg/L. When the shoots grew to 2-3 cm in height, 

they were shifted to jars for rooting. Regenerated plants were transferred to pots 

containing sterilized peat moss. After brief period of acclimatization, plants were 

shifted to containment and grown to maturity (see section 2.6.1). 
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5.2.5 Molecular Analysis of Putative Transgenic Tobacco 

Putative transgenic tobacco plants developed using pBTHT construct were analyzed by 

PCR. Genomic DNA was isolated from meristematic leaves of wild type tobacco and 

putative transgenic plants. Wild type tobacco DNA and pBTHT plasmid were used as 

negative and positive control respectively. PCR analyses were performed using gene 

specific cp4-epsps, Cry1Ac and Cry2Ab primers EPSF3 forward and reverse, CR1BD5 

forward and reverse, and CR2BD4 forward and reverse respectively in separate 

reactions using the following conditions: 94 ᵒC for 5min, 94 °C for 1 min, 55 °C for 1 

min 72 °C for 1 min with 40 cycles and final extension at 72 °C for 10 min. The primer 

sequences used are given in the following table:  

Table 5.1 Primer sequences used for analysis of transgenic plants 

Primer Gene  Sequence 

(5’ – 3’) 

CR1BDF5 cry2Ab TTGCGTGAAGAGATGAGG 

CR1BDR5  ATGTCCATAAGGTGAGGTG 

CR2BDF4 cry1Ac CGGTGCTAACTTGTATGC 

CR2BDR4  ACTTGAGTGGCGTGTATG 

EPSF3 cp4-epsps TGGGTTTGGTTGGTGTTT 

EPSR3  GC GAGACGGAGATTTATT 

5.2.6 Protein Analysis Using Immuno-blot Strips 

Leaf samples from PCR positive transgenic tobacco lines were ground in extraction 

buffer manually and tested using immuno-blot strips (Envirologix Inc., USA) according 

to manufacturer’s instructions. Specific Immuno-blot strips for CP4-EPSPS, Cry1Ac 

and Cry2Ab proteins (Catalog No. AS-046-LS) were used. Immuno-blot strips were 

immersed in the extracted samples for 10 min and samples were scored as negative or 

positive for transgenic plants depending upon the absence or presence of colored test 

lines. 

5.2.7 Insect Bioassays 

Detached leaf bioassays were conducted to evaluate the effectiveness of Bt genes in 

putative transgenic tobacco against two different types of insect larvae i.e. armyworm 

(Spodoptera littura) and cotton bollworm (Helicoverpa armigera). Five first instar 
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larvae were placed on each leaf from transgenic as well as non-transformed control 

plant and caged in a petri plate lined with moist filter paper. The experiments were 

performed in triplicate. The plates were placed at 25±1 °C in growth room having 50–

70% relative humidity. Plants were first subjected to bioassay with first instar larvae of 

S. littura and then their resistance potential was evaluated against H. armigera. 

Dissecting microscope (Olympus, Japan) was used to record mortality data after 24 h 

interval upto 120 h. Larvae observed immotile on a slight stabbing with camel hair 

brush were considered dead.  On the basis of insect mortality rates recoded in the tested 

plants, these lines were classified as highly resistant with insect mortality rates of 80% 

or more, moderately resistant with mortality rates of 50–80% and susceptible with 

mortality rates of less than 50%.  

5.2.8 Herbicide Assay 

For evaluation of herbicide resistance of transgenic tobacco plants, seeds of transgenic 

lines were grown in green house for about one month. From the transformants analyzed 

through PCR, 3 lines were selected for glyphosate testing on the basis of immuno-blot 

strip test results. Ten to twelve leaf stage wild-type control plants, and PCR positive 

transgenic tobacco and were sprayed with commercially available glyphosate 

(Galaxy®) at the recommended concentration (1900 mL/ acre). Sprayed plants were 

maintained under controlled conditions of light, temperature and humidity in the 

containment. Herbicide injury was observed on the basis of chlorotic symptoms. 

5.2.9 Statistical Analysis 

For calculation of difference in insect mortality between transgenic and wild plants, 

analysis of variance (ANOVA) and least significant difference (LSD) tests were 

performed. 

5.3 Results 

5.3.1 Vector Construction 

Plasmid pBTHT was verified through restriction analysis. Chloroplast transit peptide 

signal from epsps gene of Arabidopsis thaliana fused with cry2Ab gene sequence was 

used to transport the protein from cytosol to the chloroplast. The T-DNA region of 

pSB187 vector contained the hygromycin cassette (35S-hpt-t35S) as selection marker. 
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5.3.2 Molecular Analysis of Putative Transgenic Plants 

Putative transgenic plants obtained were subjected to molecular analysis using PCR. 

The molecular analysis data showed that 7 out 12 putative transgenic tobacco plants 

were PCR positive for herbicide resistance gene (cp4-epsps)  and two Bt genes (cry1Ac 

and cry2Ab). 

 

Figure 5-2 Molecular verification of putative transgenic tobacco. 

PCR analyses showing detection of cry2Ab, cry1Ac and cp4-epsps transgenes in 

representative tobacco lines transformed with pBTHT plasmid; (A) shows 

amplification of cry2Ab fragment [M= 100 bp ladder, L1= water control, L2= WT 

tobacco, L=3 PCR positive control and L4-L12= transgenic lines], (B) shows 

amplification of cry1Ac fragment [M= 100 bp ladder, L1= water control, L2= WT, L3= 

empty lane, L=4 PCR positive control and L5-L12= transgenic lines] and (C) shows 

amplification of cp4-epsps fragment [M= 100 bp ladder, L1= water control, L2= WT 

tobacco, L=3 PCR positive control and L4-L12= transgenic lines]. 

5.3.3 Expression Analysis of cp4-epsps Gene using qRT-PCR 

Expression of cp4-epsps in tobacco lines transformed with pBTHT plasmid was 

analyzed using qRT-PCR. First the cDNA isolated from transgenic plants was used as 

template for PCR based screening. Only transgenic plants showing the development of 

bands of all three transgenes, were carried forward for gene expression analysis.Tested 

transgenic lines showed the variable accumulation of mRNA transcript levels. The 

highest expression was recorded in line L10-12ER, followed by line L4-12ER, while 

the lowest expression was recorded in line L9-12ER as shown in Figure 5-3. 
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Figure 5-3 cp4-epsps gene expression analysis. 

 The cp4-epsps mRNA transcript accumulation in transgenic tobacco containing 

stacked cp4-epsps, cry1Ac and cry2Ab expression cassettes. The mRNA expression was 

calculated using ΔΔCt method. 

5.3.4 Protein Analysis Using Immuno-blot Strips 

The expression CP4-EPSPS, Cry1Ac and Cry2Ab proteins in PCR positive tested 

transgenic tobacco plants were checked using Immuno-blot strips. Immuno-blot strips 

showed positive results for CP4-EPSPS, Cry1Ac and Cry2Ab proteins in three out of 

12 tested lines. While 3 lines showed positive reaction for CP4-EPSPS protein and 

negative for both Cry1Ac and Cry2Ab proteins. One line showed positive results for 

Cry1Ac protein and negative for CP4-EPSPS and Cry2Ab proteins. While one line 

showed the presence of Cry2Ab and CP4-EPSPS protein and absence of Cry1Ac 

protein. Other four lines were found positive for CP4-EPSPS protein only.               
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Figure 5-4 Detection of transgenic proteins. 

Immunoblot strip assay conducted to detect the Cry1Ac, Cry2Ab and EPSPS proteins 

in representative tobacco lines (L2, L3 and L4) transformed with pBTHT plasmid, 

while L1 represents the wild-type tobacco sample. 

5.3.5 Detached Leaf Insect Bioassays 

Efficiency of Bt toxin in transgenic plants was assessed by performing detached leaf 

bioassays. All of the immunoblot strip positive transgenic plants were subjected to leaf 

bioassay analysis using S. littura larvae. Different plants exhibited different degree of 

toxicity to insects. Insect mortality rate increased with the time and majority of 

transgenic lines showed relatively higher insect mortality (40-100%) after 72 h of 

exposure in comparison to wild-type control plants. Transgenic lines which conferred 

insect resistance against S. littura larvae were also carried for further insect bioassay 

analysis with H. armigera. Detached leaf bioassay exhibited 90–100 % mortality of H. 

armigera in these selected transgenic lines. Transgenic line 4-12R exhibited 

significantly higher insect mortality in comparison to wild-type control plants with 

mortality reaching up to 100 % after 72 hours. After 72 hours of exposure, H. armigera 

larval mortality was significantly higher in all the tested transgenic lines in comparison 

to wild-type control plants. 

 Test control band

 Cry1Ac Protein

 Cry2Ab Protein

 EPSPS Protein

L1   L2   L3    L4 
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Figure 5-5 Detached leaf Insect bioassay. 

Leaves of untransformed control plant (A and B) and representative T0 tobacco lines 

(C and D) transformed  with pBTHT plasmid were exposed to first instar larvae of H. 

armigera [a] and  S. littura [b]. 

 

 

 

[a] [b]

[A]
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Figure 5-6  Insect mortality rates. 

H. armigera [a] and S. littura [b] first instar larvae were fed on leaves of T0 tobacco 

plants transformed with pBTHT construct for expression of cry1Ac and cry2Ab genes. 

Insect mortality data was recorded after an interval of 24 hours for 4-5 consecutive 

days. Insect mortality data were analyzed using analysis of variance (ANOVA) test. 

5.3.6 Herbicide Assay 

The herbicide resistance of transgenic lines expressing the cp4-epsps gene was 

evaluated in the T1 generation. About 30-day old tobacco plants, grown in the 

greenhouse, were sprayed with glyphosate (Galaxy®) at 19% (v/v) concentration until 

the herbicide run-off was noted on the leaf surface. All of the wild types plant were 

killed after 2 weeks of herbicide application. Transgenic plants suffered from 

glyphosate injury and developed chlorotic symptoms. Glyphosate conferred stress 

conditions in transgenic plants hinted the expression of only mild resistance. 

 

[B]
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Figure 5-7 Herbicide resistance assay of T1 transgenic tobacco plants. 

Tobacco seeds were germinated and seedlings were transferred to pots containing the 

peat moss and grown for one month. Glyphosate (Galaxy®) was applied in transgenic 

plants at eight to ten leaf stage at 19% (v/v) concentration. After two weeks treatment, 

injury was observed, root length and leaf fresh weight was measured. 

5.4 Discussion 

Gene pyramiding has made the multi-gene transformation possible in a robust and quick 

way. Multi-gene transformation has reinvigorated the GM research, and gene 

pyramiding is becoming very obvious in commercial transgenic crops these days [192, 

193]. Gene pyramiding is advantageous for traits not controlled by single gene because 

inserting a single gene does not meet the required level of protein expression. This is 

also advantageous for stacking of traits controlled by genes present in various metabolic 

pathways. Initially multi-gene traits were obtained by transforming individual genes in 

different cultivars, followed by crossing suitable lines to obtain the required progeny 

[194]. Re-transformation and co-transformation approaches used to achieve 

coordinated expression have proved to be inefficient. Gene pyramiding has been an 

ideal approach to obtain high-level and stable transgene expression of multiple genes. 

The construction of vectors with multiple genes and transformation of pyramided gene 

expression cassette into plants save resources, manpower and time [195]. 

Keeping in mind the number of pre-requisite traits for modern agriculture, 

sequential transgene stacking is an inevitable approach for efficient and facile 

introduction of multiple traits into crops. A multi-trait stacked SmartStax® co-

developed by Monsanto and Dow AgroSciences is an outstanding example of 

transgenic products expressing multiple traits [148]. Herbicide resistance gene was 

pyramided with Bt genes cloned in pSB187 vector resulting in 3-gene pyramid. The 

integration of multiple genes at a single locus can enable simple inheritance which can 

address a significant agricultural challenge. 



Chapter 5: Characterization of CP4- EPSPS, Cry1Ac and Cry2Ab Genes in Pyramided Form 

80 

  

Synthetic cry1Ac, cry2Ab genes designed according to the plant preferred 

codons by giving consideration to optimum use of GC contents, codon usage bias, 

mRNA secondary structures etc., for obtaining sufficient transgene expression, were 

pyramided together with cp4-epsps expression cassette and transformed in tobacco for 

characterization. The cp4-epsps genes was cloned into vector pSB187 harboring the 

synthetic cry1Ac and cry2Ab genes along with a chloroplast transit peptide signal. 

Signal transit peptides enhance the expression of cry2Ab gene in green plant tissues by 

directing the movement of translated protein into chloroplast. High level of respective 

proteins expression in plants can give efficient control of insect pests and weeds at early 

stages of their growth when they are more susceptible. Retrieval of transgenic events 

with high expression levels of Cry1Ac protein is not straightforward [196]. Higher 

cry1Ac gene expression acts as a negative selection and transformants may show certain 

morphological abnormalities during in vitro regeneration of explants, and regenerating 

plant cells with lower expression levels tend to proliferate actually. In this study, we 

did not detect any morphological abnormality in cry1Ac, cry2Ab and cp4-epsps 

transformed regenerants. Delay in flowering and seed setting was the only growth 

related abnormality observed during glass house-stage in few T0 plants.  Sachs et al. 

[143] described that discrepancies in vigor of cotton transformants might be due to 

somaclonal variation or as a consequence of insertion effects leading to down-

regulation of indigenous gene /s. 

The cry1Ac, cry2Ab and cp4-epsps  genes were placed under 2X35S, FMV and 

CVM promoters respectively for pyramiding in pSB187 vector in order to overcome 

the homology dependent gene silencing as suggested by Matzke and Matzke [197]. The 

cp4-epsps mRNA expression was analyzed by qRT-PCR. Tested transgenic lines were 

found to show variable expression of cp4-epsps gene. Various levels of mRNA 

transcripts from independent transformation events are common thing as suggested by 

Day et al. [198] and Nagaya et al. [199]. Variable transgene expression owes to several 

factors such as copy number and differences with respect to chromosome location, 

position effect [200, 201] and presence of repeat sequences [202]. Euchromatin regions 

of chromosome promote the transgene expression, while heterochromatin regions are 

not accessible to transcription factors and usually correlates with methylation, suppress 

the transcription [203]. So transgene integrating randomly in the proximity of 

euchromatin or heterochromatin can give variable levels of mRNA transcripts [204]. 
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While these results were contrary to the findings of Nagaya et al. [199] who reported 

constant expression levels of transgene in ten different lines of A.thaliana. The 

qualitative detection of Cry1Ac and Cry2Ab, and CP4-EPSPS proteins detection using 

immunoblot strip tests confirmed the translation of all the transgenes in three tobacco 

lines.  

In order to know the effectiveness of Cry1Ac and Cry2Ab toxins, insect 

bioassays were conducted using first instar larvae of S. littura and H. armigera. 

Variable insect mortality was recorded in the tested transgenic lines. Line L.4-12ER 

conferred significantly higher mortaltiy up to 100% of S. littoralis after three days of 

insect exposure. Line L.10-12ER showed lesser mortality rate of 45% recorded after 5 

days of insect bioassay. These variable toxin expression results were in accordance with 

the finding of Singsit et al. [205] who reported insect mortality rates within different 

transgenic lines of peanut expressing cry1Ac gene. However the insects which survived 

on this transgenic line, could not grow in size in comparison to control plants where S. 

littura insects fed and increased in vigor. These results showing the suppressed growth 

of insects due to lack of feeding on transgenic leaves are in agreement with the reports 

of Rubab et al. [206]. The variable expression of toxins in different transgenic lines 

may be due to several factors such as copy number, positional effects and DNA 

methylation of transgenes as mentioned previously. H. armigera, highly cosmopolitan 

and pest of agriculture is vulnerable to Cry1Ac toxin. Vulnerability of this insect to 

Cry2Ab toxin has also been reported by Downes et al. [207]. H. armigera mortality 

achieved in all the tested lines after 72 h was 100%. H. armigera showed accelerated 

rate of mortality in comparison to S. littura larvae, as more than 50 % mortality of H. 

armigera was recorded after 24 h. This accelerated rate of H. armigera mortality was 

probably due to synergistic effect of Cry1Ac and Cry2Ab toxins. These results are in 

accrordance to the findings of Ibargutxi et al. [208] who reported the accelerated 

combined effect of both toxins. Bt toxins have narrow host range due to their specific 

activity and that is why they are considered harmless against non-target insects. Bt 

crops are effective against a narrow range of insect pests depending upon of the type of 

transferred toxin protein. Cry1Ac toxin does not confer any appreciable resistance 

against S. littura [209], which clearly shows that Cry1Ac lacks the potential to control 

this pest. Plants expressing both cry1Ac and cry2Ab genes conferred high level of 

mortality to S. littura after 96 h which was probably due to activity of Cry2Ab protein. 
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Simultaneous expression of both toxins overcomes the narrow range issues associated 

with Bt crops. Evolution of insect field resistance to Bt toxins is point of concern for 

use of Bt crops as sustainable insect control option [210]. Delay in the development of 

field insect resistance is mandatory and for this purpose, usage of refuge plants and Bt 

crops with pyramided toxin proteins are the preferred strategies as suggested by 

Downes et al. [211] and Zhao et al. [212]. 

Toxin proteins with different binding sites can delay the field insect resistance 

development against Bt crops as main reason behind the evolution of insect resistance 

is the loss of Cry protein binding domains in epithelial membrane of insect’s midgut as 

suggested by Downes et al. [211] and Zhao et al. [212]. A H. armigera strain which 

lacked toxin-binding site was resistant to Cry1Ac toxin and when tested against Cry2Ab 

toxin, it proved to be completely susceptible [213]. Similarly H. armigera strain 

resistant to Cry2Ab and susceptible to Cry1Ac toxin has been reported [214]. All these 

findings suggest that Cry1Ac and Cry2Ab proteins have the potential to complement 

each other due to different binding sites. 

Transgenic tobacco lines expressing stacked cry1Ac and cry2Ab genes and 

affecting high mortality rates in both S. littura and H. armigera larvae show not only 

the potential of these pyramided genes for providing insect control in cotton, corn and 

other commercially important crops but also can help delay the  evolution of resistance 

among insects. Insect bioassays performed to evaluate the efficacy of the transgene 

showed 100% mortality of H. armigera. On the basis of our insect bioassays, we can 

conclude transgenic tobacco with pyramided Bt genes containing transit peptide for 

chloroplast localized expression give excellent improvement in the development of 

insect resistance against lepidopteran pests. 

Weeds not only compete with crop plants for nutrients, sunlight and water sources, 

but also harbor insect pests and pathogens [215]. Conventional weed management 

practices comprising of physical, mechanical and chemical means are laborious, time 

consuming and environment non-friendly [206].  

Genes for herbicide and insect tolerance have been previously pyramided through 

co-transformation method [216, 217]. We used novel insights for developing pBTHT 

pyramided gene construct using single plasmid approach. This single T-DNA based 

pyramided genes will facilitate plant breeders in the developing homozygous lines as 
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three genes contained in single plasmid will integrate at single locus and hence will 

segregate together. Though cp4-epsps gene transcribed and translated efficiently in the 

genetically transformed tobacco, but it struggled to tolerate the excessive concentration 

of glyphosate particularly at 8-10 leaf stage. Though during initial screening, the 

transgenic lines expressing cp4-epsps tolerated 1% (v/v) glyphosate at 5 leaf stage 

plants, but concentrations of the herbicide 1% (v/v) produced chlorotic symptoms 

beyond 5 leaf stage plants. Similar herbicide tolerance levels were observed in 

transgenic cotton event MON1455 which could not sustain the glyphosate application 

beyond four leaf stage. Despite the dysfunction of trait beyond four stage leaf, the event 

when commercialized was highly accepted in global market as reported by Green [108]. 

Keeping in view the results obtained with single cp4-epsps gene i.e low level of 

glyphosate tolerance (1% v/v) recorded in plants upto 5 leaf stage, it was realized that 

the EPSPS expression need to be further enhanced for tolerance of recommended dose 

of herbicide beyond 5 leaf stage. Therefore another construct was designed using a 

double copy of cp4-epsps.  The double copy cp4-epsps expression cassette will replace 

single copy cp4-epsps gene in pyramided constrcut after characterization and hopefully 

pave the way for the generation of transgenic crops in the country 
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6 Characterization of Dual EPSPS Gene 

Construct 

6.1 Introduction 

Understanding of spatial and temporal transgene expression patterns are very essential 

for the development of transgenic crops. Initial version of transgenic GR cotton could 

not tolerate the glyphosate application after 4-leaf stage. Spray of glyphosate beyond 

4-leaf stage plants had adverse effects on pollination and yield potential. Farmers were 

forced to apply glyphosate by avoiding the contact with crop canopy through use of 

hooded sprays that shielded the crop from herbicide [50].  

Level of glyphosate tolerance both in vegetative and reproductive tissues 

increases with the increasing cp4-epsps transcripts. As the meristematic tissues act as 

sink of glyphosate, and these meristematic cells are probably susceptible due to lower 

copy number of transgene. Glyphosate tolerance level is lesser in meristematic tissues 

in comparison to vegetative tissues due to reduced copy number, transcriptional and 

translational activities [218, 219]. This information and the result of single copy cp4-

epsps transgene expression profile greatly facilitated the increase in cp4-epsps 

expression in next generation GR crops. The next approach to over-express EPSPS 

enzyme in sensitive tissues consisted of usage of strong constitutive chimeric promoter. 

Appropriate expression of transgene throughout the critical growth stages is 

mandatory for whole plant tolerance against glyphosate. The improvement in gene 

expression profile in GR crops mainly depended on utilizing promoters that can boast 

the expression levels [218]. However promoters are not only regulatory element 

responsible for controlling transcription overall. Introns has also been reported to play 

a role in not only transcription but also regulate the cell - and/or tissue -specific gene 

expression. The role of first intron of α-tubulin gene in rice has been found in the tissue-

preferential expression regulation of a transgene [220]. First intron of maize heat- shock 

protein  70  gene  in  maize  differentially  regulated cell- and /or tissue- specific gene 
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expression. Two transgene cassettes differing only in the introns expressed 

differentially in transgenic corn [221]. There are many synthetic promoters developed 

by (a) taking upstream activation sequence from one promoter with the TATA box 

encompassing domain of another promoter, (b) inserting required cis-elements in 

heterologous promoters, (c) adjoining cis-elements from unlike promoters [222]. Use 

of dual gene cassette in addition to chimeric hybrid promoters can further enhance the 

transgene expression. 

Transgenic cotton event MON1445 which failed to confer resistance against 

glyphosate application beyond fifth true leaf stage [223] contained one copy of 

transcript regulated by single FMV promoter. Transgenic cotton event MON88913 

which tolerated the glyphosate beyond fifth true leaf stage contained double copy cp4-

epsps gene regulated by different sets of chimeric promoters. We decided to use dual 

cp4-epsps cassette with each copy regulated by different chimeric promoters and 

enhancer regions in order to remove the discrepancies observed in glyphosate tolerance 

potential in our previously developed GR transgenic plants.  

6.2 Materials and Methods 

6.2.1 Development of a Dual Copy Synthetic cp4-epsps Gene 

Construct 

The expression cassette consisted of two tandem cp4-epsps genes along-with A. 

thaliana epsps gene derived chloroplast transit peptide (CTP) signal sequences. 

Regulatory elements used in expression cassette included two unique promoter 

sequences along-with and enhancer element sequences. Gene regulation in the first 

expression cassette was regulated by a chimeric promoter, P-FMV/TSF1, which 

included tsf1 gene promoter from A. thaliana, expression enhancer sequences derived 

from Figwort Mosaic Virus 35S promoter, elongation factor EF-1 alpha, as well as 

intron and leader sequences of tsf1 gene from A. thaliana. However the gene regulation 

of second of second expression cassette was controlled by chimeric promoter from 

act8 gene of A. thaliana with enhancer sequences Cauliflower Mosaic Virus 35S 

promoter. Leader and intron sequences were derived from the act8 gene of A. thaliana. 

The transcriptional termination and polyadenylation sequences containing the 3’ non-

translated region of the ribulose-1,5-biphosphate carboxylase (Rubisco) small subunit 

E9 gene were included from T-E9 DNA sequences of Pisum sativum.   
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Figure 6-1 Schematic representation of dual copy cp4-epsps expression cassette 

6.2.2 Cloning of epsps Gene in Plant Expression Vector 

Codon optimized synthetic double copy epsps gene cassette (8,088 bp) cloned in 

pUC57 (2,710 bp) vector was proceeded to assemble in pGreen0029 (4,632 bp) binary 

vector using the following strategy. EPSPS gene cassette was restricted from pUC57 

vector using XhoI and NotI enzymes and cloned at the respective sites in pGreen0029. 

This epsps expression cassette cloned in pGreen0029 vector was verified through 

restriction analysis and named as pG-2EPSPS plasmid. The construct map is shown in 

Figures 6-1. 

6.2.3 Electroporation of pG-2EPSPS Plasmid into A. tumifaciens and 

Transformation of Tobacco 

Transformation pG-2EPSPS plasmid into A. tumefaciens strain LBA4404 competent 

cells was carried out using electroportaion (ECM 600, BTX, and U.S.A) at 1.44 kV 

following the standard protocols [116] (section 2.2.2). Transformed cells were 

incubated on LB agar plates, containing antibiotics rifampicin, tetracycline and 

kanamycin, for 48 hours. After 2 days of incubation period, resistant colonies were 

taken in 1.5 mL Eppendorf tubes and dissolved by adding 50 µl of lysis buffer. Samples 

were heated at 95 °C for 10 min and subjected to centrifugation at 13,000 rpm for 10 

min.  Then the plasmid samples were screened by PCR using promoter and pG-2EPSPS 

gene specific primer pair (Table 6-1) designed to amplify 2,508 bp fragment for 

confirmation of Agro transformation. 

Agrobacterium culture was prepared and used to transform excised leaf discs of 

wild type N. tabacum L. cv. Samsun. Infected leaf disks were transferred to co-

cultivation medium and incubated at 28 ºC in dark for 2-3 days. In order to prevent the 

over-growth of Agrobacterium, leaf discs were washed in MS0 broth containing 250 
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mg/L of cefotaxime. Thereafter transformed explants were cultured on regeneration 

medium containing cefotaxime and kanamycin (100 mg/L) for differentiation. Shoots 

at 2-3 cm length were transferred to rooting medium. Regenerated plants with well-

developed root system were transferred to the pots containing sterilized peat moss. 

Plants were shifted to containment after brief acclimatization period in standard growth 

room conditions (see section 2.6.1). 

6.2.4 Molecular Analysis of Putative Transgenic Tobacco 

Genomic DNA isolated from putative transgenic plants was used as template for PCR 

based confirmation of integration of pG-2EPSPS cassette in plant genome.  The pG-

2EPSPS plasmid and wild-type tobacco DNA were used as positive and negative 

controls, respectively. PCR reaction was carried out using two sets of gene specific 

primers (Table 6-1) under following conditions: 94 °C for 5 min, 94 °C for 1 min, 55 

°C for 1 min 72 °C for 3 min with 40 cycles and final extension at 72 °C for 10 min. 

Translation of transgene was confirmed by detecting the EPSPS protein using 

immunostrip test (Catalog No. AS-011-LS, Envirologix, USA). Leaf samples were 

taken from putative transgenic and wild-type tobacco, and ground separately in the 

pestle mortar for 20-30 sec. Samples were ground again followed by adding 250 µL of 

1X Extraction buffer. These samples were taken into 1.5 mL Eppendorf tubes and 

subjected to centrifugation for 2 min. Supernatant was pipetted into new Eppendorf 

tubes and the immunostrips were immersed in these tubes. The immunostrips were 

incubated for 10 min for the development of bands. 

Table 6.1 Primer sequences used for transgene confirmation 

Primer Fragment 

Bp 

 Sequence 

(5’ – 3’) 

2EPSPS1-F 

2EPSPS1-R 

Copy 1 of cp4-epsps 

550 bp 

TACAGGGTGCCTATGGCTTC 

GCTCCTCCAATCCGTTCATA 

2EPSPS2-F 

2EPSPS2-R 

Copy 2 of cp4-epsps 

681 bp 

TAGGGAAATGGGAGTGCAAG 

CCGTTAGCAACTGCAGACAA 

FMV-F 

2EPSPS1-R 

FMV-cp4-epsps 

2508 bp 

GGTATCGCCAAAACCAAGAA 

GCTCCTCCAATCC GTTCATA 
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6.2.5 In Vitro Herbicide Assay 

For evaluation of herbicide tolerance potential of in vitro grown transgenic tobacco 

plants, 1.5 to 2 cm2 long leaves were placed on MS0 medium in petri dishes for 7 days. 

Then glyphosate herbicide (Glyphosate Galaxy®) was used to treat the leaves of both 

wild type control and transgenic plants according to recommended field concentration 

of 1900 mL/ acre. Glyphosate spray solution of 1% (v/v) strength was prepared, and 

applied to individual leaf surfaces at volume of 52 µl per cm2 area. Treated leaves 

confined in petri dishes were maintained at standard growth room conditions for period 

of 15 days and observed for leaf injury symptoms daily. 

6.2.6 Herbicide Assay of Transgenic Tobacoo at 10-12 Leaf Stage 

Transgenic tobacco lines and wild-type control plants were shifted to pots in green-

house and when they reached 10-12 leaf stage, they were exposed to 19% (v/v) 

glyphosate spray until the herbicide run-off was noted on the leaf surface. Glyphosate 

treated plants were observed for 15 days and plant leaf injury was recorded in terms of 

chlorotic symptoms. 

6.3  Results  

6.3.1 Vector Construction 

The pG-2EPSPS construct was confirmed through restriction analysis. The CTP signal 

from epsps gene of A. thaliana fused with individual epsps gene sequence in tandem 

repeats of double copy epsps was used to transport the protein from cytosol to the 

chloroplast. Chimeric hybrid promoters FMV/Tsf1, intron and leader sequences from 

elongation factors of Tsf1 gene of A. thaliana were used to achieve higher, constitutive 

and stable expression of transgene in transformed plants. Similarly a chimeric hybrid 

promoter 35S/ACT8, intron and leader sequences from ACT8 gene of A. thaliana were 

used in second copy of epsps expression cassette. Terminator sequences in both 

expression cassettes were taken from E9 gene RbcS2 of A. thaliana. The T-DNA region 

of binary vector contained kanamycin selection gene. 
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Figure 6-2 Construct Map of pG-2EPSPS Construct.  

Double copy epsps expression cassette was restricted from pUC57 vector (2,710 bp) 

using XhoI and NotI enzymes and cloned in pGreen0029 (4,632 bp) vector at the same 

sites 

6.3.2 Molecular Analysis of Putative Transgenic Plants 

Tobacco (N. tabacum L. cv. Samsun) was genetically transformed with pG-2EPSPS 

cassette using Agrobacterium-mediated approach and total of 25 putative transgenic 

lines were obtained on selection medium. Kanamycin resistant putative transgenic lines 

were screened through PCR and immuno-blot strips. Two different sets of primer pairs 

were used to amplify 681 bp fragment from one copy of epsps gene and 550 bp product 

from second copy of transgene. The amplification of correct sized fragments of 681 and 

550 bp confirmed the integration of double copy epsps gene in four lines of tobacco. 
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No PCR amplicon was detected in wild-type control plants. 

 

Figure 6-3 Confirmation of putative transgenic tobacco using PCR analysis. 

Genomic DNA extracted from transgenic lines transformed with pG-2EPSPS were used 

as the template for PCR analysis using 2 sets of gene specific primers targeting each 

copy of dual cassette. [A] Lane M= 1 kbp marker, lanes 1-4= PCR amplified products 

of 550 bp from one transcript of cp4-epsps gene, lane 5= WT-control plant, lane 6= 

water control, lane 7= empty well, lane 8= plasmid control. [B] Lane M= 1 kbp marker, 

lanes 1-4=  PCR amplified products of  681 bp from second transcript of cp4-epsps 

gene, lane 5= WT-control plant, lane 6= water control, lane 7= empty well, lane 8= 

plasmid control 

Immuno-blot strips were used to analyze transgene translation using leaf tissue 

samples from PCR positive putative lines and wild-type tobacco control plants. CP4-

EPSPS protein was detected in all four transgenic tobacco lines, while no band 

developed in the wild-type control plant. 

 

Figure 6-4 Detection of CP4-EPSPS protein in pG-2EPSPS transformed tobacco 

using immuno-blot strips.  
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Lanes 1, 2 and 3 = representative transgenic tobacco lines, and lane 4= WT-control 

tobacco plant. 

6.3.3  In Vitro Herbicide Assay 

Detached leaves from in vitro grown transgenic tobacco lines and wild-type control 

plants were placed on MS0 medium and treated with 19% (v/v) glyphosate (Galaxy) 

equivalent to 2 L/acre application rates, were continuously observed for leaf injury. No 

chlorotic injury was seen in leaves of transgenic tobacco lines, while wild-type control 

leaves showed chlorotic appearance and wilted completely after 8 days of herbicide 

application.  

Figure 6-5 In vitro herbicide analysis of putative transgenic tobacco. 

 Leaves were excised from transgenic tobacco lines (A and B) growing in vitro and 

placed on MS0 medium for one week. Glyphosate was applied by pipetting 52 µl of 1 

ppm solution followed by pasting with canvass brush. Leaves from wild-type control 

tobacco (C and D) were used as negative control. Treatment was observed for leaf 

injury for 12 days. 

6.3.4 Herbicide Assay of Transgenic Tobacco at 10-12 Leaf Stage 

The glyphosate tolerance potential of transgenic tobacco T0 lines harboring dual 

cassette cp4-epsps gene was evaluated at 10-12 leaf stage by spraying 19% (v/v) 

glyphosate (Galaxy®) until the herbicide run-off was noted on the individual leaf 

surface of plants. All of the tested transgenic lines conferred excellent resistance against 

glyphosate as no sign of yellowing, stunting or wilting was observed after 15 days of 

herbicide treatment. Transgenic lines continued to grow in vigor, while Wt-control 

tobacco plants wilted completely within 10-12 days of herbicide application. 
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Figure 6-6 Herbicide resistance analysis of 1-12 leaf stage transgenic tobacco. 

Replica plants of transgenic lines shifted to pots were exposed to 19% (v/v) glyphosate. 

Treated lines were observed for leaf injury for 15 days. A and B= wild-type control 

plants, C, D, E and F= representative transgenic tobacco lines. 

6.4 Discussion 

Development of transgenic tobacco utilized a vector having dual cp4-epsps cassettes 

each regulated by a unique chimeric promoter. Each chimeric promoter in dual cassette 

contained viral enhancer in addition to constitutive plant promoter for obtaining higher 

transgene expression in reproductive and vegetative parts of plants. Chimeric promoters 

were used for the development of glyphosate resistant cotton event MON88913. 

Enhanced expression profile of cp4-epsps gene was recorded in whole plant, when 

Roundup Ready® Flex cotton was introduced in the field as reported by Feng et al. [218] 

and Cerny et al. [224]. 

Majority of commercial HR transgenic crops express cp4-epsps gene. The 

enzymatic activity of CP4-EPSPS does not get inhibited by glyphosate due to lack of 

binding affinity which results in tolerance against the herbicide in transgenic plants[23]. 

Previously single epsps or gat genes were used to develop various HR crops [63, 225]. 

Problems with transgene expression occurred when such transgenic cultivars were 

commercialized, for example, 1445 cotton event developed by Monsanto, could not 

sustain the recommended glyphosate application beyond 4-5 leaf stage in field [223, 

226]. Issues related with these spatiotemporal gene expression prompted scientists to 

look for alternate strategies, and expression of multiple genes in a plant were attempted. 

Co-expression of genes such as epsps and gat is promising for generation of HR crops 

A B C D E F
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[63]. Utilization of synthetic chimeric promoters by employing more than one copy of 

transcript can be good strategy to achieve higher transgene expression [223].  

The preliminary herbicide resistance results of in vitro glyphosate assay 

obtained in this study are contrary to the findings of Zobiole et al. [227] who reported 

transient yellow flashing in tested leaves of transgenic lines due to the reduction in 

chlorophyll and shikimic acid contents. Yellow flashing is not persistent and disappears 

within few weeks after herbicide application [228]. Over expression of double copy 

epsps gene in glyphosate tested lines was sufficient to mask the yellow flashing at 19% 

(v/v) application rates. These results were  different from the findings of Mahoney et 

al. [229] who observed yellow flashing in transgenic corn and soybeans in response to 

variable dozes of glyphosate application. Typical signs of glyphosate applications such 

as yellowing, as a result of reduction in chlorophyll content, and variation in shikimic 

acid were not observed in transgenic tobacco lines at 10-12 leaf stage after exposure to 

19% (v/v) herbicide during these studies. These herbicide resistance levels of tested 

transgenic lines are in accordance with the finding of Guo et al. [63] who reported no 

yellow flashing in transgenic soybean expressing g2-epsps and gat genes due to 

reduction in chlorophyll content and variation in shikimic acid levels. Dun et al. [62] 

compared the tobacco plants transformed with single epsps or gat gene with the 

transgenic tobacco lines having one copy each of epsps and gat genes. They observed 

significant difference between double- and single-gene events in terms of tolerance 

against glyphosate. They also reported that transgenic tobacco lines expressing gat gene 

performed better against glyphosate in comparison to epsps gene. The expression 

results of double copy cp4-epsps  transformed tobacco lines in present study are similar 

to the findings of Guo et al. [63] who described higher level of glyphosate resistance in 

GR cotton event MON88913 8-12 leaf stages. 

GR canola event RT73 developed using dual cassette vector consisting of cp4-

epsps and gox genes provided resistance up to 6-leaf stage [230]. Second generation 

GR canola event MON88302 was developed using single copy cp4-epsps cassette 

regulated by chimeric promoter showed enhanced transgene expression in reproductive 

and vegetative parts of plants up to 10-leaf stage [218]. No abnormality in flowering 

and seed setting was observed in transgenic tobacco lines. Similarly normal flowering 

and pod filling in transgenic canola were reported by Elmore et al [231].  Contrary to 

these reports, adverse effects in pollen and pod formation in some GR canola lines were 
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recorded by Delannay et al. [232]. Transgenic tobacco lines developed during this study 

using dual cp4-epsps cassette showed much improved expression against glyphosate at 

10-12 leaf stage, which clearly depicts the potential of this construct in utilization of 

generating GR commercial crops. 
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7 General Discussion 

Transgenesis offers exceptional prospects for incorporation of novel genetic traits from 

various biological sources and to generate preferred phenotypes from known genes. 

Transgene technology has been contributing vastly in the development of transgenic 

plants by incorporation of useful traits which might have not been harnessed using 

conventional techniques [233]. Applications of transgenesis in crop improvement are 

quite obvious from the commercialization of various hybrids and varieties with many 

novel and improved traits such as herbicide, insect and pest resistance. Therefore, 

transgenesis in combination with plant breeding has become an integral part of plant 

improvement programs [234]. Biotechnological applications are increasing to a broad 

range of crop cultivars to solve various persisting problems faced by farming 

communities for both edible and non-edible food purposes. Crops with new traits are 

being widely generated in both developed and developing countries [235]. 

Availability of cloned genes, appropriate gene transfer system and robust tissue 

culture protocols determine the fate of transgenic crop development project. Efficient 

and reproducible tissue culture protocols for establishing robust plant transformation 

system are one of the most challenging pre-requisites in transgenesis [236]. Extensive 

research has been conducted for developing widely applicable in vitro embryogenic 

callus induction and regeneration system, but success of the optimized protocols is 

mostly genotype-dependent, which is limitation for exploitation of such protocols 

[237].  

Tobacco (N. tabacum L.; 2n=4x=48) formed by hybridization of two diploid 

progenitors N. tomentosiformis and N. sylvestris [238] about 6 million years ago, is 

natural allotetraploid, completing its life cycle within 3 months [239]. Research on 

tobacco plants has paved the way for most of the discoveries related with cellular and 

molecular biology, and tissue culture. Tobacco is considered as key model plant due to 

its well-known molecular genetics and complete genome mapping. As far as genetic 

transformation is considered, tobacco is the best system because it thrives well in in 

vitro and greenhouse conditions. The first transgenic plant generated was also tobacco. 
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The use of transgenic tobacco has led to fast understanding of functions of plant genes. 

Tobacco is among the most widely used plants for expression of diverse range of 

heterologous genes [240]. 

Global crop losses caused by weeds have been estimated about US$ 100 billion, 

and annual worldwide sales of herbicides are about US$ 25 billion [241]. In view of 

these losses, it is quite apparent that efforts must be carried out to develop further 

understanding for sustainable and cost- effective weed management practices. Genetic 

engineering has enabled scientist to confer herbicide tolerance in various crops which 

has had a profound impact on farming community [242]. Various strategies used for 

developing herbicide tolerance include hyper-production of target gene, usage of a gene 

coding for herbicide detoxifying enzyme and expression of herbicide insensitive form 

of a gene. Glyphosate insensitive cp4-epsps gene, due to lack of affinity for the 

herbicide and very high catalytic activity, has gained considerable attention. The 

present study deals with characterization of codon optimized synthetic cp4-epsps gene 

aimed at developing indigenous transgenic crops technology in the country. Expression 

levels of heterologous genes in transformed plants depends upon their optimization 

according to highly expressed plant genes. Modifications in the coding sequence, 

removal of polyadenylation signals and mRNA destabilizing sequences is mandatory. 

High A/U ratio associates with low mRNA stability and results in decreased protein 

expression in higher plants. A synthetic cp4-epsps gene used in this study was designed 

according to highly expressed genes of cotton. 

  The cp4-epsps gene was transformed to check the expression status in tobacco 

Samsun genotype due its well-developed regeneration system. The detection of 

transgene in the putative transgenic tobacco lines was carried out using molecular 

techniques such as PCR and Southern hybridization. Southern hybridization showed 

the presence of single to multiple transgene insert/s in the various tested lines. Such 

gene integration patterns results have been reported in a number of other studies [226, 

243]. The qRT-PCR showed different mRNA transcript levels of cp4-epsps gene in 

different transgenic events. Such variable transgene expression results were also 

reported by Dong and Li [144]. There can be various factors responsible for variable 

gene expression, for example, recombination or rearrangement of transgene before 

integration, insert copy number, DNA methylation, chromatin remodeling, position 

effect and integration of transgene in repetitive DNA region may affect the gene 
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expression [244]. Interaction of host gene and transgene may facilitate aberrant RNAs 

and/or complementary RNA to confer post transcriptional gene silencing. The 

inclination of transcriptional gene silencing in response to environmental changes in 

transgenic plants has been confirmed by Meyer et al. [245]. Different tobacco lines 

showed different level of tolerance against glyphosate herbicide at 4-5 leaf stage. These 

variable expression results of different lines in response to herbicide application are in 

accordance with the finding of Chhapekar et al. [124] who reported varying glyphosate 

tolerance levels in transgenic rice lines. Transgenic tobacco T1 lines tested using 

immunoblot strips confirmed the detection of CP4-EPSPS protein. Transgenic lines 

containing single insert inherited in 3:1 segregation ratio, while tobacco line harboring 

multiple transgene inserts segregated in complex ratio. Similar finding on the transgene 

segregation have been reported by Guo et al. [246] who has shown segregation ratios 

of 3:1 and 15:1 in transgenic lines containing 1-2 and 3-4 copies of transgene, 

repectively.  

After expressing the cp4-epsps gene in tobacco plants, the expression of this 

synthetic gene cassette was tested in three cultivars of sugarcane. For transformation 

purposes, optimized tissue culture protocols with some modifications were used for 

embryogenic callus production, shoot and root regeneration in three genotypes (S-

2003US-114, S-2003US-778 and HSF-240) with fairly good response rates. Production 

of embryogenic callus is the first and a critical parameter which ultimately determines 

the regeneration potential of plantlets from single or multiple cells [247]. Embryogenic 

callus production was found to be variable among various cultivars which supported 

the findings of Badawy et al. [248] who concluded that embryogenic callus induction 

was genotype dependent. Genetic transformation requires the use of an effective 

selectable marker for selection and screening of transformed cells, and geneticin 40 

mg/L used in this experiment was found to be highly potent in efficient selection of 

transformed cells and transgene screening of all three cultivars. The same concentration 

of geneticin used for different sugarcane cultivars in this study are contrary to the 

findings of Van Boxtel et al. [249] who concluded the sensitivity of geneticin as genotype 

dependent.   

Selection of suitable medium and appropriate concentration and/or combination 

of cytokinins and auxins is key for efficient tissue culture. In this study, MS medium 

containing 2,4-D, IBA, NAA, BAP was used. Auxins are necessary for callus induction 



Chapter: 7 General Discussion 

 

 98 

 

and proliferation, while cytokinins increase the potential of embryogenic callus 

formation. The 2,4-D used alone was found adequate for induction of embryogenic calli 

in case of all three genotypes. These findings are in agreement with the results reported 

by Lin and Zhang [250] and Ge et al. [251]. Synergistic effect of cytokinin and auxin 

in callus formation has been reported in some genotypes as well [252, 253]. Medium 

comprising of MS basal salts and vitamins 4.2 g L-1, sucrose 3%, myo-inositol 1 g L-1, 

NAA 1 mg L-1, 2-4-D 0.5 mg L-1, BAP 2 mg L-1 kinetin 0.5 mg L-1, phytagar 0.3% used 

in this study proved to be the best for plant regeneration.  

Particle-bombardment system was used for stable genetic transformation of 

sugarcane cultivars. Transient transgene expression using biolistics is relatively easier, 

but stable expression relies on different parameters suited for a specific nature of tissue 

[254]. Various physical parameters such as helium pressure, particle/ DNA loads and 

their ratio, target distance, and number of shots determine the success rate of any 

biolistics experiment. Biolistics using 1.0 μm gold particles was carried out at helium 

pressure of 7,585 kPa (1,100 psi) and 6 cm distance for higher transgene expression 

using the pre-optimized protocol of our laboratory. Proportion of DNA quantity and 

particle size can affect the bombardment efficiency as the amount of DNA is critical 

for proper DNA-microcarrier binding. Too much DNA can result in the aggregation of 

gold particles, while higher quantity of gold particles/shot can result in decreased 

transgene expression due to higher target tissue damage [255]. In this study, 2 μg 

plasmid was precipitated per shot for obtaining good transformation efficiency. Similar 

plasmid quantities were used by Carsono and Yoshida [256] for raising transgenic rice 

cultivars with good results. However there are also reports where no significant change 

has been observed in expression of transgene with variable amount of plasmid 

precipitated onto 2 mg gold particles [257]. One bombardment was done per plate as 

repeated shots per plate can be injurious to cells as reported by Reggiardo et al. [258], 

and there are reports suggesting no significant change in transgene expression in case 

of single or multiple biolistic shots in wheat embryos [257]. 

Total of 236 putative transgenic sugarcane were generated bombarded 

embryogenic calli of all three genotypes, out of which 78 transgenic events were 

confirmed to be positive using PCR. Variable transformation efficiency was observed 

in all genotypes. Sugarcane is generally amenable to cell culture and regeneration in 
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comparison to other cereals, though few recalcitrant genotypes have also been reported 

[259]. But regeneration efficiency stemming from biolistic transformation usually 

remains low and the same was achieved in this study. Transgene copy number in the 

genome of all three genotypes detected through Southern hybridization varied from 3 

to 6. Biolistic transformation integrates the transgenes at random locations in genome 

of transgenic plants and usually results in complex pattern of multiple inserts. Therefore 

these transgene integration pattern results are in accordance with various findings. 

Falco et al. [260] reported integration of 2-5 copies of phosphinothritrycin 

acetyltransferase (bar) gene in transgenic sugarcane developed through biolistic 

mediated transformation. Similarly, Bower et al. [261] reported an average of five 

transgene inserts in the transgenic sugarcane developed through biolistic 

transformation. It has been documented that transgene copy number can associate either 

positively or negatively with mRNA transcript levels in transgenic lines [262]. 

After confirmation of transgenic events through PCR and Southern 

hybridization, the transgenic plants were proceeded for mRNA transcript level and 

protein analyses using qRT-PCR and immunoblot strip test, respectively. Results 

showed the variable transgene expression among different lines of all three transformed 

genotypes. This might be due to random and multiple inserts of transgene in the 

genome. When mean mRNA transcript levels of various transgene from all three 

different genotypes were averaged, expression level was found to be significantly 

variable among the tested cultivars. These interesting results in terms of genotype 

dependent transgene expression are being reported for the first time in sugarcane. These 

results are in accordance with findings of Adamczyk and Sumerford [263] who reported 

variable Cry1Ac toxin in various parts of different cotton genotypes. Adamczyk and 

Gore [264] reported that cotton lines from NuCOTN 33B genotype showed 300% more 

Cry1Ac expression than DP 50B plants. They also recorded the significant difference 

in larval weight in these variably expressing cry1Ac genotypes. Differential expression 

of the transgene in genotype dependent manner may complicate the fate of transgenic 

plants with reference to individual cultivars. Recalcitrant genotypes must be sorted out 

before proceeding for incorporation of any gene for desired trait in order to save the 

sources and time. 

Genetic engineering has been manipulated for last two decades for 

incorporation of various traits including biotic and abiotic stress tolerance traits. 
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Roundup ready and Bt crops developed for resistance against insect pests and weeds 

have been cultivated since 1996 [265]. Now this is the era of modern agriculture which 

necessitate the use of multiple traits for sustainable crop performance [266, 267]. 

Generating a new transgenic plant is highly knowledge-intensive, long and costly 

process. Starting from the initial discovery of a transgene to the regulation and 

validation of a transgenic cultivar, about 13 years and $136 million on average are 

required [268]. Therefore, incorporating multiple traits at a single locus seems 

economically more feasible and desirable [269]. Initially gene stacking comprised of 

crossing of independently generated transgenic plants and serial transformation of 

already transformed material [270]. The concerns of independent segregation of 

randomly integrated transgenes and breeding issues of introgression related with these 

approaches were addressed through use of pyramided constructs for genetic 

transformation which results in transgene integration at single gene locus which is 

desirable for higher and stable expression of transgene [197, 271-273].  

The crop losses caused by weeds and insects are substantial, but can be managed 

through adoption of proper protection measures. Conventional approaches adopted for 

crop protection comprise the use of synthetic agrochemicals, which cause severe 

environmental risks and pose toxicity to non-target organisms including human. 

Molecular biologists provided the safe alternative approach for management of insect 

pests and weeds for sustainable crop productivity by exploiting insecticidal crystal 

protein (Cry) and synthetic, non-sensitive EPSPS enzymes. The EPSPS and the Bacillus 

thuringiensis (Bt) cry genes are important for developing glyphosate tolerant and pest 

resistant crops, respectively [31]. 

Newly emerging GM crop companies are based in USA and Asia (especially 

China and India) where public developers of the technology are operating at the pre-

commercial stage. Groups from Africa and South America are also active in the 

development of GM crops. Pakistan is a fairly big agriculture market where there is 

great scope of GM crops. In order to develop the indigenous transgene technology in 

the country, initiatives were taken to characterize cry1Ac, cry2Ab and cp4-epsps genes 

pyramided together in pSB187 plant expression vector. Triple gene construct cry1Ac-

cry2Ab-cp4-epsps designed for generating insect and herbicide tolerant transgenic 

cotton was opted for characterization in tobacco initially. Coordinated incorporation 

and expression of pyramided traits into plants appears to be challenging task. The use 
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of pyramided cassette is also advantageous in terms of usage of tissue culture facilities, 

labor and resources as lesser transformation efforts are reqired and lesser number of 

transgenic plants are generated. 

Hygromycin phosphotransferase (hpt) gene which detoxifies hygromycin B 

antibiotic has been efficiently used as a plant selection marker [274, 275]. The hpt gene 

was used in this study as replacement of kanamycin resistance gene in order to minimize 

the risks of false positives plantlets. Continuous and high level of Cry protein/s 

expression is critical for efficient insect control especially at early stages of plants when 

insect are thought to be more prone to these toxins.  Use of separate promoters for every 

gene in pyramided construct is key to achieve higher level of mRNA transcripts other 

than cloning all the genes under one promoter [276]. 

Triple gene construct designed in this study contained three genes under three 

different constitutive promoters in order to avoid homology dependent gene silencing 

issues. The cry2Ab and cry1Ac genes cloned under FMV and 2X35S promoters in 

pSB187 vector containing cp4-epsps gene expressed efficiently. The level of cp4-epsps 

mRNA transcripts in selected transgenic lines was detected using qRT-PCR. Immune-

blot strips test confirmed the translation of mRNA transcripts cry2Ab, cry1Ac and cp4-

epsps genes into corresponding proteins. Usage of cry1Ac and cry2Ab to achieve higher 

mortality rates due to synergistic effects of these genes has already been reported [208, 

277]. The proteins coded by cry1Ac and cry2Ab genes contain unique binding sites in 

the midgut of target insects, which not only help in delaying the chances of resistance 

development in the insects but also enhance the toxin impact. Strip tested positive plants 

subjected to insect bioassay using armyworm and cotton bollworm showed 100% 

mortality in cotton bollworms and 50-100% mortality in armyworms in different 

transgenic lines after 120 h of assay. These results are in accordance with the finding 

of Adamczyk [140] who reported variable expression of cry toxin in different cotton 

lines. The armyworm succeeded to survive up to 50% in a transgenic line, failed to 

show any growth in size in comparison to control plants where feeding insects 

consumed all the leaves to increase vigorously in size. Similar armyworm mortality and 

survival rates were observed in transgenic N. benthemiana lines by Naqvi et al. [206] 

where surviving insects could not grow further. This variable expression of toxins in 

different lines is quiet obvious due to positional effect of integrated gene, transgene 

copy number, recombination before transgene integration. Plants showing lower toxin 
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expression might have been influenced by gene silencing through DNA methylation 

[197, 278].  

Herbicide assay conducted at 4-5 leaf transgenic tobacco showed that synthetic 

EPSPS protein was expressing sufficiently enough to tolerate the glyphosate at 1000 

ppm concentration. Keeping in mind the issues related with evolution of GR weeds, 

herbicide concentration was increased up to filed application rates of 1900 mL/acre. 

Transgenic tobacco struggled to confer complete resistance against glyphosate at this 

elevated concentration and displayed mild chlorotic and stunting symptoms. Similar 

herbicide tolerance levels were observed in transgenic cotton event MON1455 which 

could not sustain the glyphosate application beyond four leaf stage. Despite the 

dysfunction of trait beyond four stage leaf, this event when commercialized was highly 

accepted in global market as reported by Green [108]. After failure of MON1455 to 

survive the glyphosate application beyond four leaf stage MON889138 transgenic 

cotton event was raised to confer higher glyphosate tolerance expression, so that 

farmers could spray glyphosate throughout reproductive growth stages. Two copies of 

cp4-epsps gene along with different sets of chimeric promoters were used to obtain 

higher expression throughout vegetative and reproductive growth phases [279]. Though 

the tested glyphosate concentration is sufficient to kill the majority of weeds in the field, 

and thus cp4-epsps with such expression levels can be recommended for transformation 

of cotton and other commercial crops. But in order to achieve higher expression levels 

at 4-12 leaf growth stage and mimic the threat GR weeds evolution associated with low 

concentrations of glyphosate application, it was decided to use double copy of cp4-

epsps gene technology to achieve sustainable and superior broad-spectrum weed 

management. 

  The pG-2EPSPS construct containing dual copy cp4-epsps cassettes was 

transformed into tobacco using Agrobacterium-mediated approach. One cp4-epsps 

cassette consisted of chimeric promoter FMV/TSF1 containing the A. thaliana tsf1 

promoter, the encoding elongation factor EF1 gene, and enhancer sequences from the 

FMV 35S promoter. Other cp4-epsps cassette consisted of chimeric promoter CaMV 

35S/ACT8 from act8 gene of A. thaliana and the CaMV 35S promoter. The GR wheat 

event MON71800 developed using two cp4-epsps genes containing two distinct 

promoters conferred good resistance against glyphosate as reported by Green [108]. 

The chloroplast transit peptides sequences were taken from small subunit of the 
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ribulose-1,5-bisphosphate carboxylase gene of A. thaliana and the epsps gene of A. 

thaliana. GR cotton event MON88913 was also developed using a construct containing 

two tandem cassettes of cp4-epsps gene with each gene having different chimeric 

promoter and enhancer regions for providing higher transgene expression in the 

vegetative and reproductive phases at 4 to 12 leaf stage of plants  as reported by CaJacob 

et al. [279]. First GR plants developed using single copy cp4-epsps having FMV or 

CaMV promoter were marginally accepted as they allowed over canopy application up 

to the 4-leaf stage only. Post 4-leaf stage applications resulted in plant damage, fruit 

abortion and crop loss [108]. Reproductive tissues of the first generation GR soyebean 

plants were big sink for any residual glyphosate and also proved highly prone to the 

herbicide injury [279]. However GR cotton event MON89788 containing the same 

version of epsps but different regulatory elements and stronger chimeric constitutive 

promoters conferred the enhanced expression in both the reproductive and vegetative 

parts of the plant as described by Watrud et al. [280]. 

Transgenic tobacco lines when tested against 19% (v/v) glyphosate at 10-12 leaf 

stage, showed remarkable resistance levels which are according to the reports of Dill 

and Cajacob [50], who described higher level of glyphosate resistance in GR cotton 

event MON88913 at 8-12 leaf stages. Glyphosate resistance potential of the dual copy 

cp4-epsps cassette are anticipated to offer a flexible window for multiple over canopy 

applications of glyphosate until close to harvest time. 

In future there will be high demand for stacked traits, so the dual cp4-epsps 

cassette can be pyramided with glyphosate resistance genes and other traits such as 

insect resistance. The use of multiple GR trait crops will be important for maintaining 

the utility of glyphosate in future [281, 282]. Pyramiding of resistance mechanisms can 

confer higher level of glyphosate resistance in crops. The use of cp4-epsps and gox or 

gat together will be very effective in managing the weeds in more eco-friendly way. 

GOX and GAT catalyzes the breakdown of glyphosate into AMPA and glyoxylate, and 

thus residual glyphosate degrades quickly on plant surface. The pyramided expression 

of cp4-epsps and gox genes will help to minimize the evolution of GR weeds and 

deplete the residual glyphosate contents in food crops in addition to providing 

environmental friendly weed management solution in more sustainable manner.
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