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Summary
To increase phytoremediation potential, Arabidopsis thaliana and 

Sesbania grandiflora were genetically engineered with the rabbit 

cytochrome P450 enzyme. The P450 2E1 enzyme controls the rate-

limiting step in the metabolism of multiple environmental pollutants, 

including Trichloroethylene (TCE), Dichlorodiphenyltrichloroethane 

(DDT). The percentage of transformation increased at the less diluted 

cultures of Agrobacterium tumefaciens. Similarly, when bacterial 

concentration decreased, the chance of infected explants increased too 

and the concentration of A. tumefaciens culture was high at the time of 

infection. The concentration of DDT phytoextracted in this work ranged 

from 5.7 - 9.3 µg/ml in S. grandiflora and A. thaliana transgenic plants 

after 12 days. S. grandiflora transgenic lines showed more DDT 

absorption than A. thaliana transgenic plants. Trichloroethane (TCE) 

results showed a relationship between plant species and TCE metabolism.

A. thaliana wild type and transgenic plants showed more translocation to 

Trichloroethanol (TCEOH) compared with Chloral (CH) while reverse 

thing happen in S. grandiflora.  A. thaliana transgenic lines were more 

efficient in absorbing TCE in comparison with S. grandiflora transgenic 

lines. The ability of transgenic S. grandiflora plants were tested for their 

potential in remediation of metals (Potassium (K), Calcium (Ca), 

Manganese (Mn), Iron (Fe), Copper (Cu), Zinc (Zn), Brom (Br) and Lead 

(Pb)). Clearly, transgenic plants were more efficient achieving in 55, 59, 

54, 52, 51, 54, 58 and 51% in comparison with non-transgenic plants.  A.

thaliana and S. grandiflora plants strongly expressed the enzyme P450 

which is capable of translocating 90Sr, 238U and 137Cs from soils. Results 

also showed increased translocation (60, 70%) of 90Sr in transgenic S.

grandiflora and A. thaliana respectively in comparison with wild type 

plants.  A. thaliana transgenic lines showed an increased 238U



translocation recording 90% and 80% for the F1 and F2 progeny 

respectively in comparison with wild type plants, while 238U

concentration in soil decreased 50% and 60 % for the F1 and F2 progeny 

respectively.  

 A. thaliana transgenic lines showed higher 137Cs translocation 

recording 70% in comparison with the wild type plant, and decreased to 

30% in soil planted with transgenic A. thaliana.
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1 Introduction and Literature review  

1.1 Introduction 

Many plant species have an inherent ability to metabolize and detoxify a 

variety of environmental pollutants. The genus Sesbania belongs to the family 

fabaceae, which includes important plants that are used for treatment of 

contaminated soils. It is known for exceptionally fast growth rates as well as a 

very high affinity for association with nitrogen fixing bacteria and has several 

potential uses including forage, fuelwood, pulpwood, fences, medicines, shade 

and for soil improvement (Onim and Dzowela, 2006).  

The effectiveness of phytoremediation can be greatly enhanced by 

introducing genes known to be involved in metabolism, accumulation and 

detoxification of pollutants transferred from other organisms. Transgenic 

plants expressing cytochrome P450 2E1 genes have enhanced 

phytoremediation of organic pollutants. Development of transgenic plants for 

enhanced phytoremediation of metals has also been successful including plants 

that developed to detoxify and remove Pb, Br, Zn, Mn, Fe, Cu, Sr, U, Cs, 

DDT, and TCE (Doty et al., 2002). 

Phytoremediation is the use of plants and their associated microorganisms 

in optimized agronomical conditions to remove, or render harmless 

contaminants, including organic compounds, emission radionuclides, and toxic 

metals. It is a technology that aims at providing a cheap, soft and safe 

treatment applicable to contaminated sites. This is based on many 

considerations, short-term effectiveness, and reduction in the toxicity, 
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mobility, or volume of toxic elements concerned, feasibility, cost, and overall 

benefit to the environment (Meagher and Heaton, 2005). 

Due to the importance of enhancing transgenic plants for 

phytoremediation purposes, the aim of this study was: 

Transformation of Sesbania grandiflora and Arabidopsis thaliana with 

the gene cytochrome P450 2E1 to enhance their phytoremediation capabilities 

for detoxification of several wide spread and dangerous pollutants in soil.  

1.2 Literature review  

1.2.1 Hydrocarbon pollutants 

 1.2.1.1 Trichloroethylene (TCE) 

Trichloroethylene (1, 1, 2-trichloroethene) is a clear, colourless, non-

viscous liquid, slightly sweet odour. It is an unsaturated, chlorinated aliphatic 

compound (chemical formula C2HCl3) with a low molecular weight (131.4 

g mole-1), and a powerful solvent for a large number of natural and synthetic 

substances. Trichloroethylene is a volatile liquid at room temperature (melting 

point -73°C, boiling point 86.7°C) with high density (1.46 g/ml at 20°C) and low 

surface tension (0.029 n/m) (Chappell, 1998).

High levels of trichloroethylene in groundwater are associated with 

leaching from specific sources, such as landfill waste disposal sites. 

Trichloroethylene is one of the most frequently observed volatile organic 

compound found in municipal sewage entering public treatment works in the 

U.S. (Kassel et al., 2002). 
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Generally, the majority of TCE released to soil surfaces volatilizes to the 

atmosphere. However, significant accumulation of the chemical in saturated and 

unsaturated zones may result where TCE penetrates the surface before 

evaporation (Schwille, 1988). In most cases, TCE enters the soil media as an 

undiluted solution from spills or leaking storage tanks, as leachate from landfill 

sites, or by wet deposition in rain and snow from the atmosphere (Muraoka and 

Hirata, 1988). It is highly mobile in the subsurface environment and susceptible 

to leaching (Newman et al., 1997). The half-life of TCE in soil as determined by 

the level two fugacity model is 1700 hrs (Mackay et al., 1993). 

Trichloroethylene metabolism occurs primarily in the liver (Health Canada, 

2004). It is metabolized by two main pathways: oxidation by cytochrome P450 

and conjugation with glutathione by glutathione-S-transferases. Exposure to 

trichloroethylene results in exposure of tissues to a complex mixture of 

metabolites (USEPA, 2001).  

The initial step in the oxidative metabolic pathway is thought to be the 

formation of an unstable epoxide (trichloroethylene oxide). The predominant 

pathway is then spontaneous rearrangement to chloral (2, 2, 2-

trichloroacetaldehyde; CCl
3
-CHO), followed by hydration to chloral hydrate (2, 

2, 2-trichloro-1, 1-ethanediol; CCl
3
-CH (OH)

2
). Chloral hydrate is then 

metabolized to trichloroacetic acid (CCl
3
-COOH) and other metabolites. 

Trichloroacetic acid is the primary trichloroethylene metabolite in blood (Health 

Canada, 2004). 
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Ma and Burken (2002; 2003) demonstrated that TCE is taken up by hybrid 

poplars and volatilizes to the atmosphere. The diffusion of TCE along the 

transpiration pathways is the dominant process, although volatilization also 

occurs through the stems and leaves. Laboratory and field studies concluded that 

TCE transpiration rates decreased with elevation (tree height) and in the radial 

direction, providing fundamental evidence for diffusion. Poplar cuttings showed 

no signs of toxicity or inhibition in these short-term experiments at a 

concentration up to 50 ppm. No leaf wilting, chlorosis, or water usage reduction 

was observed. Partitioning coefficients of TCE between water, air, and biomass 

were determined by the physicochemical characteristics of the contaminant, such 

as Henry’s law constant and vapour pressure.

Four different P450 isoforms have been identified that play a role in TCE 

metabolism: CYP1A1/2, CYP2B1/2, CYP2C11/6, and CYP2E1. Of these 

isoforms, CYP2E1 appears to be the major form with the highest affinity for 

TCE (Guengerich, 1991), although considerable variability can exist in the 

relative roles of different isoforms, depending on physiological state and on the 

presence of other drugs or inducing agents. Furthermore, as discussed below, 

most of the work on oxidative metabolism of TCE has been done in the liver. 

Consequently, it was not known if isoform specificity for TCE was the same in 

other tissues. Additionally, P450 isoform specificity in different animal species 

has not been thoroughly investigated. Differences among animal species in 

isoform content and specificity may play a role in the observed differences in 

metabolism and toxicity (Doty et al., 2007).  
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1.2.1.2 Dichlorodiphenyltrichloroethane (DDT) 

DDT was an organochlorine insecticide used mainly to control mosquito-

borne malaria. It is used on crops and has generally been replaced by less 

persistent insecticides. It was extensively used during the Second World War 

among Allied troops and certain civilian populations to control insect typhus and 

malaria vectors, and was then extensively used as an agricultural insecticide after 

1945. DDT was banned for use in Sweden in 1970 and in the United States in 

1972 (WHO, 1999).  

Technical grade DDT is actually a mixture of three isomers of DDT, 

principally the p,p'-DDT isomer (85%), with the o,p'-DDT and o,o'-DDT isomers 

typically present in much lesser amounts (WHO, 1999). 

It was thought that inhalation or exposure to DDT will not result in 

significant absorption through the lung alveoli (tiny gas-exchange sacs) but 

rather that it is probably trapped in mucous secretions and swallowed by exposed 

individuals following the tracheo-bronchial clearance of secretions by the cilia 

(Rsoc, 1999).  

DDT is very highly persistent in the environment, with a reported half life 

between 2-15 years and immobile in most soils. Routes of loss and degradation 

include runoff, volatilization, photolysis and biodegradation (aerobic and 

anaerobic). These processes generally occur only very slowly. Breakdown 

products in the soil environment DDE and DDD, which are also highly persistent 

and have similar chemical and physical properties (Osta, 2004).  
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Due to its extremely low solubility in water, DDT will be retained to a 

greater degree by soils and soil fractions with higher proportions of soil organic 

matter. Generally DDT is tightly absorbed by soil organic matter, but it has been 

detected in many locations in soil and groundwater. It may eventually leach into 

groundwater, especially in soils with little soil organic matter (Njoroge and 

Bussmann, 2008).  

Residues at the surface of the soil were much more likely to be broken 

down or otherwise dissipated than those below several inches. Studies in Arizona 

have shown that volatilization losses may be significant and rapid in soils with 

very low organic matter content (desert) and high irradiance of sunlight, with 

volatilization losses reported as high as 50% in 5 months. In other soils (Hood 

River and Medford) this rate may be as low as 17- 18% over 5 years. 

Volatilization loss will vary with the amount of DDT applied, proportion of soil 

organic matter, proximity to soil-air interface and the amount of sunlight (Stode 

et al., 2006).  

DDT may reach surface waters primarily by runoff, atmospheric transport, 

drift, or by direct application (e.g. to control mosquito-borne malaria). The 

reported half-life for DDT in the water environment is 56 days in lake water and 

approximately 28 days in river water. The main pathways for loss are 

volatilization, photodegradation, adsorption to water-borne particulates and 

sedimentation. Aquatic organisms also readily take up and store DDT and its 

metabolites. Field and laboratory studies in the United Kingdom demonstrated 

that very little breakdown of DDT occurred in estuary sediments over the course 

of 46 days (Osta, 2007).  
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Noting that DDT-metabolizing and cypermethrin-metabolizing P450s have 

already been identified in the CYP6 family of dipterans (Drosophila 

melanogaster and Musca domestica) and lepidopterans (Helicoverpa zea). It is 

important to determine whether any of CYP6 family transcripts can be expressed 

at higher levels in DDT-resistant strains that have potential to code for a P450 

and capable of metabolizing DDT (Scott, 1999). 

Comparisons indicated that, although CYP6 family share high primary 

sequence identity, their predicted substrate cavities were dramatically different, 

with CYP6Z1 predicted to metabolize DDT and CYP6Z2 predicted not to bind 

this insecticide. Subsequent biochemical characterizations supported these 

predictions and identified CYP6Z1 as a potential target for the design of 

inhibitors capable of reducing Anopheles gambiae resistance to DDT and other 

insecticides (Rupasinghe et al., 2007). 

1.2.1.3 Toxic metals 

Geological and anthropogenic activities are two sources of heavy metal 

contamination (Dembitsky, 2003). Volcanic activities, industrial effluents, fuel 

production, mining, smelting processes, military operations, utilization of 

agricultural chemicals, and manufacturing products release enormous amount of 

heavy metals into the soil, water and air. Severe contamination of heavy metals 

in soils may cause a variety of environmental problems, including groundwater 

contamination and toxicity to plants, animals, and humans (Jianwei et al., 1997).  

Toxic metals interfer with biochemical and homeostatic processes in the 

cell through the production of free radicals. The biological consequence of each 

metal depends on the target accumulation organ, the particular chemical pathway 
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that disrupts the chemical form of the metal, and its oxidation state (McIntyre, 

2003). Kidney dysfunction is a common effect of exposure to As, Cd, Pb, Hg 

and U (Schnoor et al., 1995) while chromosomal damage and cancer have been 

shown in humans exposed to Cd and Pb (Tsao, 2003). Neurological, 

hematological, immune effects have also been shown in humans exposed to lead 

(Cunningham et al., 1995).

As a consequences of the past war activities a large area in Kosovo and 

some locations in South Serbia (Yugoslavia), and two wars in Iraq caused 

contamination by depleted uranium (DU) and toxic heavy metals. There is an 

urgent need for remediation of this contamination in order to prevent its possible 

long-term effects not only on the population in the contaminated regions but also 

on the neighboring countries. A different phytoremediation approach is known as 

phytoextraction. Phytoextraction, also known as phytoacumulation, 

phytoabsortion or phytosequestration, was developed specifically for inorganic 

pollutants such as Ag, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, and Zn, metalloids 

(As, Se), radionuclides (
90

Sr,
137

Cs, 
243

U, and 
238

 U) and nonmetals (Schnoor et 

al., 1995). In this process, the removal of contaminants is achieved through the 

root network and the accumulation potential into the plant biomass. After 

sequestration, the biomass is harvested to complete the extraction of 

contaminants from the environment (McIntyre, 2003). 

1.2.2 Phytoremediation 

Phytoremediation is utilizing plants to treat contaminated sites. It takes 

the advantage of plants natural ability to extract chemicals from water, soil, 

and air. Furthermore, phytoremediation has been used to treat a variety of 
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pollutants including metals, petroleum, solvents, explosives, polycyclic 

aromatic hydrocarbons, and other organic contaminants (Doty et al., 2007). 

Plants supply nutrients for rhizospheric bacteria that may aid in 

remediation of the pollutants and act as soil stabilizers, minimizing the amount 

of contaminated dust that could leave the site and enter the surrounding 

neighborhoods. Unlike bioremediation, phytoremediation is visible where 

plants condition can be visually monitored, and samples of plant tissue can be 

tested for the presence of pollutants over time. Moreover, phytoremediation 

includes the possibility of a useful product such as wood, pulp, or bioenergy 

that could help finance the clean up (Stanton et al., 2002).      

Phytoremediation also provides wildlife habitat where poplar (Populus

spp.) tree plantations can harbor an abundance of birds and small mammals 

(Moser et al., 2002), and willow (Salix spp.) can provide the stopover sites for 

60 migrating bird species (Kuzovkina and Quigley, 2005).  

Remediation of metals presents a distinct challenge because the pollutants 

cannot be metabolized but must instead be translocated to the foliage where 

they are more easily removed by harvesting the upper parts of the plant, or are 

volatilized such as in the case of mercury. Phytoextraction, the removal of 

contaminants from the soil and translocation to the foliage, is an effective 

means for remediating a site because it reduces the overall mass to be treated 

from tons of widespread contaminated soil to plant tissue that can be dried to a 

small volume. To be effective, the concentration of the metal in the harvestable 

part of the plants must be higher than the concentration in the soil so that the 

volume of the hazardous plant waste is less than the volume of the 
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contaminated soil. Unlike engineering methods that would remove the fertile 

topsoil, phytoremediation would not reduce the fertility of the site (Robinson 

et al., 2000). 

The Environmental Protection Agency defines phytoremediation as using 

plants to decontaminate any medium from environmental pollution, in whole 

or in part. Like other remediation methods, phytoremediation may lead to 

several different acceptable outcomes and has several distinct modes of action 

such as phytostabilization, immobilization, accumulation, volatilization, 

phytodegradation, and rhizodegradation. In immobilization or stabilization, the 

pollutant is adsorbed to the plant roots and is prevented from migrating, or, 

from reacting with root exudates, forms an insoluble precipitate that is no 

longer bioavailable and does not enter ground water. Immobilization prevents 

the contaminant from having a deleterious effect on the ecosystem, but, since it 

does not destroy the contaminant, care must be taken to ensure that the 

pollutant does not mobilize again at a later date due to environmental changes 

or the death of the plant (Schnoor et al., 1995).  

1.2.3 Phytoextraction (or) phytoaccumulation 

Phytoextraction also known as phytoaccumulation, the chemical of 

concern is taken up into the plant, thus the contaminant is removed from the 

original matrix and the plant material is harvested and usually landfilled. The 

main advantage of this technique is the ability to concentrate the pollutant and 

to prevent it from extended interaction with the ecosystem. However, the 

contaminant is not destroyed, and a suitable disposal method and location must 

be found for the contaminated plant tissue (Salt and Kramer, 1998). The 

technique is generally used for removing metals like nickel, zinc, copper, lead, 
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chromium and cadmium. Since plant roots take and store them in the 

harvestable regions (leaves and stems) (Doty et al., 2000). 

Some plants are defined as metal hyperaccumulators. They concentrate 

metals up to a level of 0.1% for nickel, cobalt, copper, and lead, 1% for zinc, 

and 0.01% for cadmium (Baker, 1999). Chinese brake fern (Pteris vittata)

efficiently hyperaccumulates arsenic in its fronds which can be effectively 

harvested. Arsenic is a lethal poison that is released into the environment from 

natural processes and through the use of arsenic-based chemicals. The fern can

effectively removes this metal from soil. For example, in soil contaminated 

with arsenic at a concentration of 97 ppm, the older fronds of the fern contain 

arsenic concentrations of up to 3894 µg per gram of tissue. Less than 168 ppm 

arsenic was found in the root tissue. More than 95% of the arsenic removed 

from soil by the fern was translocated to the aboveground biomass. 

Unfortunately, P. vittata species grows well only in warm, humid 

environments with mild winters (Zhang et al., 2002).  

Another hyperaccumulator is Thlaspi caerulescens, which concentrates 

cadmium, a highly toxic and probably carcinogenic metal (Vido, 2001), in the 

above-ground tissues at concentrations 1000 times higher than the normal 

toxic concentration of only 1 ppm. Plants were exposed to 2000 ppm cadmium 

and accumulated 1140 ppm (Brown et al., 1995). 

 In another work using Agrobacterium rhizogenes-induced root cultures 

of T. caerulesens, up to 600 ppm cadmium of dry weight of roots was 

accumulated (Nedelkoska and Doran, 2000). The mechanism of cadmium 
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uptake and zinc by this member of the Brassicaceae family has been well 

studied and involves a highly expressed metal transporter (Pence et al., 2000).  

The transporter gene, ZNT1, encodes a high-affinity zinc/low-affinity 

cadmium transporter, as demonstrated in yeast. The zinc/cadmium pumping 

ATPase was recently purified directly from T. caerulescens and was shown to 

transport both zinc and cadmium (Parameswaran et al., 2007). 

 Although the research on these hyperaccumulating species is promising, 

the species themselves are too small and slow-growing for particular 

phytoremediation applications (Ebbs et al., 1997).  

Therefore, high-biomass crops such as poplar and willow are being 

studied for phytoremediation of metals. They are not hyperaccumulators as 

they do not concentrate metals to high concentrations, but, because of their 

greater biomass and deep root systems, they are also effective remediators of 

metal contamination. 

In a review by Dickinson and Pulford (2005), willow was specifically 

suggested for phytoremediation of heavy-metal contaminated lands because 

the method requires the ability of a plant to re-grow readily after its shoots 

have been harvested, a distinctive trait of willow.  

The ‘bioconcentration factor’ (BCF) refers to the metal concentration in 

plant tissues relative to the metal concentration in the substrate, and a value 

greater than 1 means that the plant actively concentrates the metal. 

Furthermore, BCF was reported to vary widely among different willow 

species, from as low as 0.05–16.8 in woody stems up to 27.9 in foliage 

(Dickinson and Pulford, 2005). Given the substantial genetic diversity of 
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willow, with over 450 Salix species, this variability is not too surprising. 

Willow (Salix  matsudana × Salix alba NZ1040) grown in soil contaminated 

with cadmium at concentrations commonly found in agricultural sites fertilized 

with cadmium-containing fertilizers accumulated cadmium in the above-

ground tissues with BCF of 10 (Robinson et al., 2000).  

1.2.4 Phytodegradation 

Phytodegradation is the uptake and metabolism of a contaminant by a 

plant where it is converted into less toxic forms. It is a permanent solution for 

organic chemical contamination, and has the advantage that the site no longer 

needs monitoring after target concentrations are reached.  

Also phytodegradation involves the metabolic degradation of organic 

pollutants, in this process; plants break down the pollutant through either 

internal or secreted enzymes. Phytodegradation of chlorinated hydrocarbons, 

polycyclic aromatic hydrocarbons (PAHs), and explosives have been well 

studied (Bruning and Bolt, 2000).  

 Hybrid poplars (Populus trichocarpa × Populus deltoides) take up and 

degrade TCE, producing the same TCE metabolites as mammals (Newman et

al., 1997; Gordon et al., 1998). In a controlled study, hybrid poplar removed 

over 99% of the added TCE (Newman et al., 1999). When these poplar culture 

cells were dosed with TCE, the same metabolites were seen as those in the 

whole plant (Newman et al., 1997; Shang et al., 2001; Shang and Gordon, 

2002). Experiments with both poplar culture cells and whole plants 

demonstrated that trichloroethanol, is glycosylated, as happens in mammalian 

systems (Shang et al., 2001). Other plant species are also able to take up and 
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metabolize TCE, such as the tropical leguminous tree Leucaena leucocephala 

(Doty et al., 2003) and sweet potato plants Ipomoea batatas (Doty, 2008). 

The phytotoxic effects of trinitrotoluene (TNT) and Royal Demolition 

Explosive (RDX; hexahydro-1,3,5-trinitro-1,3,5-triazine) are overcome by 

expressing the bacterial genes xpl A/B and nfsI, allowing the plant to more 

effectively remove these pollutants (Figure 1.1). Trichloroethylene (TCE) and 

other small volatile chemicals are more readily taken up and degraded by 

transgenic plants expressing mammalian CYP2E1, removal of volatile because 

of their carcinogenic properties and prevalence.  

Figure (1.1): Enhancing phytoremediation of organic pollutants using 

transgenic plants (Wang et al., 2002). CT: Carbon tetrachloride, CF: 

Chloroform, VC: Vinyl chloride, TCE: Trichloroethylene, TNT: 

Trinitrotoluene, RDX: Royal Demolition Explosive. 
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TCE and benzene from the air was also enhanced by CYP2E1 in

transgenic plants. Expression of mammalian CYP2B6 or gamma-

glutamylcysteine synthetase helps plants to degrade a variety of herbicides. 

Secretion of the detoxifying enzymes such as lactase 1 (LAC1) or haloalkane 

dehalogenase enabled transgenic plants to degrade phytotoxic pollutants 

without taking them up. Carbon tetrachloride's (CT), chloroform; vinyl 

chloride (VC). Anaerobic degradation of CT by soil microbes can result in 

carcinogenic chloroform production; by contrast, plants are capable of 

metabolizing CT aerobically using a cytochrome P450 enzyme (Wang et al., 

2002).  

In a controlled field study in which poplar trees were watered with 12–15 

mg l-1 CT over a 6-year period, CT was taken up and dechlorinated (Wang et

al., 2004). There was no significant evapotranspiration of CT, nor increased 

accumulation of chloride ion in the dosed trees compared with untreated ones, 

but chloride ions had built up in the root zone. Because soil microbes from the 

site did not dechlorinate CT, the authors concluded that the trees had taken up 

and dechlorinated CT, and then exported excess chloride ions into the soil. 

Poplar trees are also effective in remediating perchloroethylene. Nearly all of 

this pollutant was removed and metabolized, with over 95% of the chlorine 

recovered as free innocuous chloride, showing effective dechlorination of the 

perchloroethylene (Doty, 2008). 

The USEPA lists sixteen PAHs as priority pollutants. Phytodegradation of 

PAHs occurs since they are lipophilic, adsorption to root surfaces may be an 

important first step in phytoremediation (Burken and Schnoor, 1998; Schwab 

et al., 1998).
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Research by several laboratories has demonstrated that there are wide 

differences in the abilities of different plant species to reduce PAH 

concentrations (Trenck and Sandermann, 1979), and that plants themselves can 

degrade PAHs (Harms, 1996).  

Wittig et al. (2003) conducted a three-part investigation in the use of 

poplar cuttings for PAH removal. Populus nigra cuttings grown in containers 

of sand irrigated with nutrient solution containing PAHs caused a reduction in 

the amounts of a range of PAHs, including anthracene, phenanthrene, pyrene, 

fluoranthene, chrysene, and benzo [a] pyrene. An extensive field study was 

conducted using poplar trees to reduce the PAH concentration in groundwater 

(Widdowson et al., 2005).  

Another important class of environmental pollutants for which plants can 

be used for remediation is explosives including trinitrotoluene (TNT) and 

Royal Demolition Explosive (RDX; hexahydro-1,3,5-trinitro-1,3,5-triazine). 

TNT is toxic to humans, causing plastic anemia, hepatitis and affects the 

central nervous system (Rosenblatt, 1980).  

More than 100 military bases and explosives-manufacturing facilities in 

the USA are contaminated with these chemicals. The groundwater at these 

sites is contaminated, increasing the hazard that the health risk will spread 

beyond the military bases (Rivera et al., 1998).  

Research with aquatic plants demonstrated that TNT could be 

metabolized in the absence of microorganisms (Hannink et al., 2002). Both 

poplar and willow have been used for inmunitions remediation research. 

Hybrid poplar (P. deltoides × P. nigra) was able to take up TNT from 
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hydroponic solution, but the trees only translocated 10% of it to the foliage 

(Thompson et al., 1998). 

 In a study, comparing phytoremediation of TNT by hybrid willow (Salix 

clone EW-20) and Norway spruce (Picea abies), it was shown that both trees 

readily metabolize TNT (Schoenmuth and Pestemer, 2004). The trees were 

exposed to 5.2 mg TNT per kg soil and two months later 3–14% of the 

radiolabeled TNT was translocated to the aboveground tissues. Poplar tissue 

cultures and leaf extracts exposed to 20 mg l-1 of this explosive mineralized 

17% of the RDX to carbon dioxide when exposed to light (Aken et al., 2004). 

RDX uptake was also studied in the aquatic plant Myriophyllum aquaticum 

and in hairy root cultures of Catharanthus roseus (Bhadra et al., 2001).  

A serious problem with phytoremediation of TNT and RDX is that the 

contaminated soil and water at military firing ranges can contain 

concentrations of these chemicals that are phytotoxic. Obviously, only healthy 

and actively growing plants would be effective in taking up pollutants and 

fully metabolizing them. Although much research has been done to 

demonstrate the success of phytoremediation, resulting in its use on many 

contaminated sites, the method still lacks wide application. Its primary 

disadvantage when compared with engineering methods is that it is often 

considered too slow or only seasonally effective (Travis et al., 2007).  

For these reasons, attention has recently focused on ways to enhance the 

phytoremediation capacity of plants using either transgenic methods or 

endophytes (Hannink et al., 2002). 
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1.2.5 Rhizosphere degradation 

Rhizodegradation, or enhanced rhizosphere degradation, takes place at the 

intersection of bioremediation and phytoremediation. In this process, the 

presence of the plant and its roots creates a rhizosphere zone more amenable to 

microbes that degrade contaminants. Root exudates such as organic acids and 

ketones may promote microbial growth such as the increase in soil organic 

matter caused by roots. Rhizosphere microbes have been reported to break 

down organic pollutants (Schnoor et al., 1995). 

1.2.6 Rhizofiltration 

Plants with large root systems usually absorb pollutants. Rhizofiltration is 

commonly used for treatment of industrial discharge, agricultural run off, 

metals and radioactive contamination. The movement of organic contaminants 

in soil depends on the chemical’s relative water solubility, vapor pressure, and 

molecular size, charge and on the presence of other organics in the soil (Salt et 

al., 1997). 

1.2.7 Phytostabilization 

In phytostabilization, the contaminant is not destroyed, but simply 

prevented from migrating offsite or doing further damage to the ecosystem. A 

disadvantage of this technique is that ensuring that contaminant migration does 

not occur may involve monitoring a site for the seeable future. Most of the 

organic chemical contaminants are lypophilic and are attracted to the 

hydrophobic surfaces on organic matter, such as humus and plant cell wall 

components or soil particles (Cunningham et al., 1996; Noctor et al., 1996). In 
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this aspect, plants are used only to reduce the bioavailability of environmental 

pollutants (Salt et al., 1997).

1.2.8 Phytovolatization

In volatilization, the plant takes up the contaminant of concern from soil, 

water, or a mixture of both, converts it to a volatile form, and releases it to the 

atmosphere, usually through the leaf stomata (Burken and Schnoor, 1998). 

This technique is only suitable for contaminants that do not pose a significant 

air pollution hazard. Contaminants taken up by the roots pass through the roots 

to the leaves and are volatized through stomata where gas exchange occurs 

(Nedelkoska and Doran, 2000). 

1.2.9 Organic pumps 

Trees with dense roots take up large volumes of water such as poplars and 

cottonwoods, which decrease the tendency of surface pollutants to move 

downward towards ground water and into drinking water, generally used to 

control agricultural run off and landfill leaching. 

1.2.9.1 Cell cultures 

Plant cell cultures have been used for investigating the phytotoxicity and 

metabolic fate of the xenobiotics (Harms, 1996). Results are compared with 

those of the intact plants grown under normal conditions. Qualitatively, the 

metabolites of degradation are the same in both systems. But the advantage of 

cell suspension cultures over intact plants is that the results may be obtained 

more quickly with less expense of analytical techniques. Most of the 
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phytoremediation studies are carried out using whole plants grown either in 

soil or hydroponically. 

In vitro culture of plant organs such as roots and shoots allows indefinite 

propagation and experimentation using tissues derived from the same plant, 

avoiding the risks of variability among species. Goel et al. (1997) have shown 

the degradation of xenobiotic nitrate ester, nitroglycerin by Beta vulgaris cell 

cultures and cell extracts. Glycerol trinitrate (GTN) was degraded to glycerol 

mononitrate (GMN) via glycerol dinitrate (GDN). Bioreactor studies were also 

conducted to evaluate the process of phytoremediation in large scale. Knops et

al. (1995) have used a 3 liter airlift bioreactor for studies on degradation of 4-

nitrophenol using soybean cell suspension cultures.  

Czuba (1987) reported that in callus of Daucus carota and Lactuca sativa,

the methyl mercury toxicity is partly a hormonemediated by the auxin 2, 4–D 

and light-sensitive event. PCBs known for their toxicity, carcinogenicity, wide 

distribution and slow biodegradation were also effectively degraded into their 

metabolites by plants, sterile cultures of Solanum nigrum. Campanella (2000).  

1.2.9.2 Hairy roots 

Hairy root cultures, known for their fast growth, biochemical stability and 

hormonal autotrophy, have been tested successfully for various 

biotransformation studies and phytoremediation, particularly 

hyperaccumulation of heavy metals (Hughes et al., 1997). Extensive root 

proliferation caused by Agrobacterium rhizogenes, generally considered an 

undesirable characteristic, may find good utility for phytoremediation as roots 
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retrieve the contaminant from deeper soils due to their larger penetrating 

ability, and also the enzymatic degradation (peroxidases, laccases and 

oxygenases). Paul and Campanella (2000) have shown the biodegradation of 

anthracene using Medicago sativa hairy root cultures. Catharanthus roseus 

hairy root cultures were reported to degrade the explosive TNT successfully 

(Hughes et al., 1997).  

Hairy roots of Solanum nigrum, Nicotiana tabacum, Thlaspi caerulescens 

removed Cd+2 efficiently (Nedelkoska and Doran, 2000). Wu and Cenderbaim, 

(2001) have reported hyperaccumulation of Cd+2 by hairy root cultures of 

Adenophora lobophylla, which is an endangered species reported to have high 

phytochelatin content. Phytoremediation aspects are illustrated in Figure 1.2 in 

which Salt et al. (1997) described various phytoremediation treatments. 

Figure (1.2):  Steps involved in phytoremediation with modification 

      (Doty, 2008). 
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1.2.9.3 Enzymology 

The green liver concept proposed by Sandermann (1992) describes the 

function of plants as global sink for environmental pollution by xenobiotic 

metabolism. The similarity of plant enzymes with those of liver in action on 

xenobiotics by 3 phases, transformation, conjugation and compartmentation, 

describes the fate of xenobiotic metabolism in plants. Various plant xenobiotic 

enzymes, viz. cytochrome P450, glutathine–S-transferases, carboxyesterases, 

O-glucosyl transferases, O-malonyl transferases, N-glucosyl transferases and 

N-malonyl transferases, were isolated, purified and proved effective against 

various xenobiotics such as PCBs, organic solvents and chlorinated pesticides. 

Interestingly, the molecular masses were similar in some plants, to those of 

liver.  

 Sandermann (1994) described various plant glutathione-S transferases 

acting on xenobiotics from 59 different plant species and four plant cell 

suspension cultures and some species were found to have high activities.  

Many of the plant xenobiotic enzymes are constitutive, unlike microbial 

enzymes, which are inductive, requiring prior induction for action, since 

extensive metabolism of numerous xenobiotics was observed in plant cell 

cultures without any prior induction treatment (Sandermann, 1992). Thus, 

plants as tools for remediation of contaminants have gained importance.  

Extra cellular enzymes released by plants degrade xenobiotics in soils, 

including laccases, dehalogenases, nitroreductases, nitrilases and peroxidases, 

were proved to be effective against a number of contaminants ranging from 
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organic solvents to explosives like TNT (Schnoor et al., 1995; Boyajian and 

Carreira, 1997). Even though the enzymes are constitutive, some enzymes 

(enzymes for alachlor-[2-chloro-2-6-diethyl-N-(methoxymethyl)-acetanilide] 

were reported to be induced, such as glutathione transferases by herbicide 

antidotes (Carreira and Wofy, 1992). Schnoor et al. (1995) isolated an enzyme 

from residue that had TNT degradation potential, which was of a plant but not 

bacterial origin. Glutathione-S-transferase enzymes play an important role in 

xenobiotic metabolism and antioxidative protection and are well characterized 

in bacteria, plants as well as in mammals (Pflugmacher and Sandermann, 

1992). They also play a role in the auxin response and in plant secondary 

compounds metabolism such as anthocyanin and cinnamic acid (Marrs, 1996). 

During transformation process (Phase I), the enzymes oxidize, reduce or 

hydrolyze the substrate introducing a reactive group such as glutathione or 

glucuronate catalyzed by phase II enzymes (Sandermann, 1992).  

Soluble GSTs form dimers, each subunit of which contains active sites 

that bind glutathione and hydrophobic ligands (Edwards et al., 2000). During 

the conjugation process, the ATP-binding cassette (ABC) transporters, which 

are also called glutathione-S-conjugates in the roots, recognize oxidized 

diglutathione (GS-SG) glutathione conjugates of organics (Pflugmacher and 

Sandermann, 1992; Lu et al., 1998).  

The ABC transporters contain a cytoplasmic domain (the ABC protein) 

that binds and hydrolyzes ATP to strengthen solute translocation across the 

cytoplasmic membrane (Grangeiro et al., 2004). Further processing of 

xenobiotics [O- -D-glucosides] starts with addition of an O-malonyl 



  Chapter One                                                                      Introduction and literature review    

-24-

subconstituent, this acts as a signal for transport into the vacuole (Grotz et al.,

1998) or into the extracellular space for subsequent degradation (Chaney, 

1988; Baker, 1999). The conjugates are rapidly metabolized in the vacuole to 

cysteine conjugates by peptidases action, which further get metabolized in the 

cytosol to other products and excreted as bound residues in the apoplast, 

exudates in the rhizosphere or volatiles from aerial tissues (Coleman, 1992). 

Nitroreductases action of certain plant species on nitroaromatic 

compounds like TNT, hexahydro-1,3,5-trinitro- 1,3,5-triazine (RDX), and 

GTN was shown by various researchers leading to the final products such as 

CO2 and ammonium or nitrate (Travis et al., 2007). 

1.2.9.4 Cytochrome P450-containig monooxygenases 

Cytochrome P450-containig monooxygenases (EC 1.14.14.1) belongs to 

one of the major classes of enzymes that are responsible for detoxification of 

organic and inorganic contaminants in animals and plants (Robineau et al.,

1998). They are mixed-function oxidases located in the membranes of the 

endoplasmic reticulum (microsomes), that utilize NADPH and/or NADH 

reductive equivalents for the activation of molecular oxygen and for the 

incorporation of one of its atoms into hydrophylic organic compounds (XH) 

that produce functionalized products (XOH) (Schuler, 1996). In this case the 

second atom of oxygen is used for the formation of a water molecule. The 

microsomal cytochrome P450 containing monooxygenase system is the 

electron transfer chain, located in the membranes of the endoplasmic 

reticulum. This system contains the following components: the initial stage of 

electron transfer is an NADPH-cytochrome P450 reductase (EC 1.6.2.4); the 
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intermediate carrier, cytochrome b5; and the terminal acceptor of electrons, 

cytochrome P450. When NADPH is used as the only source of reductive 

equivalents in this system, the existence of an additional carrier, an NADH-

dependent flavoprotein, becomes necessary. NADH may be oxidized also by 

the NADPH-dependent redox system (Figure 1.3). In the latter case b5 is not 

needed as the medium carrier (Hansikova et al., 1994). 

Figure (1.3): Microsomal monooxygenase system (Hansikova  et  al., 1994).

In plants, Cytochrome P450 (or CYP) enzymes are involved in herbicides 

metabolism. P450, in cooperation with NADPH cytochrome P450 

oxidoreductase (reductase), catalyzes oxidation reactions of lipophilic 

compounds, including certain herbicides (Figure 1.4). These P450 species play 

an important role in toxin selectivity and resistance (Coleman, 1992). 

Cytochrome P450s catalyze extremely diverse and often complex region-

specific and/or stereo-specific reactions in the biosynthesis or catabolism of 

plant bioactive molecules (Morant et al., 2003).
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It is possible to list more than 20 physiologically significant processes 

and reactions, in which cytochrome P450 plays a key role (Durst, 1991; 

Schuler, 1996). The most important of them are: biosynthesis of lignine 

monomers (Whetten and Sederoff, 1995), anthocyanins (Holton and Cornish, 

1995), furanocoumarins (Berenbaum and Zangerl, 1996), gibberellins (Jenings 

et al., 1993), isoflavonoid phytoalexins (Kochs and Grisebach, 1986), 

alkaloids, hydroxylation of fatty acids, limonene and geranoil (Kutchan, 1995).  

At the same time some plant cytochrome P450 containing 

monooxygenases can play an important role in hydroxylation of exogenous 

toxic compounds (pesticides, environmental pollutants and other xenobiotics) 

after they penetrate into the plant cell (Sandermann, 1994). They also 

participate in the reactions of C- and N-hydroxylation of alyphatic and 

aromatic compounds, N-, O-, and S-dealkylation, sulpho-oxidation, 

deamination, N-oxidation, oxidative and reductive dehalogenation, etc. 

(Schuler, 1996). The biochemical resistance to many herbicides in plants is 

mediated by the rapid transformation of the herbicide into a hydroxylated, 

inactive product that is subsequently conjugated to carbohydrate moieties in 

the plant cell wall (Schuler, 1996). N-demethylation and ring-methyl 

hydroxylation of the phenylurea herbicide chlortoluron in wheat and maize are 

cytochrome P450-dependent processes (Fonné-Pfister et al., 1990; Mougin et

al., 1990). 
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Figure (1.4): Description of plant metabolism of organic pollutants. Broken 

arrows represent proposed pathway for glucosylation in Golgi. CT is 

glutathione-conjugate transporter, AT is ATP-dependent anion 

transporter, GT is ATP-dependent glucosideconjugate transporter, and 

VP is vacuolar peptidase (Coleman, 1992). 

1.2.10 Studied plants: Sesbania grandiflora and Arabidopsis thaliana 

1.2.10.1 Sesbania grandiflora

Sesbania grandiflora L. Poir, common names in English are: Corkwood 

tree, Hummingbird tree, Scarlet wisteria tree, Sesban, Sesbania. In French: 

Sgati a grandes fleurs. Hawaiian: Ohai ke ke o. Palauan: Katurai. Samoan: 
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Spain. Tahitian: Afai, Ofai, Ouai, Oufai (Heering and Gutteridge, 1992). The 

genus Sesbania is important in Africa and has a large number of species. Some 

of the most important members of this subgenus Agati are mainly found in 

southern Asia and its members are more of perennial and tree types as 

compared to the relatively more annual and shrub types found in the genus 

Sesbania (Onim and Dzowela, 2006). 

1.2.10.1.1 Plant taxonomy 

Domain: Eukaryota   

Kingdom: Plantae-   Plants  

Subkingdom: Viridaeplantae   

Phylum: Magnoliophyta  

Subphylum: Euphyllophytina  

Infraphylum: Radiatopses   

Class: Magnoliopsida   Dicotyledons  

Subclass: Rosidae   

Superorder: Fabanae   

Order: Fabales   

Family: Fabaceae   Bean Family  

Genus: Sesbania   

Specific epithet: grandifolia - Poiret  

Botanical name: - Sesbania grandifolia (Char, 1983) 
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Figure (1.5): Sesbania grandiflora L. plants at the early stage of growth. 

1.2.10.1.2 Plant ecology 

The plant is tolerant to a wide range of soils including alkaline soils that 

are poorly drained, saline, and low fertility. S. grandiflora shows some 

tolerance to acid soils with a pH down to 4.5 and it is well adapted to heavy 

clay soils   (Heering and Gutteridge, 1992).  

It is best adapted to a region with annual rainfall of 2,000-4,000 mm, but 

has been grown successfully in semi-arid areas with 800 mm annual rainfall 

and up to 9 months of dry season. The plant is tolerant to flooding over short 

periods. Its rapid early growth and erect habit usually enables S. grandiflora to 

access sunlight by overtopping neighboring plants. Birds pollinate the large 

hermaphroditic flowers and the plant is able to produce ripe pods 4-9 months 

after planting. 
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1.2.10.1.3 Plant uses 

Several Sesbania species are sources of livestock feed, both as fodder and 

hay (Onim et al., 1985). The plant is valued as a fodder in many regions. In 

south-central Lombok, Indonesia, it grows around rice fields provide up to 70 

percent of the diets of cattle and goats during the annual eight-month dry 

season. Plants are used to shade nurseries and some crops, and as an element 

of windbreaks. Leaves contain as much as 73% crude proteins in dry matter 

and have various uses in the herbal medical lore (Evans, 2001). 

Dry matter yield of S. grandiflora forage is quite high when compared to 

other forage legumes like Leucaena leucocephala, Pigeon pea with an 

estimation of 8000, 5500, 3000 kilogram per hectare for Sesbania, Leucaena

and Pigeon pea respectively after six months of planting (Onim, 1986). 

Nitrogen yield of these legumes were 250, 175, and 120 Kg/ha for 

Sesbania, Leucaena and Pigeon pea respectively. The mean crude fiber 

content in S. grandiflora is low (13%) and the mean calcium to phosphorus 

ratio is high 3:8. It is therefore clear that Sesbania spp are forages of very high 

quality (Onim, 1986). Sesbania spp have been used for many years as a source 

of fuelwood. Bulk density of Sesbania spp varies according to species, rate of 

growth, and age. Values ranging 240-616 Kg/m3 have been reported (Onim, 

1986). 

Several studies have shown that Sesbania spp returns into the soil as 

green manure between 80 and 120 kg of N within 90 days (Dargan et al.,

1975). Sesbania spp are also often used in land reclamation especially in salty 
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(saline) and sodic soils as well as in mining and excavation sites (Srivastava et

al., 1973; Malik and Haider, 1977; Yousir, 2008). 

1.2.10.2 Arabidopsis thaliana, the weed that becomes a model plant 

Kingdom Plantae – Plants 

Subkingdom Tracheobionta – Vascular plants 

Superdivision Spermatophyta – Seed plants 

Division Magnoliophyta – Flowering plants 

Class Magnoliopsida – Dicotyledons 

Subclass Dilleniidae  

Order Capparales  

Family Brassicaceae – Mustard family 

Genus Arabidopsis Heynh. – rockcress 

Species Arabidopsis thaliana (L.) Heynh. – mouseear   cress 

Arabidopsis thaliana is a small flowering plant that grows in mild climate 

all over the world and has numerous features ideal for laboratory research 

making it the organism of choice in plant biology (Figure 1.6). Arabidopsis is a 

member of the mustard (Brassicaceae) family like radish and cabbage, and was 

first discovered by Johannes Thal (hence, thaliana) in the Harz Mountains in 

the sixteenth century and initially classified as Pilosella siliquosa. Currently, 

over 300 wild accessions are now available from the Arabidopsis stock centres 

in Ohio, USA and Nottingham, UK providing a valuable resource for genetic 

analysis of natural variation (Kunkel, 1996).  
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Figure (1.6): Arabidopsis thaliana plant after 30 days from seed sowing (10 X).  

The potential of A. thaliana as a model organism for genetics was first 

recognized in 1943 by F. Laibach (Al-Daoude, 2003). Although Arabidopsis

has no major agronomic significance, it offers several advantages for 

researchers in many areas of plant biology especially in molecular genetics 

(Wilson, 2000). Recognized as a tool for the discovery of genes in the role of 

transformation and phytoremediation, Arabidopsis has been used for 

phytotransformation studies. One such study examined the TNT metabolic 

pathways within Arabidopsis (Travis et al., 2007). Heavy metal uptake using 

Arabidopsis genes has been more extensively studied such as for arsenic 

(Rivera et al., 1998) and the elements Zn, Co, Cu, Pb and Mn (Parameswaran 

et al., 2007). The use of this model plant in molecular studies has several 

advantages. 

Sequenced plant genome (~125Mbp, containing about 23000 genes) is 

publicly available. The plant has a rapid life cycle about six weeks from seed 
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to seed; productive seed production and easy cultivation in restricted space; an 

individual self-fertilized plant can produce thousands of seeds compared with 

out-crossing plants (Abbot and Gomes, 1989; Meyerowitz, 1989). It can be 

efficiently transformed by a single Agrobacterium tumefaciens dip method. A 

large number of mutant lines and genomic resources are available from 

different seed stock canters such as the Arabidopsis Biological Resource 

Center (Al-Daoude, 2003). Insertional mutagenesis has been used to create 

“gene knockout” at the University of Wisconsin-Madison (Sussman et al., 

2000).   

1.2.11 Phytoremediation with transgenics 

A direct method for enhancing the effectiveness of phytoremediation is to 

overexpress in transgenic plants the genes involved in metabolism, uptake, or 

transport of specific pollutants (Rugh, 2004; Cherian and Oliveira, 2005). The 

introduction of these genes can be readily achieved for many plant species 

using Agrobacterium tumefaciens-mediated plant transformation. As 

phytoremediation is generally more effective when using large, fast-growing 

plants, and willow transformation protocols have not yet been published, the 

focus has been on poplar. Depending on the hybrid and particular clone, 

reasonable transformation frequencies can be achieved in poplar trees (Han et

al., 2000). 

1.2.11.1 Transgenic phytoremediation of organic pollutants 

Phytoremediation of nitroaromatics was significantly improved with 

transgenic plants (Rosser et al., 2001). As nitroaromatic explosives are 
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phytotoxic, phytoremediation of these pollutants using nontransgenic plants is 

severely hindered. However, when bacterial genes involved in nitroaromatic 

degradation were expressed in plants, the plants became more tolerant to the 

pollutant and could more readily remove it. 

 Increased removal rates of a variety of small organic compounds were 

achieved by overexpressing cytochrome P450 gene a class of enzymes 

involved in the metabolism of xenobiotics in mammals, plants, and bacteria. 

The common pollutants TCE, carbon tetrachloride, chloroform, benzene, and 

vinyl chloride are all substrates of the mammalian isoform P450 IIE1, which is 

encoded by CYP2E1. When the hCYP2E1 was overexpressed in tobacco 

plants, the transgenics produced hundreds of times more TCE metabolite than 

did the nontransgenics, and removed 98% of the ethylene dibromide, another 

substrate of the P450 2E1 enzyme, compared with 63% removal by the null 

vector control plants (Doty et al., 2000). The P450 2E1 enzyme from rabbit 

was successfully expressed in hairy root cultures of Atropa belladonna 

(Banerjee et al., 2002). These mammalian enzymes functioned well in plants 

without any need to modify the gene or to include the other enzymes, 

oxidoreductase and cytochrome b5, known to be required for full function of 

mammalian P450s. Apparently the plant versions of these common enzymes 

are sufficiently similar to the mammalian ones that the P450s can function 

with either type. In another study, the CYP2E1 gene was also overexpressed in 

hybrid poplar (Populus tremula × Populus alba) (Doty et al., 2005).

 TCE metabolism in transgenic poplar removed volatile TCE and benzene 

from air at greater rates than did the control plants. While the nontransgenic 
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poplar remove a significant amount of TCE from air, the CYP2E1 transgenic

plants removed nearly 80% of the TCE in 1 week.  

Furthermore, expression of mammalian cytochrome P450 genes in 

transgenic plants has also been used to detoxify herbicides. CYP1A1, 

CYP2B6, and CYP2C19 enzymes metabolize a wide range of herbicides (Inui 

et al., 2001). Rice (Oryza sativa) plants expressing enzymes that degrade 

herbicides may be helpful in reducing the load of herbicides in paddy fields 

and streams (Hirose et al., 2005). Transgenic rice with CYP2B6 germinated 

well on medium containing 25 ppm alachlor or 50 ppm metolachlor and on 

medium with herbicides while nontransgenic rice did not grow at all (Doty et 

al., 2007). 

Transgenic Arabidopsis that expressed the aromatic-cleaving extradiol 

dioxygenase (DbfB), and transgenic tobacco plants that expressed haloalkane 

dehalogenase (DhaA) were constructed to produce cytoplasmic or secrete 

forms of the enzymes. The transgenic plants producing enzymes were more 

tolerant to higher concentrations of the pollutant, and more of the 

dehalogenated product was found in the hydroponic medium. When exposed to 

crystals of 2,3-dihydroxybiphenyl, only the transgenic Arabidopsis expressing 

the apoplast-targeted DbfB induced ring cleavage of the pollutant. These 

studies demonstrate the usefulness of engineering plants with secreted 

enzymes for pollutants that are either too phytotoxic or less bioavailable (Al-

Daoude, 2003).   
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1.2.11.2 Transgenic phytoremediation of metals 

Since metals cannot be metabolized or broken down to less toxic forms, 

the goal of remediating was metal-contaminated soil is generally to extract the 

metal from the large soil volume and transfer it to a smaller volume of plant 

tissue for harvest and disposal. For metals such as mercury and selenium, an 

alternative strategy is to convert the metal to a volatile form for release and 

dilution into the atmosphere. Phytoremediation of a metal requires high-

biomass plants that can tolerate the metal, translocate it from the roots to the 

shoots, and compartmentalize the metal or modify it for volatilization (Kramer 

and Chardonnens, 2001; Pilon-Smits and Pilon, 2002; Rugh, 2004; Eapen and 

D’Souza, 2005; Meagher and Heaton, 2005).  

Many of the genes involved in metal uptake, translocation, and 

sequestration have been identified using the model plant Arabidopsis or 

naturally hyperaccumulating plants. However, the phytoremediation capacity 

of these natural hyperaccumulators is limited by their small size, slow growth 

rates, and limited growth habitat. Therefore, if the genes are transferred to 

plant species such as poplar and willow with their high biomass and extensive 

root systems, significant removal of the heavy metals should be achieved 

(Meagher and Heaton, 2005).  

Dhankher et al. (2002) constructed Arabidopsis plants with -ECS gene 

and the arsenate reductase C (ArsC) gene to control both the mobility and the 

sequestration of arsenic. Transgenic plants co-expressing these two genes grew 

substantially better, with healthy shoots, on a medium containing 200 µM 

arsenate compared with the wild-type controls.
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By expressing organomercurial lyase (merB) within the same plant, the 

full pathway from methyl mercury to the least toxic metallic mercury was 

accomplished. Arabidopsis plants transformed with this gene were tolerant to 

concentrations of methyl mercury 50 times higher than the concentrations to 

which wild-type plants were tolerant and 10 times higher than those to which 

plants transformed with merB alone were tolerant(Bizily et al., 2000). 

Other strategies are to overexpress ATP sulfurylase (Pilon et al., 2003), 

glutathione synthetase (Liang et al., 1999), or -ECS (Zhu et al., 2002) in 

Indian mustard (Brassica juncea). In a reported field trial on transgenic plants 

for enhanced remediation, three transgenic lines showed increased 

accumulation of selenium in leaves. Transgenic Indian mustard plants 

overexpressing the adenosine triphosphate sulfurylase (APS) gene accumulated 

4.3-fold more selenium in the leaves than the wild-type plants. Transgenics 

overexpressing the -ECS gene or the GS gene accumulated 2.8- fold and 2.3-

fold more selenium in their leaves than wild type respectively. The plants 

accumulated cadmium, lead, copper, zinc, nickel, and boron (Banuelos et al.,

2005).  

Under hydroponic conditions, the transgenics accumulated 24-fold more 

cadmium in roots and 3-fold more in foliage, and 36-fold more lead in roots 

and 9-fold more in foliage, compared with wild-type plants. In leaves of the 

transgenic plants, 12-fold more copper was accumulated than in wild-type 

plants. The transgenic tobacco plants grew better than nontransgenic control 

plants in all mining soils tested, and had much more biomass than the natural 

hyperaccumulator Thlaspi caerulescens. In another study, tolerance to lead and 
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cadmium was increased when a yeast ABC transporter family member, YCF1, 

was expressed in Arabidopsis plants (Song et al., 2003).  

Therefore, the ideal plants would need to have enhanced capabilities of 

remediating both classes of pollutants. Using genetic and biochemical 

methods, it should be possible to clone the genes involved in remediation of 

both types of pollutants, and combine them in transgenic plants. It has been 

demonstrated that multiple genes can be transferred to plants using 

Agrobacterium by co-infecting with strains containing different constructs (Li 

et al., 2003; Doty, 2008). As a greater understanding of the genomics behind 

the ability of some organisms to modify or remove pollutants is gained, the 

potential to make phytoremediation a viable alternative to engineering 

solutions to environmental pollution has increased. 

1.2.11.3 Phytoremediation of radionuclides

During in the 20th century, nuclear technology was initiated by the onset 

of the Cold War (Negri and Hinchman, 2000) where, nuclear bombs and 

nuclear reactor facilities were developed with radionuclides as the main 

constituent.  Radionuclides are elements that can spontaneously produce high-

energy radiation or light (Zumdahl, 1989). Therefore, radionuclides become a 

risk factor when exposed and/or deposited in soil and water.  Sources of 

radionuclides were come from above-ground nuclear testing, accidents at 

nuclear reactor facilities, and fission by-products from nuclear bombs (Negri 

and Hinchman, 2000).   
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Radionuclides can also be deposited on the soil surface through mining, 

milling, and drilling for oil. Once radionuclides are deposited on the soil 

surface, they eventually are incorporated into the soil structure.  Physical and 

biological nutrient cycles can distribute radionuclides throughout soil and 

water (Entry et al., 1997).  

Natural weathering and chemical leaching can also release radionuclides 

into the soil (Dushenkov et al., 1999). Radionuclides can then absorb onto soil 

particles, bind with soil constituents, or remain in the soil solution.  Soils with 

clay particles have a strong adsorption for radionuclides due to clay’s large 

surface area.  Soil constituents, such as organic matter and oxides, can 

temporarily bind radionuclides, allowing their release under specific 

environmental conditions. The amount of bound radionuclides is usually 

linearly correlated with time that has passed since the radionuclide 

deposition. When radionuclides are adsorbed or bound in the soil, then they are 

not bioavailable to plants, microorganisms, or soil invertebrates.  However, 

when radionuclides remain in the soil solution, though, then they are 

bioavailable to soil biota (soil microorganism) and plants (Dushenkov, 2003).   

Radionuclide bioavailability mostly depends on the type of radionuclide 

deposition, the time of deposition, and the soil characteristics (Dushenkov et

al., 1997). Radionuclides 137Cs and plutonium tightly bind to soil particles, 

decreasing their bioavailability. Four common radionuclides are 137Cs, 90Sr 

(strontium), 234,235,238U (uranium), and 238-241Pu (plutonium).  137Cesium and 
90Sr come from fission by-products while Pu is released from nuclear weapon 

testing and nuclear fuel facilities.  Uranium is released from nuclear fuel 
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cycles, but is the only one of the four radionuclides that occurs naturally 

(Negri and Hinchman, 2000).   

On the other hand, different phytoremediation mechanisms exist to treat 

radionuclide contamination depending on the type (metal or organic) and the 

location (water or soil) of the contaminant.  One mechanism, called 

rhizofiltration, occurs when contaminants are in water sources, such as ponds, 

streams, or groundwater, and are adsorbed or precipitated onto or into plant 

roots (USEPA, 1998).  Rhizofiltration is used mostly when radionuclide 

concentrations are too low for efficient removal by traditional methods and too 

high to be released into the environment (Dushenkov et al., 1997).  

Two plants that have proven the most successful at rhizofiltration. They 

are sunflower (Helianthus annuus) and water hyacinth (Eichornia crassippes).  

Both have been found to accumulate significant percentages of radionuclides 

(137Cs, 238U, 90Sr) within a few hrs to a few days. Biological indicator of 

radionuclides, Amaranth cultivars produce high above ground biomass, which 

accumulates high concentrations of 137Cs up to 3000 Bq kg-1.  Maximum 137Cs

concentration reached after 35 days of growth (Dushenkov, 2003).  Legume 

and Umbelliferae family species accumulate the highest level of 90Sr.

Pine seedlings (Pinus radiata) and P. ponderosa accumulate 1.5-4.5% 

of 90Sr in their shoots (Negri and Hinchman, 2000). 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Apparatus and equipments

The following equipments and apparatus were used throughout the 

experimental work: 

Apparatus Company and origin 

Autoclave Raypa / Spain 

Bench top centrifuge  Eppendorf / Germany 

Compound Light Microscope Olympus / Japan 

Distillator GFL / Germany 

Electric balance Mettler / Switzerland 

Electric oven Grant / England 

Electrical shaker incubator Grant / England 

Gas Chromatography (GC)  Perkin–Elmer / England 

Growth chambers Raypa / Spain 

Hot plate with magnetic stirrer Gallenkamp / England 

Laminar air flow cabinet Telstar / Spain 

Micropipette Eppendorf / Germany 

Millipore filter  Millipore and Whatman / England 

PCR Bio-Rad (USA) 

pH-meter Jenway / England 

Spectrophotometer Secoman / France 

Vortex  Heidolph / Germany 

Water bath Grant / England 
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2.1.2 Chemicals 

     The following chemicals were used during this study: 

[

All reagents and solvents were at least of analytical grade. 

Trichloroethalene (99%), Trichloroethanol (99%), Dichloroethene (99%), 

Chloral (99%), 1,1,1-Trichloro-2,2-bis (4-chlorophenyl) ethane (DDT 99%), 

1,1,1-Trichloro-2,2-bis (p-chlorophenyl) ethylene (DDE 99%), 1,1,1-

Trichloro-2,2-bis(p-chlorophenyl)ethane (DDD 99%), and Nitrate uranium 

oxide{UO2 (NO3)2 99%}were supplied by Sigma-Aldrich Company and 

brought by DHL Company, Damascus, Syria. 

Chemicals Company and origin  

Kinetin (KIN), NaHPO4, NaH2PO4, -

Naphthaleneacetic Acid (NAA), Benzyl adenine 

(BA), Indole-3-acetic Acid (IAA), Indole-3-

butryic Acid (IBA), Iodine, Kanamycin  (Km), 

Carbencillin (Car), MS medium, LB medium, 

MG/L medium. 

BDH-England

Agarose, Bromo Phenol Blue, dNTP Mix (dATP, 

dCTP, dGTP, dTTP) 10 mM each, EDTA, 

Ethanol absolute 99.5%, Ethidium bromide, 

Glucose, Isopropanol, Methanol, MgCl2, NaOH, 

SDS, Tris-Cl, -Mercaptoethanol, Tween 20, 

Silwet-77,  MTBE. 

Euroclone / Italy 

Primers, PCR Buffer, 5X TBE (Tris- Borate -

EDTA) Buffer, Taq DNA polymerase, NaOAc, 

Clorox, DNA ladder.    

Damascus/ Syria. 
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2.2 Methods 

This work was carried out in the plant tissue culture Lab., Biotech. Dept., Al –

Nahrain Univ. and in the plant tissue culture laboratories, Molecular and 

Biotechnology Department (Atomic Energy Commissions of Syria), during the 

period 16/11/2008– 1/11/2009. 

2.2.1 Sterilization of equipments 

 All the glasswares were scrubbed with brush in a hot detergent bath. 

They were washed thoroughly with tap water, and then rinsed two to three 

times with distilled water. However, glasswares with discarded cultures, as 

well as contaminated ones, were autoclaved shortly in order to liquefy the 

agar and kill any contaminants that may be present. All the glasswares that 

needed scrupulously cleaning were boiled in a saturated solution of Sodium 

bicarbonate. After that, they were immersed in 30% nitric acid solution for 

about 45 minutes followed by thorough washing with tap water until all traces 

of acid were removed. Then they were washed in the usual way. The 

glasswares were further rinsed with distilled water and then dried in an oven 

at 200oC for 2 hrs. Graduate cylinders, test tubes and flasks were plugged 

with absorbent cotton in order to avoid any contaminants to enter them. Petri 

dishes were wrapped with Aluminum foil and left in the autoclaved at 1.04 

kg.cm2, 121oC, for 20 minutes for sterilization. 

2.2.2 Plant material

Sesbania grandiflora seeds were obtained from the Biotechnology 

Dept., College of Science, Al-Nahrain University, Iraq. Arabidopsis thaliana

seeds were obtained from the Atomic Energy Commissions of Syria. 
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2.2.3 Sterilization of explants 

Seeds were sterilized according to an protocol by Rashied et al. (1996). 

Mature seeds were used as explants for callus induction. Seeds were placed in 

sterilized flasks and washed with sterile distilled water. Seeds were then 

soaked in the 70% v/v ethanol for one minute, followed by washing with 

sterilized distill water for one to two minutes. Seeds were further sterilized by 

continuous shaking with 50% v/v Sodium hypochlorite 5.25% (Clorox) for 20 

minutes. The seeds were then placed on sterilized Petri plates having sterile 

filter papers with the help of forceps to remove excess water.  

2.2.4 Preparation of plant tissue culture medium 

Murashige and Skoog, 1962 medium (MS) was prepared as stock 

solutions by dissolving the compounds listed in table 2.1 in distilled water 

(750 ml), and then 100 mg/l Myoinositol, 30g sucrose were added.  The pH 

was adjusted to 5.7-5.8 using HCl (1N), and then 8 g/l agar was added to 

solidify the medium, and completed to one liter using distilled water. The 

auxins IBA (0.0, 0.05, 0.1, 0.2 or 0.5) mg/l; NAA (0.0, 0.1, 0.2 or 0.5) mg/l; 

IAA (0.0, 0.05, 0.1 or 0.2) mg/l and the cytokinins BAP (0.0, 0.5 or 1.5) mg/l 

and KIN (0.0, 0.5 or 1.5) mg/l were added with different combinations as 

required. These components were placed on a hotplate magnetic stirrer till 

boiling, and then aliquots of 10 ml were poured into culture vessels. The 

culture media was autoclaved at a pressure of 1.04 kg. cm2, 121°C, for 20 

min, and then left at room temperature until use. 



Chapter Two                                                                                      Materials and Mothods

-45 -

Table (2.1): MS medium components used as stock solutions for plant tissue 

cultures experiments. 

Weight

(mg/l)

Chemical formula Components

Macronutrients

1650NH4NO3Ammonium nitrate 

1900KNO3Potassium nitrate 

440CaCl2.2H2OCalcium chloride hydrate 

370MgSO4.7H2OMagnesium sulphate  heptahydrate 

170KH2PO4Potassium phosphate monobasic 

Micronutrients

6.20H3BO3Boric acid 

0.83KIPotassium iodide 

16.9MnSO4.H2OManganese sulphate. tetrahydrate 

8.60ZnSO4.7H2OZinc sulphate. heptahydrate 

0.25Na2MoO4.2H2OMolybdic acid (sodium salt).2H2O

0.025CuSO4.5H2OCupric sulphate pentahydrate 

0.025CoCl2.6H2OCobalt chloride hexahydrate 

Chelated Iron

37.3Na2-EDTASodium ethylene diamine tetraacetate 

27.8FeSO4.7H2OFerrous sulfate heptahydrate 

Vitamins

0.1Cl2H17ClN4OS. HCl Thiamine.HCl (B1) 

0.5C8H11NO3.HClNicotinic acid (B3) 
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2.2.5 Microorganism 

A. tumefaciens strain harboring the CYP2EI construct was kindly 

provided by Dr. Sharon Lafferty Doty, Forest Resources College, University 

of Washington, U.S.A. 

2.2.6 Plasmid and bacterium strain for transformation 

Agrobacterium tumefaciens strain used in this study was C58Cl (Doty 

et al., 1996) containing pSLD50-6 plasmid (Banerjee et al., 2002) (Figure 

2.1). pSLD50-6 was a binary vector containing rabbit cyp2e1(pollutant 

resistant), Kanamycin  resistance gene (marker gene) in T-DNA region (Doty 

et al., 2007). 

0.5C6H5NO2Pyrodoxine.HCl (B6) 

2.0C2H5NO2Glycine(free base) 

100C6H6(OH)6Myoinositol
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2.2.7 Bacteriological medium

Luria Bertani (LB) Broth (Miller, 1998) was used for growing A.

tumefaciens stains whose components were listed in table 2.2, dissolved in 

distilled water (750 ml). Then 30g sucrose was added. The pH was adjusted to 

7.2 using KOH (1N), and then 8 g/l agar was added to solidify the medium, 

and completed to one liter using distilled water. The medium was autoclaved 

at 1.04 kg. cm2, 121°C, for 20 min, and then left at room temperature until 

use.

 Table (2.2): LB medium components used as stock solutions for A.
tumefaciens cultivation. 

Component Weight (mg/l)
Tryptone 10000 

Yeast extracts 5000 

NaCl 5000 

Glucose 1000 

The medium Garfinkel (MG) Broth (Huw et al., 2005) was also used for 

growing A. tumefaciens stains whose components were listed in table 2.3, 

then 100 µl of stock solution was dissolved in distilled water (750 ml), and 

30g sucrose was added. The pH was adjusted to 7.2 using KOH (1N), and 

then 8 g/l agar was added to solidify the medium, and completed to one liter 

using distilled water. The medium broth was autoclaved at a pressure of 1.04 

kg. cm2, 121°C, for 20 min, and then left at room temperature until use.  
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Table (2.3): MG medium components used as stock solutions for A.
tumefaciens cultivation (Huw et al., 2005). 

Component Weight (mg/l)
Mannitol  5000 

L-Glutamic acid 1000 

KH2PO4 250 

NaCl  100 

MgSO4·7H2O 100 

Tryptone 5000 

Yeast extracts 2500 

Biotin 1mg/ 100ml

2.2.8 Antibiotics (Doty et al., 2000) 

Antibiotics (Sigma) were used as selective agents. Antibiotics were 

prepared as stock solutions by dissolving the compounds listed in table 2.4. 

They were filter sterilized using 0.22 m Millipore filter prior to use, and 

stored at 4 C then added post autoclaving. 

Table (2.4): Stock solution of antibiotics. 

Antibiotic Final concentration (µg/ml) Solvent  

Carbencillin (Car) 100 Ethanol/Water 

Kanamycin  (Kan) 50 Water 
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2.2.9 Growth and conditions for A. tumefaciens

  The strain of A. tumefaciens used in present study was C58Cl. It was 

grown in LB or MG/L medium supplemented with antibiotics such as 

Kanamycin (50 mg/l) and Carbencillin (100 mg/l). Cultures were grown at 

28oC for 16 hrs at 200-250 xg on a rotary shaker. Aliquots of A. tumefaciens

cultures at hourly intervals were pipetted out and the optical density of the 

culture was measured at 600 nm (OD600 of 1-1.5) (Khan, 2003). Cultures 

showed a decline in the optical density after 18 hrs and thereby this time was 

used for all the experiments (Figure 2.2)

Figure (2.2): Overnight pure culture of A. tumefaciens C58Cl grown in LB 

medium at 28oC and pH 5.7. 

In A. thaliana, transgenic process was used by floral dipping with A. 

tumefaciens. Strain C58C1 (pSLD50-6) bearing the binary vector was grown 

in 500 ml of LB medium supplemented with the appropriate antibiotics at 

28°C for 48 hrs using an orbital shaker (200-250 xg). Cells were harvested by 

centrifugation at 4000 xg for 10 minutes and pelleted cells were re-suspended 
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in 5% sucrose solution supplemented with Silwet-L77 (surfactant 0.02%). 

In S. grandiflora, transgenic process was used for co-cultivation with A.

tumefaciens. Semi-solid MS medium without antibiotics was supplemented 

with 100 mg/l Myoinositol, 30 g sucrose, 4 g agar were added. The pH was 

adjusted to 5.7-5.8 using HCl (1N). The culture media were autoclaved at 

1.04 kg. cm2, 121°C, for 20 min, and then left at room temperature until use. 

Overnight culture of A. tumefaciens having an OD600 of 1-1.5 was centrifuged 

at 4000 xg re-suspended in MS medium at different concentrations (1:10, 

1:50, 1:75 or 1:100) and mixed using vortex. Co-cultivation of S. grandiflora 

cotyledonary explants with A. tumefaciens was conducted for different 

periods (30, 35 or 40 minutes). 

2.2.10 Maintenance of isolate 

2.2.10.1 Maintenance of bacterial isolate 

Maintenance of bacterial isolate was performed according to Maniatis et al. 

(1982) and Atlas et al. (1995) as follows: 

Short- term storage 

Colonies of bacteria were maintained for a period of 2-3 weeks on the 

surface of LB agar medium. The plates were tightly wrapped with parafilm 

and stored at 4°C. 

Medium - term storage 

Bacterial isolates were maintained by re-culturing on slant LB agar 

medium for a period up to a few (2-3) months. Such medium was prepared in 

screw - capped vials containing 10-15 ml of the medium. The isolates were 

streaked on these slant media and incubated at 37°C for 24 hrs. Thereafter, the 

slants were taken and wrapped with parafilm and stored at 4°C. 
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Long - term storage 

Bacteria can be stored for one year in either nutrient broth or Brain-Heart 

infusion broth medium containing 15% glycerol at low temperature without 

significant loss of viability. This was done by adding 1.5 ml of sterilized 

glycerol to fresh preparation of bacterial growth in a small screw capped vials 

(Bejo bottles) with final volume of 10 ml and stored at -20°C. 

2.2.11 Measurement of bacterial growth 

Bacterial growth was monitored by Macfarlaned tube No. 5 turbidity 

standard which is equivalent to bacterial concentration for inoculums 1.5 x 108

cells / ml (Atlas et al., 1995) 

2.2.12 Sterilization (Baily et al., 1999) 

 Two methods of sterilization were used as required: 

Moist heat sterilization 

Media and solutions were sterilized by autoclaving at 1.04 kg.cm2, 121ºC 

for 15 minutes  

Ultra filtration

 Millipore filters (0.22µm) were used to sterilize sugars, amino acids 

and antibiotics. 

2.2.13 Transformation  

2.2.13.1 Seeds germination 

Surface-sterilized S. grandiflora seeds were cultured directly on half 

strength liquid MS medium in a Petri dish with moistened sterile filter paper 

without any growth regulators. Also seeds germinated on half strength MS 

medium solidified with agar in flask (50 ml). Seed germination percentage 

was collected after 5 and 10 days (Figure 2.3).
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Figure (2.3): Seeds were germinated in MS medium, and incubated at 28oC.

           A. Moistened sterile filter paper in Petri dish. 

           B. Seeds germinated on half strength MS medium solidified with agar 

in flask.

2.2.13.2 Determination of Kanamycin resistance (Kemal et al., 1999) 

S. grandiflora and A. thaliana seeds were germinated on MS medium 

containing different concentrations of Kanamycin (0, 50, 100 or 150 mg/l). 

Kanamycin resistance was carried out to determine the lethal dose of 

Kanamycin for both plants. MS medium was containing 5% sucrose and 8 g 

agar, pH of the medium was adjusted to 5.8. Results were observed after 10 

days.

2.2.13.3 Co-cultivation of wounded explants with A. tumefaciens
 (Priya and Shivendra, 2009) 

Cotyledonary explants were surface sterilized with 70% (v/v) ethanol 

for 10 seconds, then rinsed three times with Deionized sterile distilled water 

(DDH2O), then 1% (v/v) of sodium hypochlorite solution (contains 5.25% 

Cl2) was used for 10 minutes, rinsed three times with distilled water. All these 

processes were carried out inside the laminar air flow cabinate. 

Cotyledonary explants were dissected from the 6-7 day-old in vitro

seedling, transferred to a large glass Petri dish (14.4 cm in diameter) 

containing sterile water.

A                                     B
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Cotyledonary explants were soaked in the co-cultivation solution for 30 – 

40 minutes. After infection with A. tumefaciens all cotyledonary explants 

were blotted dry with sterile blotting paper to remove the excessive bacterial 

cells. Then explants were transferred to sterile MS medium. Petri dishes 

containing explants were sealed with parafilm and kept in dark at 25 oC inside 

incubator for 2-3 days (Figure 2.4).

Figure (2.4): Sesbania grandiflora transformation process. 

A. Young cotyledonary seedlings.  

B. Cotyledonary explants were dissected and wounded then co-cultivated 
with A. tumefaciens.

C. Cotyledonary explants were incubated in dark at 25oC for 2-3 days. 

After incubation for 2-3 days, the explants were washed 3-5 times with 

sterile water containing 50 mg/l Kanamycin and 400 mg/l Carbencillin to kill 

any A. tumefaciens cells still attached to the surface of explants. The 

inoculated explants were dried on sterilized filter paper, then transferred to 

pre-selective MS medium containing 50 mg/l Kanamycin and 400 mg/l 

Carbencillin. After 7- 10 days explants were sub-cultured on fresh selective 

medium to select transformants.  
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2.2.13.4 Plant regeneration (Thakur et al., 2005)

Healthy calli were initiated and transferred to the regeneration medium 

consisted of MS medium supplemented with 100 mg/l Myoinositol, 30g 

sucrose, the auxins NAA (0.0, 0.1, 0.2 or 0.5) mg/l; IAA (0.0, 0.05, 0.1 or 

0.2) mg/l and combination with cytokinins BAP (0.0, 0.5 or 1.5) mg/l and Kin 

(0.0, 0.5 or 1.5) mg/l were added.  The pH was adjusted to 5.7-5.8 using HCl 

(1N). The culture media were autoclaved at 1.04 kg. cm2, 121°C, for 20 min, 

and then left at room temperature until use. 50 mg/l Kanamycin as a selective 

agent and 400 mg/l Carbencillin were added after autoclaving. The 

regenerated shoots (Figure 2.5) were further transferred to MS medium 

containing auxins for root induction. Root induction medium was consisted of 

MS medium supplemented with 100 mg/l Myoinositol, 30g sucrose, IBA (0.0, 

0.05, 0.1 or 0.2) mg/l and IAA (0.0, 0.05, 0.1 or 0.2) mg/l. The pH was 

adjusted to 5.7-5.8 using HCl (1N). The culture media were autoclaved as 

above then left at room temperature until use. A quantity of 50 mg/l 

Kanamycin as a selective agent was added after autoclaving. 

Figure (2.5): Shoot regeneration and root induction on MS medium 

containing 50 mg/l Kanamycin.

A.Callus induction 

B. Shoot regeneration 

C. Root formation 
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2.2.13.5 Establishment of plantlets in the glasshouse (Thakur et al., 2005)

Well-rooted plantlets were washed with running tap water to remove 

agar from the surface of roots. They left inside test tubes containing tap water 

for a few days before transfer to pots in a glasshouse (Figure 2.6). Pots were 

containing soil: peat v/v at a ratio 1:1. Pots were transferred to a glasshouse 

with a relative humidity of 90%. All acclimatized plantlets survived the 

hardening process. Some plantlets were also transferred into 50 ml flasks 

containing half strength MS medium supplemented with Kanamycin 50 mg/l. 

They also displayed 100% survival.

Figure (2.6): Plantlets were established in a glasshouse (A) and transferred to 
a 50:50 peat: soil mixture (B,C) or 50 ml flasks (D) containing half 
strength liquid MS medium supplemented with Kanamycin 50 mg/l. 

2.2.13.6 Transformation of A. thaliana (Al-Daoude et al., 2005) 

A. thaliana plants were grown till flowering under long days in pots. Bolts 

were encouraged to proliferate to many secondary bolts after pinching. Plants 

with many immature flower clusters were used for transformation.  

A. tumefaciens was resuspended to OD600 of 1-1.5 in 5% Sucrose solution 

then 100 ml for each two flower clusters were dipped. Silwet L-77 was added 
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in a concentration of 0.02 %. Flowers were dipped with A. tumefaciens 

solution for 2 to 3 seconds, with gentle agitation. Treated plants were covered 

with a dome for 16 to 24 hrs to maintain high humidity. Plants were left till 

seed maturity then collected and weighed. Seeds were surface sterilized as 

mentioned earlier then sown under sterile conditions using a 150 x 15 mm 

Petri dishes containing the Kanamycin (50 mg/l) incorporated with liquid MS 

medium. Petri dished were placed in an cooled incubator at 4°C for 2 days, 

thereafter transferred to light. Seedlings were then transplanted in pots 

containing 1:1 peat: soil (v: v).

DNA was isolated, purified and amplified using PCR. Plants showed 

successful transformation were further grown for 3-4 weeks for seeding. 

Seeds collected from regerants, and further experimentation (Figure 2.7). All 

contaminated glassware and plasticware, as well as soil, peat, etc, were 

sterilized after use at 120oC, 4 hrs in a Pasteur oven, while greenhouse 

equipments were decontaminated with sodium hypochlorite.
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Figure (2.7): A. thaliana florets were dipped with aliquots containing A.
tumefaciens.

A. A. thaliana grown in pots B. A. thaliana at full blooming C. A. thaliana after seed 
harvesting

D. Germination of A. thaliana F1 seeds E. A. thaliana F2 progeny flower harvest
F. A. thaliana F2 progeny grown for biochemical analysis 

2.2.14 Isolation of bacterial DNA 

2.2.14.1 Isolation of plasmid DNA

When plasmids with a high level of purity were required, Qiagen 

plasmid mini-prep and midi-prep kits were used according to the manufacture 

instructions. However, procedures routinely used for the isolation of plasmids 

from bacteria were based on the alkaline lysis method (Birnboim and Doly, 

1979).
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2.2.14.2 Reagents and chemicals

1. Solution I (2.25 ml Glucose 20%; 1.00 ml EDTA 0.5 M, pH 8.0; 1.25 ml 

Tris-HCl 1 M pH 8.0; 45.5 ml DDH2O). This solution was autoclaved before 

use.

2. Solution II (0.4 ml NaOH 10 N; 1.0 ml SDS 20%; 18.6 ml DDH2O). This 

solution does not require autoclaving. 

3. Solution III (NaOAc 3 M, pH 4.8). 40.81 g of NaOAc was dissolved in a 

minimum volume of DDH2O, pH adjusted to 4.8 with glacial acetic acid and 

the volume was made up to 100 ml with DDH2O. This solution was 

autoclaved before use. 

4. TE buffer (10 mM Tris-HCl and 1mM EDTA, pH 8) autoclaved before use. 

5. Ribonuclease (RNase A) 10 mg/ml stock was made in 10 mM Tris-HCl pH 

7.9 and 15 mM NaCl, heated to 100 oC for 15 min and allowed to cool slowly 

to room temperature. Finally, dispensed into aliquots and stored at -20 oC.

2.2.14.3 Protocol for plasmid DNA isolation

Aliquots of 10 ml of resuspended bacteria grown in LB medium were 

centrifuged at 6000 xg for 15 minutes at room temperature. Supernatant was 

discarded and 100 µl of solution I was added to the remaining pellet and 

vortexed. Tube contents were transferred to a fresh micro centrifuge tube, 

kept on ice for 10 minutes then 200 µl of solution II was added and mixed 

gently by inverting tubes several times and then left on ice for an additional 

10 minutes solutions were spun for 10 minutes in an eppendorf centrifuge at 

full speed (10000-13000 xg) supernatant was transferred to another tube. 

Equal volume of isopropanol was added and mixed properly by inverting the 

tubes and then kept for 15 minutes at room temperature. Tubes were spanned 

for 10 min and supernatant was discarded. The pellet was washed with 70% 
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cold ethanol and dried. Pellet was resuspended in 50 µl of TE buffer. Finally 

DNA (3µl) was mixed with (1µl) of bromophenol blue dye. Samples were 

loaded carefully into the individual wells of an agarose gel, and then electrical 

power was turned on at 70 volt for 1 hr, afterwards the DNA migrated from 

cathode (-) to anode (+) poles. The Ethidium Bromide stained bands in the gel 

were visualized using UV transiluminator at 350 nm and photographed. 

2.2.15 Isolation of plant DNA (Schaap et al., 1989) 

2.2.15.1 Reagents and chemicals

1. CTAB extraction buffer (1L stock): 730 ml of DH2O, 100 ml of 1M Tris-

HCl, pH 7.5, 140 ml of 5M NaCl, 20 ml 0.5M EDTA (pH 8.0), 10 g of 

Cetyltrimethylammonium bromide (CTAB) and 10 ml of 140 ml -

mercaptoethanol were mixed at warm temperature until completely dissolved. 

-mercaptoethanol was added just prior to use. 

2. TE buffer (100 ml stock): 1 ml of 1M Tris-HCl, pH 8.0, 0.2 ml of 0.5M 

EDTA (pH 8.0) and 98.8 ml of DH2O were mixed together. 

3. DNA precipitation solution (500 ml stock): 380 ml of absolute ethanol, 40 

ml of 2.5 M sodium acetate (pH 6.3) and 80 ml DH2O were mixed 

together.

4. DNA washing solution (100 ml stock): 76 ml of absolute ethanol, 1 ml of 

1M ammonium acetate and 23 ml DH2O were mixed together. 

5. Chloroform/ isoamylalcohol solution (24:1) 

6. Ice-cold isopropanol.

7. Pestle and mortar. 

8. Ground glass. 

9. Spectrophotometer (Gene Quant, GE Healthcare). 
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2.2.15.2 DNA isolation protocol 

Genomic DNA was isolated from young leaves of control and transformed 

plants (S. grandiflora and A. thaliana) using standard protocol. The isolation 

of DNA was based on a many-step process using salting out methods: (Wu, 

2001)

Three hundred milligram of fresh leaves (50 mg of dry leaves) in liquid 

nitrogen.

The material was transferred to 1.5 ml Eppendorf tube and 1 ml of 

wash buffer was added. The sample was vortexed for 5 minutes to 

remove polyphenols. Then spun at 12000 xg for 3 minutes 

The supernatant was removed and the washing step was repeated 4 to 5 

times to take out sticky residues from the precipitant. 

CTAB (1000 µl) was added and centrifuged at 8400 xg for 5 minutes 

The supernatant was removed and 450 µl of resuspension buffer was 

added along with 80 µl of 10% SDS and incubated at 70ºC for 15 

minutes 

The sample was allowed to cool to room temperature, then 300 µl of 

7.5 M Ammonium acetate was added and placed on ice for 30 minutes 

then spun at 12000 xg for 15 minutes 

The upper clear aqueous layer was carefully transferred to another 1.5 

ml Eppendorf tube. 

Equal amount of ice-cold isopropanol was added and centrifuged for 15 

minutes at 12000 xg. 

The supernatant was discarded and the pellet was washed twice with 

70% ethanol. 

The pellet was dissolved in 100 µl TE buffer. 
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Ten microliters of RNase A (10 µg/ml) was added and incubated at 

37ºC for 1 h. 

DNA was extracted with an equal volume of the mixture (chloroform: 

isoamylalcohol, 24:1), then spun at 12000 xg for 10 minutes 

The aqueous layer was transferred to a fresh 1.5 ml microfuge tube and 

2 volumes of ice-cold ethanol were added, then spun at 12000 xg for 5 

min at room temperature 

The pellet was washed with 70% ethanol. 

The pellet was dried in a speed vacuum and re-dissolved in 100 µl TE 

buffer or DDH2O and stored at -20ºC until use. 

The DNA content was estimated by running on 2% agarose gel or by 

recording absorbance at 260 nm. 

For restriction digestion, 2 µg DNA was used, while 200 ng DNA was 

used for PCR amplification. 

2.2.15.3 DNA visualization 

A quantity of 2 µg DNA was mixed with 3 µl of bromophenol blue dye 

and loaded carefully into the individual wells of the gel, electrical power was 

turned on at 70 volt for 1 hr and the DNA moved from cathode (-) to anode 

(+) poles. Ethidium bromide stained bands were visualized using UV 

transiluminator at 350 nm and photographed. 

2.2.16 Gel Electrophoresis (Maniatis et al., 1982) 

After genomic DNA extraction, agarose gel electrophoresis was 

adopted to confirm the presence and integrity of the extracted DNA. 
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2.2.16.1 Reagents for Gel Electrophoresis 

Agarose

1 X TBE buffer 

Bromophenol Blue in 1% glycerol (loading buffer) 

Ethidium bromide 

DNA ladder  

2.2.16.2 Protocol for Gel Electrophoresis 

2.2.16.2.1 Preparation of an agarose gel 

1. An amount of 1 X TBE (50 ml) was taken in a beaker, agarose powder (0.4 

g) was added and the solution was heated until all gel particles dissolved.

2. Ethidium bromide (2 mg/ml) was added to the agarose solution and left to 

cool down at 50-60 oC.

2.2.16.2.2 Estimation of DNA concentration (Maniatis et al., 1982) 

 DNA samples that showed acceptable integrity were diluted to 1:10 

or 1:20; afterwards the optical density was read with a spectrophotometer at a 

wavelength 260 nm. The concentration of DNA in µg/ml was calculated 

according to the following equation: (OD.260 nm x inverse dilution factor x 

50 µg/ml = µg/ml).  

For measuring the purity of DNA, readings were taken at wavelength 280 nm 

the purity of DNA was estimated = A 260 /A 280 = ~ 2 



Chapter Two                                                                                      Materials and Mothods

-64 -

2.2.17 Primer design (Al-Daoude et al., 2005) 

      Standard PCR primers ranged between 22- 23 bp long were designed 

using the Primer-Select program of DNASTAR. Primers were resuspended by 

dissolving in DDH2O to a stock concentration of 100 M, kept at –20 C and 

aliquots of 10 M were prepared as working solutions. 

2.2.18 Polymerase chain reaction (Al-Daoude et al., 2005) 

Standard primers of 22-23bp long were designed using the primer-select 

program of the DNASTAR package following the method described by Hwei-

Ming and Coon (1998). Primers were selected and PCR amplification was 

carried out to confirm the rabbit cytochrome p450 2E1 presence.  Gene-

specific PCR analysis was performed on 10 replicates of A. tumefaciens strain

(C58Cl), 20 replicates of S. grandiflora and A. thaliana DNA prior to 

transformation.  

Primers Sequence Length

Forward  5’CAT CGG GAA TCT TCT CCA GTT GG 3’     

~0.4kb
Reverse  5’ TGA AGG GTG TGC AGC CGA CAA 3’

PCR was successfully amplified CYP2E1 in all selected A. tumefaciens

2.2.18.1 PCR compounds 

Optimization of a PCR reaction was accomplished after several trials; thus 

the following mixture was adopted. 

Component  Concentration  Amount (µl) 

Deionized water  --- 12.7 

PCR buffer 10 X 2.5 

MgCl2 50 mM 1.0 
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dNTPs 10 mM each 2.5 

Primer A (forward) 10 picomols/ µl 2.0 

Primer B (reverse) 10 picomols/ µl 2.0 

DNA sample  0.05-0.15 µg/ µl 2.0 

Taq DNA polymerase 5 unit/ µl 0.3 

Total volume  --- 25 

2.2.18.2 PCR protocol

A. Molecular analysis of CYP2E1 

For each plant (A. thaliana and S. grandiflora), a number of samples 

were tested according to phenotypes of the CYP2E1 gene for both 

transformed and control plants. Two PCR reactions (two tubes) were 

performed for each sample: one for identifying the presence of CYP2E1 and 

the other is the control (Doty et al., 2003). 

B.PCR Program 

To detect the CYP2E1 gene, the following program was adopted (Al-

Daoude et al., 2005). 

 Step  Temperature 

(oC)

Time

(minutes)

No. of Cycles 

Initial denaturation  94 4 1 

First loop 

Denaturation  94 1 30 

Annealing 65 1 30 

Extension  72 1.5 30 

Final extension 72 5 1 
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2.2.18.3 Analysis of PCR products 

PCR products and DNA ladder (200-2500 bp) were determined by 

electrophoresis. Aliquot of 3 µl of loading dye plus 10 µl of the product were 

mixed and loaded on 2% agarose gel (2 g agarose/ 100 ml 0.5 X TBE buffer) 

and run at 70 volt for one hr. The gel was stained with ethidium bromide 

solution (2 mg/ ml) for 15-30 minutes. Bands were visualized on a UV 

transsiluminator and then photographed using photo documentation system 

(Bio-Rad, USA). 

2.2.19 Western blot analysis (Doty et al., 2007)

2.2.19.1 Reagents of Western blot analysis: 

SDS 1.53 g (Resolving in 100 ml) 

Defatted milk 5% 

Triton X-100 

Tris-buffered saline (TBS) 20 mM 

NaCl 0.5% 

Tween 20  0.5% 

X-ray film (NIF RX, Fuji Photo Film Co. Ltd.). 

2.2.19.2 Protocol of Western blot analysis for protein extraction 

Total root protein was extracted by mixing powdered roots with SDS 

loading buffer (2 ml/g of fresh weight), boiled for 5 min, and centrifuged at 

12000 xg for 5 minutes; SDS-PAGE gels were run with a Bio-Rad 

miniProtein II, and proteins were transferred to poly (vinylidene difluoride) 

membranes with Amersham Pharmacia Mighty-Small Transfer Unit at 400 

mA for 1 hr. After blocking for 1 hr with 5% defatted milk in Tris-buffered 
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saline (TBS), blots were incubated with diluted rabbit anti-human P450 2E1 

that was kindly provided by K. E. Thummel (University of Washington, 

Gentest, Woburn, MA for 1 hr. Blots were washed three times with TBS 

buffer and Tween 20 (0.1%) then incubated with the appropriate peroxidase-

conjugated secondary antibody. Blots were washed four times with wash 

buffer (20 mM Tris, pH7.4/0.5 M NaCl/ 0.5% Tween 20). Blots were 

developed using Amersham Pharmacia’s Enhanced ilumi according to the 

manufacturer’s instructions.

2.2.20 Effect of pollutant compounds  

2.2.20.1 Effect of Dichlorodiphenyltrichloroethane (DDT) 

DDT stock solution (99% Sigma) was prepared at three concentrations 

(0, 10 or 20 g/ml).  Standard solution with different concentrations of DDT 

(0, 10 or 20 g/ml) was used in these experiments after mixing with half 

strength MS medium (without agar). Experiments were performed with two 

plant species (A. thaliana and S. grandiflora).

2.2.20.1.1 Germination in different concentrations of DDT

A. thaliana and S. grandiflora seeds were germinated separately on MS 

liquid medium containing different concentrations of DDT (0, 10 or 20 

g/ml) with three replicates for each concentration and each replicate 

included 100 seeds from each pant. Seeds started germinating after 7 days and 

germination percentages were recorded after 15 days. All treatments were 

placed under sterilize greenhouse conditions, 25°C for 16/8 hrs. light/dark 

photoperiod using day light inflorescent at light intensity of 3000 lux. 
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2.2.20.1.2 Transgenic experiments in the presence of DDT

Sesbania transgenic and F2 Arabidopsis plants were cultured in a glass 

flask (50 ml) containing MS liquid medium supplemented with DDT (10 µl/

ml) with three replicates. Wild-type plants of each plant species (Sesbania and 

Arabidopsis) were similarly treated. All treatments were placed on a slow 

rotary shaker under sterile greenhouse conditions, 25°C for 16/8 hrs light/dark 

photoperiod using day light inflorescents at a light intensity of 3000 lux for 12 

days. Plant samples were prepared for analysis by Gas Chromatography (GC), 

by cleaning and drying at 105oC to a constant weight and homogenized. The 

obtained powder (0.3 g for each sample) was pressed into an Eppendorf tube 

and the samples were transferred to GC section for analysis.  

2.2.20.1.3 Extraction of DDT from plant tissues (Chiu et al., 2008)

A quantity of 0.5 g tissue was dried in an electric oven at 70oC for 24 

hrs. Plant tissue and media were extracted by hydrodistillation for 3 hrs using 

a cellulose thimble and insulted into Sohxlet flask containing 120 ml of 

Hexane: acetone mixture (1:1,V:V). Extraction using Sohxlet was carried out 

at 60oC for 3.5 hrs. Extract was transferred into a conical bottom tube; 

Sohxlet and flask were washed three times with the extraction solution (2ml). 

Extract was then reduced in volume using stream of nitrogen khaldal (Turbo

Vap LV) then DDT was stored under -10C0 for GC analysis. 

2.2.20.1.4 Calibration curve of DDT 

DDT solutions were prepared at five concentrations (0, 10, 15, 35 and 

65 µg/ml). The true value was calculated by using rectum line equation (Y= 

aX + b) which gave sigenificant R2 (Figure 2.8). 
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Figure (2.8): Calibration curve of DDT. R2 value is 0.971. 

2.2.20.2 Effect of Trichloroethane 

TCE stock solution (99% Sigma) was prepared at three concentrations 

(0, 2, and 4%), 2% was prepared by dissolving 2ml of TCE stock solution 

(99%) in 98 ml sterilized distilled water and 4% was prepared by dissolving 

4ml of TCE stock solution (99%) in 96 ml of sterilized distilled water. 

Standard solution with different concentrations of TCE (0, 2, and 4%) 

was used in these experiments after mixing with half strength MS medium 

(without agar). Experiments were performed with two plant species (A.

thaliana and S. grandiflora). 

2.2.20.2.1 Germination in different concentrations of TCE

 Seeds of both plants were germinated separately on MS liquid medium 

containing different concentrations of TCE (0, 2, or 4%). with three replicates 

for each concentration and each replicate included 100 seeds for each plant. 

Seeds started germination after 7 days and germination percentages were 

DDT (µg/ml) 
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recorded after 15 days. All treatments were placed under sterilized 

greenhouse conditions at 25°C for 16/8 hrs. light/dark photoperiod using day 

light inflorescents at a light intensity of 3000 lux. 

2.2.20.2.2 Transgenic experiments in the presence of TCE

F2 Arabidopsis and Sesbania transgenic plants were cultured in a pot 

containing 50 gm soil: peat (1:1, V:V) and irrigated in MS liquid medium 

supplemented with TCE (2%) with three replicates. Wild-type plants of each 

plant species were similarly treated. All treatments were placed under 

sterilized greenhouse conditions at 25°C for 16/8 hrs. light/dark photoperiod 

using day light inflorescents at light a intensity of 3000 lux for 7 days. Plant 

samples were prepared for analysis by Gas Chromatography (GC), after 

cleaning and drying with liquid nitrogen to a constant weight and 

homogenized. The obtained powder (0.3 g for each sample) was pressed into 

an Eppendorf tube and the samples were transferred to GC section for 

analysis.

2.2.20.2.3 Extractions of TCE from plant tissues (Doty et al., 2000)

A quantity of 1g tissue was ground with a mortar and pestle and 

transferred to a chilled glass centrifuge tube. Then 2 ml of 1 M H2SO4 and 

10% NaCl solution were added to each tube and vigorously shaken for 1 min 

before 10 ml of tert-butyl methyl ether were added. The tubes were then 

shaken for 1 min, centrifuged at 4°C for 10 min at 8000 xg and 7 ml of each 

supernatant was transferred to a separate vial containing 2 g of Na2SO4. After 

1 hr, 1ml samples of the extracts were placed in the GC auto-sampler vials. 
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2.2.20.2.4 Calibration curve of Trichloroethylene  

TCE solutions were prepared at five concentrations (0.000048, 

0.00011, 0.0002, 0.004 or 0.01%).  The true value was calculated by using 

rectum line equation (Y= aX + b) which gave sigenificant R2 (Figure 2.9). 

Figure (2.9): Calibration curve of TCE.  R2 value is 0.953. 

2.2.21 GC analysis (Doty et al., 2007) 

DDT and TCE metabolism was analyzed using GC system which was 

consisted of a Perkin–Elmer Auto-system gas chromatography equipped with 

an electron capture detector (ECD) and XTI-5 capillary column (30m x 

0.25mm, film thickness 1.0 mm). The oven temperature was ranged from 

40°C to 200°C. Helium was the carrier gas, at flow rate of 0.8 ml/minutes 

Samples of 1 µl were injected automatically in the split mode (split ratio 

1:100). Quantitative data were obtained electronically from ECD area, and 

calibration curves were made for TCE and DDT using commercially available 

standards (Sigma). 
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2.2.22 Effect of metals 

Stock solutions of metals were prepared by weighing 500 mg of metal 

salts (KCl, PbCl2, CuSO4.5H2O, MnSO4. 5H2O) and dissolved in 1L of 

DDH2O, then added to the culture medium before autoclaving. 

Standard solution (500ppm) with different concentrations of elements {K 

(200, 250, 300 ppm) Mn (75, 100, 125 ppm) Cu (75, 100, 125 ppm) Pb (30, 

40, 50 ppm)} were used in these experiments after mixing with half strength 

MS medium (without agar). Experiments were performed with the two plant 

species. Plant samples were prepared for analysis by X-ray fluorescence 

spectrometer (XRF), by cleaning and drying at 105oC to a constant weight 

and homogenized. The obtained powder (0.3 g for each sample) was pressed 

into an Eppendorf tube and the samples transferred to XRF section for 

analysis.

2.2.22.1 Transgenic experiments in the presence of metals  

S. grandiflora and F2 A. thaliana transgenic plants were cultured 

separately in pots containing soil: peat (1:1, V:V) with different heavy metal 

concentrations as mentioned above with three replicates.  Wild type plants of 

each plant species were treated with the same treatment as the transgenic 

ones. All treatments were placed under sterilized greenhouse conditions at 

25°C for 16/8 hrs. light/dark photoperiod using day light inflorescents at a 

light intensity of 3000 lux for 12 days. 

2.2.22.2 Transgenic experiments in contaminated soil

Samples of contaminated soil were collected from contaminated sites 

by the AECS qualified staff and analysis for their physicochemical properties 

(Table 2.5). Samples were put in safety containers and transferred to the 
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laboratory. Experiments were performed with the two plant species at three 

periods (5, 10 and 15 days). Plant samples were prepared for metals analysis 

(Ca, Fe, Br and Zn) by using XRF after cleaning and drying with liquid 

nitrogen. Then the samples were homogenized, and grounded. The powder 

(0.3 g for each sample) was pressed into an Eppendorf tubes, samples then 

taken to XRF examination.  

Table (2.5): Some physicochemical properties of mixture (soil:peat) used in 

these experiments. 

Parameter   Soil texture and values 

Texture  Clay loam 

pH  6.3 

Total C, g kg_1 59.2 

Total organic mater  50% 

CEC†, cmolc kg_1 39.1 

Total Ca, mg kg_1 5090   388 

Total Fe, mg kg_1 2651  120 

Total Zn, mg kg_1 42.9  2.6 

Total Br, mg kg_1 51.3  2.4 

† Cation exchange capacity. 

2.2.23 Effect of Uranium 

Stock solutions of 238U were prepared by weighing 25 and 50 mM of   

(UO2 (NO3) 2) salt and added to the culture medium before autoclaving. 

Standard solution with different concentrations of uranium 25 and 50 mM 

was derived and used in these experiments after mixing with half strength of 
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MS medium (without agar). Experiments were performed with A. thaliana

plants. Transgenic experiments samples were prepared for analysis by using 

Gamma analysis, after cleaning and drying with liquid nitrogen then 

homogenized. The powder (0.3 g for each sample) was pressed into an 

Eppendorf tubes, samples then taken to Gamma analysis.

2.2.23.1 Germination in different concentrations of Uranium

A. thaliana seeds were germinated separately on MS liquid medium 

containing different concentrations of uranium (0, 25 and 50) mM with three 

replicates for each concentration and each replicate included 100 seeds for 

each plant. Seeds started germinating after 7 days. Germination percentages 

were recorded after 15 days from sowing. All treatments were placed under 

sterilized greenhouse conditions 25°C for 16/8 hrs. light/dark photoperiod 

using day/light inflorescents at a light intensity of 3000 lux. 

2.2.23.2 Transgenic plant experiments in the presence of Uranium  

F1 and F2 A. thaliana transgenic plants were grown separately in pots 

containing soil: peat (1:1, V: V) supplemented with uranium at 25 mM with 

three replicates (three pots for each). Each replicate included three pots. Wild 

type plants of A. thaliana were treated as the transgenic. All treatments were 

placed under sterilized greenhouse conditions at 25°C for 16/8 hrs. light/dark 

photoperiod using day light inflorescents at a light intensity of 3000 lux for 12 

days . 

2.2.24 Effect of 137Cesium and 90Strontium

Soils contaminated in 137 Cesium 17600 Bq/g and 90Strontium  147  7 

mg kg_1 were used in the experiments. Experiments were performed with the 

two plant species for 7days. Plant samples were subjected to analysis as 

mentioned in 2.2.24. 



Chapter Two                                                                                      Materials and Mothods

-75 -

2.2.24.1 Transgenic experiments in the presence of 137Cesium and                   

90 Strontium

S. grandiflora and F2 A. thaliana transgenic plants were grown 

separately in pots containing 90Strontium 147  7 mg kg_1 and 137Cesium

17600 Bq/g with three replicates (three pots for each). Wild type plants of 

each (Sesbania and Arabidopsis) were treated in the same manner as the 

transgenic, and then subjected to environmental condition as mentioned 

earlier for 7days. 

2.2.25 X-ray fluorescence spectrometer (XRF) ( Noctor et al ., 1996) 

Soil samples were ground in tubes (1 ml) with input of silicon carbide 

for 10 minutes at 30 xg. A sample of 1g was tableted under 15 ton/cm2

pressure then direct XRF analysis was carried out using calibration curves 

made with certified reference materials. Correction for mutual multi-element 

interactions was calculated for calibration curves. The following regression 

parameters of analytical curves for analysing elements were considered: 

Parameters         Analytical curves 

K Y=4.027x +0.041 

Ca Y=2.801x -0.042 

Fe Y=2.055x -0.492 

Mn  Y=0.020x +0.021 

Cu Y=0.093x +0.257 

Zn Y=0.093x +0.037 

Br Y=0.191x +0.063 

Sr Y=0.232x +0.093 

Pb Y=0.061x -0.017 
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2.2.26 Gamma analysis (IAEA, 1999) 

A quantity of 10 g of all samples except plants containing Uranium, 

was bottled in a cylinder (previously-calibrated using mixed gamma solution 

reference material QCY48), and counted directly for two times. The first time 

was used to determine 238U, and 137Cs, using HPGe detector P-type R.eff. 

80%. The detector is coupled to a MCA and the sample’s spectra were 

analyzed using Interwinner-4 analysis software. Determination of 238U in 

plant sample was done using a fluorometry technique (technical report series 

No. 295) 

2.2.27 Statistical analysis (SAS/STAT, 2001) 

  The presented data are an average of three replicates for all 

experiments except samples used in GC, X- ray and Gamma experiments 

since they were used as three replicate. A completely randomized design was 

used. Least significant differences (LSD) were calculated for all data, whereas 

Qi-square was used only for explants survival rate and significant differences 

between means were compared. Statistical analysis of data was carried out 

using SAS package (2001). 
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3 Results and Discussion

3.1 Molecular analysis 

3.1.1 Agrobacterium regeneration and selection 

Results showed that a significant increase in bacterial growth in LB 

containing Kanamycin and Carbencillin compared to MG/L medium, which 

was used only for A. tumefaciens growth but not for transformation process. 

This is due to the fact that MG/L contains Mannitol, which cruelly affects 

transgenic plants and makes them look thin and humid.  

A. tumefaciens colonies after 24 hrs of incubation appeared yellow 

smooth and viscous. Later (after 48 hrs) became somewhat irregular due to 

viscous fluid secreted by the bacterium. 

These results are in agreement with Han et al. (2000) who reported that 

yellow Agrobacterium colonies appeared on LB medium containing 

Kanamycin 50 mg/l and Carbencillin 100 mg/l, but different from that of 

Doty et al. (2007) and Steven et al. (2008) who reported a significant 

increase in A. tumefaciens growth on MG/L medium. 
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Figure (3.1): A. tumefaciens colonies stained with Gram stain 250 X 

under light microscope. The bacteria were grown on LB 

medium containing 50 mg/l Kanamycin and 100 mg/l 

Carbencillin for two days at 25oC.

3.1.2 Effect of Kanamycin resistance on plasmid DNA isolation 

pSLD50-6 plasmid containing rabbit CYP2E1 cDNA under the 

control of the cauliflower mosaic virus 35S promoter was isolated 

from A. tumefaciens grown on LB medium containing two 

concentrations of Kanamycin (50 and 100 mg/l). Plasmid DNA 

extraction was carried out using plasmid MiniPrep Kit (QIAgen, 

Germany) following the manufacturer’s instructions. A PCR utilizing 

two CYP2E1 specific primers was performed to confirm the presence 

of the gene in the bacterium. DNA electrophoresis (Figure 3.2) 

confirmed the presence of CYP2E1 (410 bp) in selected A.

tumefaciens (C58Cl) colonies grown on LB medium containing 50 

mg/l Kanamycin. 

These results were in harmony with other researchers (Han et al.,

2000 and Steven et al., 2008) who obtained an equal PCR product 
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(410bp) when PCRs using identical CYP2E1 primers were performed 

on A. tumefaciens carrying the same plasmid construct.  

Figure (3.2): Agarose (2%) gel electrophoresis of total DNA extracted 

from A. tumefaciens (70 v, 60 minutes): 

A. DNA Leader band of around 2500 – 200 bp

B. PCR fragment of CYP2E1 

C. pSLD50-6 plasmid containing rabbit CYP2E1 

3.1.3 Primer design and PCR amplification

PCR was successfully amplified CYP2E1 in all selected A. tumefaciens

colonies carrying the target construct (positive control) but failed to amplify 

the same product in both wild types S. grandiflora and A. thaliana plants 

(Figure 3.3). Results corresponded with Han et al. (2000); Doty et al. (2003; 

2007) who constructed CYP2E1 plasmid.  
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Figure (3.3): Agarose (2%)  gel electrophoresis of PCR amplicons using 

CYP2E1 specific primers (70 v, 60 minutes):  

A. DNA Leader band of around 2500 – 200 bp 
B. Wild type S. grandiflora   
C. Wild type A. thaliana
D and  E. A. tumefaciens DNA containing CYP2E1.

3.1.4 Germination of seeds

Results showed that the percentage of germination on MS medium after 

10 days was 50%. However, when seeds were inoculated on sterilized 

moistened filter paper, the germination percentage reached 100% after 5 days 

of sowing (Figure 3.4). 

In this experiment, the percentage of seed germination on the solidified 

medium was low compared with moistened sterilized filter. This might be 

due to impurities in the agar and/or to the osmotic potential (Bewley and 

Black, 1994 and Agarwal et al., 1997). A high percentage of seed 

germination has been reported on sterilized moistened filter paper in various 

crop species, including A. thaliana seeds (Polisetty et al., 1997). Thus, in all 
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experiments, seeds were germinated on sterile moistened filter paper. 

Figure (3.4): S. grandiflora and A. thaliana seeds germinated on half 

strength MS medium solidified with 7 g/l agar or on moistened 

sterile filter paper. Both plants are identical in their % 

germination. 

3.1.5 Determination of Kanamycin resistance 

S. grandiflora were germinated on half strength MS medium containing 

different concentrations of Kanamycin (0, 50, 100 or 150 mg/l) (Figure 3.5). 

After 10 days, all seeds germinated and cotyledons looked healthy. The 

frequency of germination was found to be 94% at 50 mg/l Kanamycin, 88% 

at 100 mg/l Kanamycin and 80% at 150 mg/l Kanamycin. Siliques were 

bleached and then died after three weeks of inoculation regardless of the 

Kanamycin concentration except that inoculated on half strength MS 

medium supplemented with 50 mg/l Kanamycin. This clearly indicates that 

50 mg/l Kanamycin is the convenient concentration at which selection of 
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transgenic plants was performed. Other Kanamycin concentrations, 100 and 

150 mg/l were not useful for transformation process. 

Figure (3.5): S. grandiflora and A. thaliana seeds germinated on half 

strength MS medium containing different concentrations of 

Kanamycin for 10 days. Both plants are identical in their % 

germination. 

These results were in agreement with Doty et al. (2000; 2007) who 

reported that 50 mg/l Kanamycin was suitable for transformants with A.

tumefaciens.
[

3.1.6 Transformation  

The introduction of rabbit CYP 2E1 into a plant genomes and the 

regeneration process are influenced by various factors that were studied. 

3.1.6.1 Inoculation and selective media 

Prior to transformation, an effective concentration of antibiotic for 

selection and regeneration of transformed cell was determined by culturing 
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cotyledons on MS medium containing 50 mg/l Kanamycin, while mixtures of 

liquid MS and LB medium; MS and MG/L medium were used for explants 

infection.

 Results showed that the combination between MS and LB medium 

(15: 5) was useful for transformation in comparison with MS and MG/L 

medium (15: 5). MG/L medium containing mannitol causes explant tissues to 

become water- soaked then show severe leaf necrosis ended with explant 

death within 2-4 days after inoculation (Figure 3.6). 

Steven and Andrew (1998) reported that explant tissues become 

necrotic and viscous when a combination of MS and MG/L medium was 

used as an infection medium with A. tumefaciens. 

On the other hand, Doty et al. (1996; 2007) reported that MS and MG/L 

medium was suitable for A. tumefaciens growth and infection of Poplar 

explants.

Figure (3.6): S. grandiflora explants appeared watery (A) and viscous 

(B) after 2-4 days of inoculation with A. tumefaciens on MG/L 

medium. 
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3.1.6.2 Wounding of explants 

Acetosyringone is a phenolic compound, which is secreted at wounded 

site of S. grandiflora cotyledon explants. This compound enhances 

Agrobacterium–mediated gene transformation in dicots through the 

activation of certain virulence genes (Vir). This consequently leads to the 

synthesis of a single-stranded T-DNA carrying the gene of interest. Other Vir

genes will initiate the transfer and the integration of this T-DNA into the host 

nuclear genome. Veluthamble et al. (1989) reported that the addition of 

acetosyringone increases transformation efficiency. 

In this study wounding played a critical role in transformation 

efficiency. Additionally, Hiei et al. (2004) reported that acetosyringone 

induces Vir genes, extending host range of some Agrobacterium strains such 

as C58Cl. 

3.1.6.3 Exposure time for infection

Exposure time required for infection is one of the main factors among 

others affecting A. tumefaciens mediated gene transformation.  

Results showed that an increased time of infection led to a significant 

decrease in explant regeneration. An infection period of 30 minutes was 

critical for the regeneration process. While, 40 and 45 minutes infection 

periods decreased regeneration efficiency and resulted in solid and viscous 

explants unable to grow and regenerate (Figure 3.7). This might be due to the 

fact that the infection medium is acidic (pH 4.7-4.8) which may increase 

osmotic pressure. 

These results are confirmatory of Rashied et al. (1996) and Cho et al.

(2004).
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Figure (3.7):  S. grandiflora explants appeared viscous and contracted after 

35 (A) and 40 (B) minutes of infection with A. tumefaciens.

3.1.6.4 Callus initiation 

Cotyledonary explants were used for the regeneration of S. grandiflora.

After one week of inoculation, the size of the cotyledons increased and callus 

started initiation at the cut ends of the explant.

Wild type tissues appeared brown, while transformed tissues displayed 

healthy growth on MS medium containing 400 mg/l Carbencillin and 50 mg/l 

Kanamycin (Figure 3.8). This is due to the presence of two antibiotics, which 

killed wild type tissues (non-transformed) that could not survive on the 

selective medium. 

Figure (3.8): Effect of Carbencillin (400 mg/l) and Kanamycin (50 mg/l) on 

transformed (A) and non transformed (B) explants cultured on MS 

medium. 

Explants were recultured on MS medium containing 400 mg/l 

Carbencillin and 50 mg/l Kanamycin, at 10 day intervals to prevent growth 

of wild type cells.  Figure 3.9 shows the induction of callogenesis (shoot 

formation). Cells started to elongate. Shoot buds and shoots started 
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originating via indirect organogenesis from the tissue around the cut edges 

after 14–15 days and callus had the ability to either proliferate or 

differentiate.

Figure (3.9): Growth and elongation of embryogenic calli on MS medium 

containing 400 mg/l Carbencillin and 50 mg/l Kanamycin. 

3.1.6.5 Plant regeneration from callogenisis transgenic cell 

Results showed in tables 3.1; 3.2 indicat that MS medium supplemented 

with 0.5 mg/l BAP plus 0.2 mg/l IAA; 1.5 mg/l BAP plus 0.5 mg/l NAA 

gave the highest rate of shoot formation percentage reaching 76 and 60% 

respectively compared with 33% and 23% when the same medium was 

supplemented with 1.5 mg/l BAP plus 0.5 mg/l IAA; 0.5 mg/l BAP; 0.1 mg/l 

NAA respectively.  

At these concentrations, there was no response at all in the control 

treatment. Reducing combinations of plant growth regulators produced green 

healthy long shoots whereas the higher concentration of BAP and IAA 

produced glossy shoots. 

 High concentrations of BAP resulted in increasing the frequency of 

vitrification (glassiness) is usually unsuitable for further culture.
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Table (3.1): Effect of BAP and IAA on shoot regeneration from cotyledonary 

explants of S. grandiflora after 4 weeks in culture. 

BAP  (mg/l) IAA  (mg/l) Shoot formation (%) 

0.0 0.0 * 

0.5 0.2 76 

1.5 0.5 33 

Mean  54.5 

LSD0.05  8.60 

           *No response for shoot formation 

Table (3.2): Effect of BAP and NAA on shoot regeneration from cotyledonary 

explants of S. grandiflora after 4 weeks in culture. 

BAP (mg/l) NAA (mg/l) Shoot formation (%) 

0.0 0.0 * 

0.5 0.1 23 

1.5 0.5 60 

Mean  41.5 

LSD 0.05  5.4 

*No response for shoot formation 
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These results are similar to that of Allavena and Sarp (1981) who 

induced multiple and adventitious shoots on beans in a basal MS medium 

supplemented with 1.5 mg/l BAP in combination with 0.5 mg/l IAA or NAA.  

Moreover, Nandwani and Ramawal (1992) reported that high frequency 

of plantlet regeneration from cotyledons of Soybean was obtained on MS 

medium supplemented with IAA and BAP. In the same context, Ashis et al.

(2007) reported that tobacco plants could be easily regenerated from leaf 

pieces on MS medium supplemented with 1 mg/l BAP and 0.1mg/l NAA.  

Table 3.3 showed that the effect of another cytokinin, 0.5 mg/l KIN 

coupled with 0.1 mg/l IAA achieved 80% response. However, when 

concentrations increased to 1.5 mg/l KIN and 0.2 mg/l of IAA, a 32% 

response was obtained. While in the control treatment no shoot formation 

response was seen. It was found that the increasing the combination 

concentrations, the lower percentage of shoot regeneration and vice versa.

KIN and NAA (Table 3.4) achieved 68% response in the combination 

of 1.5 mg/l KIN and 0.2 mg/l of NAA, and 18% in the combination of 

0.5mg/l KIN and 0.1 mg/l of NAA, while the control treatment showed no 

shoot response 

In this study, the effects of BAP and IAA combinations on shoot 

organogenesis in S. grandiflora were analyzed after A. tumefaciens

transformation. A combination of BAP and IAA has been most often used 

for shoot organogenesis in legume and was also reported to be effective for 

shoot organogenesis in other plants. 
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Table (3.3): Effect of KIN and IAA on shoot regeneration from cotyledonary 

explants of S. grandiflora after 4 weeks in culture. 

KIN (mg/l) IAA (mg/l) Shoot formation (%) 

0.0 0.0 * 

0.5 0.1 80 

1.5 0.2 32 

Mean  56 

LSD0.05  5.40 

Table (3.4): Effect of KIN and NAA on shoot regeneration from cotyledonary 

explants of S. grandiflora after 4 weeks in culture. 

KIN(mg/l) NAA (mg/l) Shoot formation (%) 

0.0 0.0 * 

0.5 0.1 18 

1.5 0.2 68 

Mean  43 

LSD 0.05  6.30 

*No response for shoot formation

*No response for shoot formation
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3.1.6.6 Rooting induction

Table 3.5 shows that IBA addition at three concentrations (0.05, 0.1 or 

0.2 mg/l) led to 62, 70 and 59% increases in the percentage of root 

regeneration respectively. In contrast, the control treatment showed no root 

regeneration response.

Similarly, IAA (table 3.6) added at 0.05, 0.1 or 0.2 mg/l led to 

significant increases 75, 100 and 84 in the percentage of root regeneration 

respectively. Control treatment showed no root regeneration. In comparison, 

0.1 mg/l of IAA gave 100% root regeneration, while the same concentration 

of IBA gave only 70% root regeneration. Over time, roots elongated and put 

out numerous thin laterals. Plantlets were then hardened and fully expanded 

leaves and well-developed roots were achieved. 

Similar results were observed by Desal and Halepyati (2007) who 

reported that IAA is an efficient growth regulator for rooting.  In this work, 

IAA was found to be the best auxin for rooting since 100% of shoots were 

rooted with 0.1 mg/l IAA.

Figure (3.5): Effect of IBA on rooting of S. grandiflora shoots after 6 weeks 
in culture. 

IBA (mg/l) Rooting (%) 

0.0 * 

0.05 62 

0.1 70 

0.2 59 

Mean 62.66 

LSD 0.05 4.631 

               *No rooting response
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Figure (3.6): Effect of IAA on rooting of S. grandiflora shoots after 6 

weeks in culture. 

IAA (mg/l) Rooting (%) 

0.0 * 

0.05 75 

0.1 100 

0.2 84 

Mean        86.33 

LSD 0.05        2.681 

                *No rooting response

3.1.7 Transformation of A. thaliana floral by dipping 

Floral dipping methods have made it possible to transform A. thaliana

with no need for plant tissue culture or regeneration techniques (Figure 3.10). 

Culturing media, hormones and pH adjustment were unnecessary and 

Agrobacterium mediated transformation is applicable at a range of cell 

densities. A. thaliana plants were infected with the same A. tumefaciens

strain using the floral dip method. Plants were dipped in a solution of A.

tumefaciens, 5% sucrose and 0.02% of the surfactant, Silwet L-77. Plants 

were inoculated when numerous immature floral buds and few siliques were 

present. Plants were left to set up seeds and transgenic seeds were selected on 

Kanamycin containing medium. 

Floral dip method is simple can be conducted by submerging the above-

ground parts of the plant into an Agrobacterium solution for a few seconds. 

In nature, wounded sites secrete compounds (hexoses at low pH) that induce 

vir genes. In tissue culture transformation methods, the phenolic compound 
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acetosyringone is sometimes added to induce expression of relevant vir

genes. Bechtold et al. (1993) and Al-Daoude (2003) reported that A.

tumefaciens C58Cl and pTiC56 genotypes are effective in A. thaliana 

transformation.

 Steven et al. (2008) reported that an increase in Silwet L-77 from 

0.005% to 0.1% gave higher transformation rate, but high level surfactant 

(Silwet L-77) can cause plant tissue necrosis under various conditions. 

Figure (3.10):  A. thaliana growth stages with floral dipping method: 

A. Primary bolts clipped, secondary bolts about 2-10 cm (few open 
flowers)

B. A. thaliana clusters were harvested after floral dipping with A.
tumefaciens.

C. A. thaliana germinated on soil containing 50 mg/l Kanamycin. 
D. A. thaliana F1 progeny was harvested and seeds were germinated 

under Kanamycin selection. 
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3.1.7.1 Plant growth stage 

One of the most important variables present in the transformation 

protocol is the developmental stage of the plant at the time of inoculation 

with Agrobacterium. For identify the inflorescence developmental stage that 

is most suitable to transformation, primary bolts were clipped allowing the 

rise of many secondary bolts.

This result is supported by Steven and Andrew (1998) who tested the 

suitability of different growth stages for floral dipping. They examined first, 

plants with primary bolts clipped and secondary bolts about 1-5 cm, second 

plants with secondary bolts about 2-10 cm (few open flowers) and third 

plants with non clipped primary bolts and many open flowers starting to 

produce siliques and finally plants with mature bolts and many developed 

siliques. They confirmed that the highest transformation rate was obtained 

when plants from the second group were used and plants in the last group 

gave the least transformation rate (Al-Daoude, 2003; Al-Daoude et al. 2005). 

3.1.7.2 Simplification of the inoculation medium  

A. tumefaciens cells were grown in a medium with pH 5.7, harvested 

by centrifugation and then suspended in an inoculation solution consisting of 

MS medium containing 5% sucrose and 0.02% Silwet L-77 that was used to 

reduce surface tension, which greatly enhances bacteria entry into relatively 

inaccessible plant tissues. Similar observations were reported by Whalen et 

al. (1991), when they stated that there are three main requirements for a 

successful transformation procedure starting with the correct plant 

developmental stage, sugar type and type of surfactants used. 



Chapter Three                                                                                  Results and Discussion

 - 94 -  

3.1.8 Detection of the transgenic using PCR 

Polymerase Chain Reaction (PCR) was carried out in order to confirm 

the presence of CYP2E1 gene in transgenic plants.  

Genomic DNA was extracted from plantlet leaves and was used to 

perform a PCR utilizing two CYP2E1 specific primers. PCR amplicons were 

separated on 2% agraose gels and photographed under UV light (Figure 3.11 

and Figure 3.12). The process was repeated several times until enough 

numbers of plantlets needed for chemical experimentations was obtained. 

Selected transgenic plantlets were then acclimatized.

Figure (3.11): Agarose (2%) gel electrophoresis of PCR amplicons 
using CYP2E1 specific primer (70 v, 60 minutes). Lane 1: DNA 
Ladder (Band of around 2500 – 200 bp). Ninety six DNA 
samples were extracted and tested for the presence of CYP2E1 
gene (a band of ~410 bp was seen). 

A. Control plants; B, C and D are transgenic plantlets. 

A

C

B

D
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Figure (3.12): Agarose (2%)  gel electrophoresis of PCR amplicons 

using CYP2E1 specific primer (70 v, 60 minutes), DNA Ladder band 

of around 2500 – 200 bp. Twenty four DNA samples were seen with 

bands around 410 bp (CYP2E1 gene).

3.1.9 Western blotting 

S. grandiflora and A. thaliana total protein extracts were obtained using 

standard methods (Natalia et al., 2002). The ECL method was used for 

visualization of protein following the manufacturer's recommendations 

(Amersham, USA) (Figure 3.13). gene expression in S. grandiflora 

transgenic plants was much higher than that detected in A. thaliana 

transgenic plants, which was reversed on western blotting (Figure 3.13). 

Natalia et al. (2002) reported similar observation with mice. These 

results were in the same vein as in Doty et al. ( 2000; 2007) and Doty (2008) 

who reported similar observations with the Poplus spp.

CYP450 2E1
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Figure (3.13): Detection of CYP2E1 in transgenic A. thaliana and S.
grandiflora plants using western blotting technique.  

Lanes 1 and 2 are two independent S. grandiflora transformants. 

Lanes 3 and 4 are two independent A. thaliana transgenic lines. 

Line 5 is the wild type of A. thaliana plants.

Line 6 is the wild type of S. grandiflora plants. 
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3.2 Effect of pollutants  

3.2.1 Dichlorodiphenyltrichloroethane (DDT) 

Analysis of DDT, DDE and DDD extracted from A. thaliana and S.

grandiflora plants were conducted (Table 3.7). The identification was 

confirmed by using standards and comparison with data published in the 

literature (Rsoc, 1999). Retention times were 23.351, 22.876 and 20.489 for 

DDT, DDD and DDE respectively (Table 3.7).

Table (3.7): Retention time of DDT, DDD and DDE analyzed by GC-ECD. 

Compound  Retention time  

DDT  23.351 

DDD 22.876 

DDE 20.489 

3.2.1.1 Germination of S. grandiflora and A. thaliana seeds in the 

presence of DDT 

At the end of day 15, germination percentage reached 99.3, 60.6, and 

20.6% for the DDT concentrations 0, 10, and 20 g/ml respectively     

(Figure 3.14).

There was no direct relationship between DDT uptake by the seeds 

and its subsequent translocation to the growing regions or the degree of 

growth inhibition. Data suggest that oil content of the seeds affect the 

susceptibility or tolerance of a plant to DDT. It is suggested that lipids of the 
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plant cell solubilize and disperse DDT in the cytoplasm, which, in turn, 

affects normal metabolism within the cell (Bumpus and Aust, 1987).

Figure (3.14): Germination percentages of S. grandiflora and A. thaliana

seeds after 15 days of sowing on different DDT concentrations. Both 

plants behaved similarly. 

Rice (Oryza sativa) plants expressing enzymes that degrade herbicides 

may be helpful in reducing the load of herbicides in paddy fields and streams. 

Transgenic rice with CYP2B6 germinated well on a medium containing 2.5 µ

l/ml alachlor or 5 µ l/ml metolachlor, while non-transgenic rice could grow at 

all. The CYP2B6 rice plants also grow on a medium with herbicides as on 

herbicide free medium (Hirose et al., 2005). 

3.2.1.2 Metabolism of DDT 

CYP2E1-containing transgenic plants increased the average of DDT 

metabolism that was nearly 85-fold greater than that expressed in the wild type 

(Figure 3.15 and 3.16). Transgenic plants grew normally and displayed no 

adverse reaction to added DDT.
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Figure (3.15): Concentration of DDT and its metabolism to DDD, DDE in A.

thaliana plants and culturing medium after 12 days.  

Arab. WT = A. thaliana wild type plants

Arab. GM = A. thaliana transgenic lines 

Control = Untreated medium. 

Figure (3.16): Concentration of DDT and its metabolism to DDD, DDE in S.

grandiflora plants and culturing medium after 12 days.  

Ses. WT = S. grandiflora Wild type plants

Ses. GM = S. grandiflora transgenic lines 

Control  = Untreated medium 
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Similar trend was also exhibited for DDD and DDE. This elucidates 

the grate ability of CYP2E1 to express itself in the new host plants increasing 

their capability in removing contaminants.  

 To study whether the increased metabolism of DDT by transgenic S.

grandiflora and A. thaliana plants is due to the transgene, the concentration 

of DDT in the solution was monitored. CYP2E1 transgenic plants removed 

DDT from solution at much greater rates than control once. After 12 days, 

wild type grown on untreated medium (control) removed 3% of the added 

DDT from solution.

Transgenic plants removed about 91% of the DDT present in the 

culture medium. Calculation the percent removal of DDT from solution 

showed that S. grandiflora and A. thaliana lines are significantly different 

from their controls. The best performing transgenic A. thaliana removed 

DDT 53 times faster more wild type plants. 

Other workers showed that wild type plants and microorganisms, such 

as Pleurotus luteoablus degrade 69% of DDT, and 3% of which was 

mineralized during 30 days (Pflugmacher and Sandermann, 1992; 

Sandermann, 1992). In another study, (Sandermann, 1994) the first 

intermediate compound of the insecticide DDT metabolism in soybean was 

shown to be conjugated by the formation of O-glucoside. Conjugation 

capacity of soybean Oglucosyltransferase is 855µg DDT per hr per g fresh 

weight (Sandermann, 1994). Other species like Phanerochaete 

chrisosporium, Phanerochaete sordid, Phellinus werii, Polyporus versicolo, 

Pleurotus ostreatus were reported to  degrade  ~50% DDT in 30 days, with 

5–14% of  DDT mineralized to CO2 ( Bumpus and Aust, 1987; Safferman et

al., 1995). 
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S. grandiflora and A. thaliana transgenic plants grown on DDT 

containing soil were healthy 12 days after the start of experiment of work 

and have higher fresh and dry weight than wild type plants (Table 3.8). 

Table (3.8): DDT uptake, fresh weight and dry weight in transgenic and wild

     type plants.

Type of plant DDT uptake (ng/ml) Fresh weight (g) Dry weight (g) 

A. thaliana  WT 1081 0.333 0.017 

A. thaliana  GM 4255 0.923 0.07 

S. grandiflora WT 744.49 1.015 0.012 

S. grandiflora GM 5643.51 3.112 0.024 

DDT uptake was 1081ng/ml and 744.49ng/ml in wild type A. thaliana

and S. grandiflora plants respectively. In contrast, the highest DDT uptake 

(5643.51ng/ml) was recorded in transgenic S. grandiflora plants compared 

with 4255ng/ml in transgenic A. thaliana plants. The highest fresh weight 

(3.112 g) was recorded in transgenic S. grandiflora plants while wild type 

plants recorded 1.015g. The lowest fresh weight (0.333g) was recorded in 

wild type A. thaliana while transgenic A. thaliana gave 0.923g. The lowest 

dry weight (0.017 g) was recorded in wild type A. thaliana while transgenic 

A. thaliana gave 0.07g. The highest dry weight (0.024g) was observed in S.

grandiflora transgenic plants compared with wild type plants (0.012g). 

A. thaliana plants achieved higher uptake and lower fresh weight 

compared with the S. grandiflora plants. This could be due to that A. thaliana 

plants have shorter life cycle and a large rooting system. 
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Phytoremediation of organic pollutants involves the biochemical 

decomposition of foreign chemicals (xenobiotics) in plant tissues. Metabolism 

of xenobiotics in plants usually takes place in three phases. In Phase I, xenobiotics 

may undergo hydrolysis, reduction, or oxidation transformations (Doty et al.,

2005). Phase I enzymes are also involved in a number of reductive reactions 

under oxygen-deficiency conditions (Doty, 2008).

Typically, these reactions result in the introduction of functional groups 

in the molecule or the exposure of preexisting functional groups and leads to the 

formation of more polar, more water-soluble, and chemically more reactive and 

sometimes biologically more active derivatives. Therefore, Phase I is often called 

the bioactivation phase of metabolism. In Phase II, the actual detoxification step 

happens where the product from Phase I is bound to an endogenous sugar of 

peptide molecule. Phase III represents the final removal and decomposition of 

these conjugates via exporting them into the cell vacuole, and/or incorporating 

them into biopolymers, such as lignin. Compartmentalization is a potential final 

step in the non-oxidative utilization of xenobiotics, by storage in certain 

compartments of the plant cell. Soluble conjugates (peptides, sugars, amino 

acids etc.) are accumulated in vacuoles, insoluble conjugates (coupled with 

pectin, lignin, xylem and other polysaccarides) are being out of the cell and 

accumulated in plant cell wall (Sandermann, 1994). The insecticide DDT 

acquires a carboxyl group by primary oxidation, then turns into ether with 

glucose using this carboxyl group and the formed conjugate is stored in the 

vacuole (Pierrel et al., 1994; Robineau et al., 1998). 
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3.2.2 Trichloroethylene 

Chemical analysis of TCE and metabolism to Chloral and 

Trichloroethanol extracted from A. thaliana and S. grandiflora plants were 

conducted (Table 3.9). The identification was confirmed by standards then 

compared with data published in the literature (Doty et al., 2007).

Table (3.9): Retention time of Trichloroethane, Chloral and Trichloroethanol 

as determined by GC-ECD. 

Compound  Retention time

TCE 2.92 

Chloral 3.301 

Trichloroethanol 4.942 

Table 3.9 shows that the retention times were 2.92, 3.301 and 4.942 for 

Trichloroethane, Chloral and Trichloroethanol respectively. TCE oxidation 

by P450 2E1 is chloral (2,2,2-trichloroacetaldehyde), which is further 

metabolized to Trichloroethanol or Trichloroacetic acid . 

This result is in agreement with Doty et al. (2007) who suggested that 

P450 2E1 gene in tobacco cell roots has metabolized TCE to Chloral and 

Trichloroethanol.

3.2.2.1 Germination of S. grandiflora and A. thaliana seeds in the 

presence of TCE 

At the end of day 15, germination percentages reached 99.3, 60.7, and 

20.9% at TCE concentrations 0, 2, and 4% respectively (Figure 3.17).
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Figure (3.17): Germination percentages of S. grandiflora and A. thaliana

seeds after 15 days of sowing on different TCE concentrations. Both 

plants behaved similarly. 

While it is important to understand the concentrations of TCE that are 

toxic to plants, few studies report the phytotoxic effects of TCE. Gordon et 

al. (1998) reported that poplars are able to survive in water containing 0.5% 

of TCE. Another experiment found that TCE is toxic to a variety of crop 

plants at a concentration of 0.2% in the gas phase. The later study 

hypothesized that an increase in electrolyte leakage or interference with the 

photosynthetic system was the mechanism of acute toxicity in the plants, but 

the exact mechanism is not known.
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3.2.2.2 Metabolism of TCE

Transgenic A. thaliana and S. grandiflora plants showed an average 

increase in TCE metabolism that was nearly 75 fold greater than that 

detected in respective wild types. Moreover, transgenic plants grew normally 

and did not display any adverse reaction to TCE presence or its metabolites.  

It is clear from the results shown in figure 3.18 that transgenic A.

thaliana  reduced TCE to 4.5g/l compared with wild type plants which 

accumulated 14.0g/l. Trangenic A. thaliana  plants accumulated TCE 3.11 

times higher than that deteced in wild type. TCE metabolism to Chloral was 

6.7g/l and 5.96g/l in transgenic and wild type plants respectively. Similarty   

TCE metabolism to TCEOH was 1.81g/l comapred with  0.91g/l in 

transgenic and wild type plants respectively.

TCE uptake in transgenic S. grandiflora  increased to 13.92g/l 

compared with  2.17g/l in wild types. TCE metalbolism to chloral was 

0.71g/l and 1.28g/l in transgenic and wild type S. grandiflora plants 

resepectively. However, higher conversion of TCE to TCEOH was recoreded 

in transgenic S. grandiflora (5.05g/l) compared with the wild type (2.89g/l). 
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Figure (3.18): TCE Concentration (g/l) and its metabolism to Chloral, and 

Trichloroethanol in transgenic (GM) and wild type (WT) A. thaliana

and S. grandiflora plants after 7days.  

Table 3.10 shows that the highest TCE uptake (13.9g/l) was recorded 

in transgenic S. grandiflora plant while S. grandiflora wild plants uptake 

2.17g/l only. Transgenic A. thaliana plants absorbed 14g/l TCE compared 

with 4.54g/l in wild type. The highest fresh weight (3.415g) was reached in 

transgenic S. grandiflora compared with 2.012g in the control plants. The 

lowest fresh weight (0.343g) was recorded in A. thaliana wild type compared 

with the transgenic one (0.523g).

A. thaliana plants gained the highest uptake and the lowest fresh 

weight than S. grandiflora plants. This could be due to the fact that A.

thaliana plants have shorter life cycle and larger rooting systems.   

Additionally, the TCE toxic effects (low level of photosynthesis and 

leaves turning yellow) were observed only on both wild-type plants but not 

on transgenics.  
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Table (3.10): TCE uptake and fresh weight in transgenic and wild type 

plants.

Type of plant TCE uptake (g/l) Fresh weight (g) 

A. thaliana  WT 4.54 0.343 

A. thaliana  GM 14.0 0.523 

S. grandiflora WT 2.17 2.012 

S. grandiflora GM 13.9 3.415 

It is important to understand the upmost concentrations of TCE that 

are toxic to plants; few studies reported the phytotoxic effects of TCE. For a 

plant to directly degrade, mineralize, or volatilize a compound, it must be 

able to absorb that compound up through its roots. Phytoremediation appears 

to be a valuable option for treating dissolved TCE in ground water and soils, 

on the other hand, pose a potential problem for plants since they may contain 

high levels of organic matter favor more polar molecules because of the 

competing process of absorption to soil organic matter. Plant roots may have 

a difficulty in extracting TCE from soils containing significant amounts of 

organic matter.

In this study the importance of Phase I type biotransformation are 

reviewed. Phase I reactions are most important in the phytoremediation of 

hydrophobic, chemically stable pollutants, such as aromatic carbohydrates 

and (poly) chlorinated aliphatic and aromatic hydrocarbons. Although Phase 
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I reactions involve a wide range of chemical transformations from hydrolysis 

to reduction, the most common Phase I reactions are oxidative processes that 

involve cytochrome P450 enzymes (Doty, 2008).  

These enzymes support the oxidative, peroxidative and reductive 

metabolism of both endogenous and xenobiotic substrates. They comprise of 

a superfamily of heme-thiolate proteins present in every class of organism. 

Cytochrome P450 enzymes are characterized with high diversity of reactions 

that they catalyze and a high range of their chemically divergent substrates. 

Increasing emphasis on functional genomic approaches to P450 research 

recently has greatly advanced our understanding of cytochrome P450-

mediated reactions in plants. Transgenic plants with tailored Phase I 

enzymatic activities may play major roles in the removal of environmentally 

stable organic pollutants from contaminated fields (Doty, 2008). 

These findings are in agreement with a recent study conducted on mice 

liver microsomes in which   pretreatment of mice with pyrazole, which 

induces CYP2E1, enhanced lipid peroxidation due to CH, whereas addition 

of a general P450 inhibitor reduced CH-induced lipid peroxidation. This 

suggests that metabolism of CH to TCOH and TCA is catalyzed primarily by 

CYP2E1 (Doty et al., 2007). 

Another study also found that hybrid cottonwood trees are commonly 

used for phytoremediation applications because of their water uptake 

potential and the ability to degrade TCE. The cottonwood and sycamore trees 

exhibit the ability to degrade TCE into TCEOH, as well as high 

trichloroacetic acid (TCAA).  Plant’s ability to degrade TCE differs with 

plants species and certain native southeastern plants are capable of degrading 

TCE and may be used for phytoremediation (Doty et al., 2003). 
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3.3 Potassium, Manganese, Copper and Lead accumulation in 

transgenic plants

3.3.1 Potassium accumulation in transgenic plants  

Results displayed in Figure 3.19 indicate that an increase in the 

accumulation of K in transgenic S. grandiflora   reached 13, 37 and 55% as 

compared with wild type plants in all three doses (200, 250 and 300ppm) 

respectively. When soil samples were analysed, a reduction in K level 

reached 37, 50, and 13% for the three used doses compared with control 

samples.  

A. thaliana transgenic lines showed increased K accumulations up to 

33, 54 and 13% compared with wild type plants in all doses (Figure 3.20). A 

decrease in K concentrations reached 73, 20 and 7% in soils treated with 

three different doses of K and planted with A. thaliana transgenic plants.

Transgenic S. grandiflora and A. thaliana lines, expressing the cyp450 

2E1 exhibited normal growth under high levels of metals. This could be due 

to the absorption of K ion from the vicinity of the roots then moved to other 

plant parts at times and stages when plant growth is not that sensitive to high 

level of potassium. Salt-induced depolarization of the root plasma membrane 

may activate outward rectifying potassium channel, enabling the diffusion of 

Na+ into the cells down its electrochemical gradient (Schachtman et al.,

1991).

These results are supported by Laurie et al. (2002) and Berthomieu et 

al. (2003) who reported that transgenic wheat lines, expressing the HKT1, 

exhibited enhanced growth under salinity, due to reduced Na+/K+ ratio when 

compared with control plants. 
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Figure (3.19): Metal accumulation in S. grandiflora transgenic plants and 

residual concentrations in soil after 12 days of planting. 

Figure (3.20): Metal accumulation in A. thaliana transgenic plants and 

residual concentrations in after 12 days of planting. 
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3.3.2 Manganese accumulation in transgenic plants

Results (Figure 3.19) show increased accumulation of Mn in 

transgenic S. grandiflora   reached 43, 54, and 43% as compared with wild 

type plants in the three doses. When soil samples were tested, a decrease in 

Mn level (10, 59, and 31%) was recorded compared with control samples. 

 Similarly, A. thaliana transgenic lines showed increased accumulation 

recording 15, 68 and 17% for the three doses respectively (Figure 3.20). 

While a decrease in Mn concentration occurred (47, 21 and 32%) in all doses 

of soil planted with A. thaliana transgenic plants.

The reduction in Mn may be due to a shift of manganese to accessible 

formula in the transgenic plant roots to make it not toxic to plant (Tisdale et 

al., 1997).

3.3.3 Copper accumulation in transgenic plants

Figure 3.19 exhibited an increased accumulation of Cu2+ in transgenic 

S. grandiflora   reached 6, 52, and 42% as compared with wild type plants in 

all three doses. Soil analysis revealed, a decrease in Cu concentration 

reached 27, 18 and 55% compared with control samples. 

A. thaliana transgenic lines accumulated high percentage of Cu 

reached 28, 28 and 44% compared with wild type plants in all three doses 

respectively. On the other hand, a decrease of Cu (31, 31 and 38%) was 

recorded in all doses added to the soil and planted with A. thaliana transgenic

plants (Figure 3.20). 

Transgenic S. grandiflora and A. thaliana lines, expressing the cyp450 

2E1 exhibited normal growth under high concentrations of Cu2+.
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Copper is an important redox component directly related to the 

electron transfer reactions in photosynthesis, respiration, lignification of cell 

walls and detoxification of superoxide radicals (Fox and Guerinot, 1998). 

Amino acids, nicotianamine and histidine, are involved in chelation of 

copper ions in the xylem sap (Liao et al., 2000).

3.3.4 Lead accumulation in transgenic plants  

Figure 3.19 displays an increased accumulations of Pb in transgenic S.

grandiflora reached 58, 1.7 and 25% as compared with wild type plants in all 

three doses (30, 40 and 50 ppm). The figure also shows a decline in Pb 

reached 18, 42, and 40% in all soils treated with the three different 

concentrations and planted with transgenic S. grandiflora compared with 

control samples.  

A. thaliana transgenic lines showed an increased percentage in Lead 

reached 100% for the first dose (30 ppm) as shown in figure 3.20. While a 

decrease in element concentration occurred at percentage 28, 28 and 44% in 

all doses of soil planted with A. thaliana transgenic plant. 

 Transgenic S. grandiflora and A. thaliana lines, expressing the 

cyp450 2E1 exhibited normal growth under high concentration of Lead.

Transgenic A. thaliana plants grown in mining soils containing high levels of 

Pb accumulated twice the level of this heavy metal than wild type plants (Lee 

et al., 2003). 
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3.3.5 Metal effects on plant fresh and dry weight 

S. grandiflora and A. thaliana transgenic plants grown on soils 

contaminated with metals K (200, 250 or 300ppm), Mn (75, 100 or 125ppm), 

Cu (75, 100 or 125ppm) and Pb (30, 40 or 50ppm) recorded higher dry 

weight than wild type plants 12 days after soil contamination (Table 3.11). 

Table (3.11): Effect of Potassium, Manganese, Copper and Lead mixture at 

three doses (ppm) on plants fresh and dry weight (g) after 12 days of 

soil contamination. 

Plants

Dose 1 Dose 2 Dose 3 

Fresh
weight 
(g)

Dry
weight

(g)

Fresh
weight 

(g)

Dry
weight 

(g)

Fresh
weight 

(g)

Dry
weight

(g)

Transgenic A. thaliana 1.369 0.152 1.566 0.198 2.509 0.138 

Wild type A. thaliana 0.490 0.052 0.078 0.022 0.346 0.109 

Transgenic S. grandiflora 3.734 0.188 3.527 0.165 4.420 0.196 

Wild type  S. grandiflora 0.117 0.081 0.446 0.097 0.548 0.095 

Transgenic S. grandiflora plants grown on metal contaminated soils had 

much higher fresh weight (4.42g) than wild type plants (0.54g).

Similarly, higher dry weight (0.196g) was obtained in transgenic S.

grandiflora compared with wild plants (0.09g). Transgenic A. thaliana plants 

grown on metal contaminated soils had much higher fresh weight (2.50g) 

than wild type plants (0.346g).

Similarly, higher dry weight of 0.198g was obtained in transgenic A.

thaliana compared with wild plants (0.022g). A. thaliana plants had lower 
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fresh weight than S. grandiflora plants, which could be due to the fact that A.

thaliana plants had shorter life cycle and smaller size. 

Kozhevnikova et al. (2006) stated that toxic effects of metals were 

assessed from inhibition of the primary root length increment as compared to 

the roots grown in water. Metal accumulation was found both in the 

meristem and in the root cap. Pb and Sr were revealed primarily in the cell 

walls, metal content in all root tissues was decreased, and their toxic effect 

on root growth was ameliorated. 



Chapter Three                                                                                  Results and Discussion

 - 115 -  

3.4 Effect of contaminated soil with Calcium, Iron, zinc and 

Brom

3.4.1 Calcium accumulation in transgenic plants

Figure 3.21 shows increased Ca accumulations in transgenic S.

grandiflora   reached 45, 10, and 45% as compared with wild type plants at 

the three sampling times. Moreover, it shows a decline reached 10, 59, and 

31% in soil samples at different sampling times planted with transgenic S.

grandiflora compared with wild type plants.  

A. thaliana  transgenic lines show increased accumulations  reached 

29, 64 and 7% as compared with wild type plants at the three sampling times 

respectively. While a reduction reached 37, 39 and 24% in contaminated 

soils planted with A. thaliana transgenic plant after 5, 10 and 15 days of 

planting respectively (Figure 3.22). Transgenic S. grandiflora and A.

thaliana lines, expressing the cyp450 2E1 exhibited normal growth under 

high concentrations of metals due to a reduced toxicity of Calcium which has 

different binding forms and compartmentalize within the cell.  

Results were in agreement with Evans et al. (1991); Tester and 

Davenport (2003) who reported that the increase in Ca accumulation could 

be explained since Ca in an essential plant nutrient and is acquired from the 

soil solution by the root system and translocated to the shoot via the xylem. 

3.4.2 Iron accumulation in transgenic plants 

Results show increased accumulation of Fe+2 in transgenic S.

grandiflora   reached 17, 75, and 8% as compared with wild type plants at 

the three sampling times (Figure 3.21).  



Chapter Three                                                                                  Results and Discussion

 - 116 -  

Figure (3.21): Metal accumulation in S. grandiflora  transgenic plants after 5, 

10 and 15 days of planting and in soils planted with S. grandiflora 

transgenic plants. 

Figure (3.22): Metal accumulation in A. thaliana transgenic plants after 5, 10 

and 15 days of planting and in soils planted with A. thaliana transgenic

plants.
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While a decrease reached 12, 76, and 12% of Iron was obtained in soil 

samples at different times planted with transgenic S. grandiflora compared 

with soils planted with wild type plants.  

A. thaliana  transgenic lines showed increased accumulation of Iron 

reached 57, 42, 1% compared with wild type plants at the three times of 

sampling respectively. While decreases in Iron concentration were 58, 14 and 

28% in soil planted with A. thaliana transgenic plants after 5, 10 and 15 days 

of planting (Figure 3.22).

Iron is a component of heme proteins, cytochromes, cytochrome 

oxidase, catalase, peroxidase, leghemoglobin and nonheme proteins like 

ferredoxin and lipoxygenase and thus it is essential for the biosynthesis of 

chlorophyll (Pushnik and Miller, 1989). The role of Iron is hypothesized by

Eide et al. (1996) and Schaaf et al. (2004) who reported that ZmYS1 encodes 

a proton-coupled broad-range metal-phytosiderophore transporter that 

additionally transports Fe and Ni-nicotianamine. These biochemical 

properties indicate a novel role for YS1 transporters for heavy metal 

homeostasis in plants.
[

3.4.3 Zinc accumulation in transgenic plants 

  Results displayed in figure 3.21 show increased accumulation of Zn in 

transgenic S. grandiflora   recording 43, 54, and 43% as compared with wild 

type plants after 5, 10 and 15 days of planting respectively. The figure also 

shows a decrease reached 7, 13 and 80% of Zinc in all soils samples at 

different times and planted with transgenic S. grandiflora compared with that 

planted with wild type plants. A. thaliana  transgenic lines showed increased 

accumulation of Zinc reached 28, 28 and 44% compared with wild type 

plants at the three sampling times respectively. While decreases occurred in 
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Zinc accumulation recording 47, 21 and 32% in soils planted with A.

thaliana transgenic plant (Figure 3.22). Zinc is an important component for 

plant growth and development but the amount needed by the plant is very 

small not exceeding 0.002% (Nelson et al., 1983).  It is suggested by 

Delhaize et al. (2003) that HMA4 (transporter protein) was responsible for 

the transport of zinc in leaves of A. thaliana.

3.4.4 Brom accumulation in transgenic plants 

Results show increased accumulation of Br in transgenic S.

grandiflora reached 51, 6, and 43% as compared with wild type plants at all 

selected times (Figure 3.21). However, a decrease reached 27, 45, and 28% 

of Brom was recorded in soils treated at different times and planted with 

transgenic S. grandiflora compared with soils planted with wild type plants. 

A. thaliana  transgenic lines exhibited increased accumulation of 

Brom reached 15, 68 and 17%  as compared with wild type plants at all 

sampling times respectively. While reductions reached 18, 17 and 11% in 

Brom in soils planted with A. thaliana transgenic plants (Figure 3.22).  

High levels of Brom lead to toxicity and inhibition of plant growth in 

wild type plants, while transgenic plants with cytochrome p450 2E1 are 

capable to accumulate Brom in cell tissue. Schaaf et al. (2004) reported that 

ZmYS1 encodes a proton-coupled broad-range metal-phytosiderophore 

transporter. These biochemical properties indicate a novel role for YS1 

transporters for heavy metal homeostasis in plants.
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3.5 Effect of radionuclide Uranium, Cesium and Strontium 

3.5.1 Germination of A. thaliana seeds in the presence of Uranium 

presence  

In order to evaluate the effect of Uranium (238U) on wild type A. 

thaliana, seeds were sown on a medium containing different 238U

concentrations (0, 25 or 50 mM of 238U). After seven days, germination 

started in all treatments reaching 87.1% in the control (0mM 238U) and 

declined with increasing 238U level over time course. At the end of day 15, 

germination percentages reached 99.3, 65.7 and 29.3% for the 238U

concentrations (0, 25 and 50mM) respectively (Figure 3.23).

Figure (3.23): Germination percentages of A. thaliana seeds at 7 and 15 days 

after sowing on different 238U concentrations (0, 25 and 50mM). 
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 3.5.2 Increased accumulation of Uranium in A. thaliana

A. thaliana transgenic lines showed increased translocation of 238U

compared with non transgenic plants (control). F1 and F2 trangenic plants 

were able to translocate 90% and 80% of 238U respectively (Figure 3.24).

Figure (3.24): Concentration of 238U in transgenic A. thaliana F1 (F1 

Ara.GM) and F2 (F2 Ara.GM) progeny and in wild type plants 

(Ara.Wt) after 12 days of planting. 
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3.5.3 Decreased concentration of Uranium in soil planted with A. thaliana 

238U was decreased by 50 and 60% in soils planted with A. thaliana F1 and 

F2 plants respectively compared with soils planted with wild type plants (Figure 

3.25).

Figure (3.25): Concentration of 238U in soil planted with transgenic A.

thaliana F1 and F2 progeny and wild type compared with the initial 

concentration added to the soil after 12 days of planting. 

Cytotoxicity of 238U was prevented by ROS (reactive oxygen species) 

scavengers, antioxidants, and glutamine (ATP generator). Hepatocyte 

dichlorofluorescein oxidation was inhibited by mannitol (a hydroxyl radical 

scavenger) or butylated hydroxyanisole and butylated hydroxytoluene 

(antioxidants). Glutathione depleted hepatocytes were resistant to 238U (VI) 

toxicity and much less dichlorofluorescein oxidation occurred. Reduction of 

U (VI) by glutathione or cysteine in vitro was also accompanied by oxygen 

uptake and was inhibited by Ca (II), a U (IV) or U (VI) reduction inhibitor. U 

(VI)-induced cytotoxicity and ROS formation was also inhibited by Ca (II), 

which suggests that U (IV) and U (VI) mediate ROS formation in isolated 
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hepatocytes. The U (VI) reductive mechanism required for toxicity has not 

been investigated (Jalal et al., 2006). Cytotoxicity was also prevented by 

cytochrome P450 inhibitors, particularly CYP2E1 inhibitors, but not 

inhibitors of DT diaphorase or glutathione reductase. This suggests that P450 

reductase and reduced cytochrome P450 contribute to U (VI) reduction to U 

(IV). In conclusion, U (VI) cytotoxicity is associated with 

mitochondrial/lysosomal toxicity by the reduced biological metabolites and 

ROS (Dushenkov, 2003).

3.5.4 Increased translocation of 90Strontium in A. thaliana and S.

grandiflora

A. thaliana and S. grandiflora plants were strongly expressed the 

enzyme (P450) as determined by Western blot analysis after using A.

tumefaciens-mediated transformation. Results showed increased 

accumulation of 90Sr in transgenic S. grandiflora reached 60% compared 

with wild type plants (Figure 3.26). A. thaliana transgenic lines showed 

increased accumulation 70% compared with wild type plants which reached 

65%. A decrease in element concentration in soils planted with transgenic A.

thaliana and S. grandiflora recording (50%) compared with wild type plants 

(Figure 3.27).
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Figure (3.26): Concentration of 90Sr in A. thaliana and S. grandiflora  transgenic 

and wild type plants (control) after 7 days. 

Figure (3.27): Concentration of 90Sr in soils planted with transgenic A. thaliana

and S. grandiflora plants and wild type plants (control) after 7 days.  
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It is clear from the above presented data that A. thaliana and S. grandiflora

transgenic plants have developed mechanisms that inactivate or chelate the metal 

ion upon its entry into the plant cytosol. This system prevents the metal from 

inactivating or activating structural proteins, whilst at the same time allowing 

elements essential for the plant’s metabolic function to be taken up and 

transformed into forms that are tolerable to the plant.  

These results are supported by Dushenkov (2003) who reported that the 

toxic effects of metals are assessed from inhibition of the primary root length 

increment following 24 hrs and 48 hrs incubations as compared to the roots grown 

in water or in 3mM Ca(NO3)2 solution. Metal localization in the root apex tissues 

following 24 hrs and 48 hrs incubations was determined using histochemical 

techniques. In the absence of Ca (NO3)2, metals were found in both the meristem 

and in the root cap. Pb and 90Sr were revealed primarily in the cell walls. It was 

suggested that inhibition of divisions of the root cap upper layer cells and a 

decrease in the sloughing off its cells can stimulate the quiescent center cell 

divisions.  

3.5.5 Increased translocation of 137Cesium in A. thaliana and S. grandiflora

Our data show increased translocation of 137Cs around 60% in transgenic S.

grandiflora compared with wild type plants. A. thaliana transgenic lines showed 

higher translocation 70% compared with wild type plants and S. grandiflora

transgenic (Figures 3.28; 3.29; 3.30; 3.31 and 3.32). 
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Figure (3.28): Concentration of 137Cs in transgenic A. thaliana and S.

grandiflora plants and wild type plants (control) after 7 days. 

Figure 3.29 shows a 40% decrease of 137Cs concentration in soils 

planted with transgenic S. grandiflora compared with wild type plants. A 

decrease of 30% in 137Cs concentration was seen in soil planted with 

transgenic A. thaliana plants.

Figure (3.29): Concentration of 137Cs in soils planted with transgenic A. 

thaliana and S. grandiflora plants and wild type plants (control) after 7 

days.
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     Figure (3.30): Transgenic and wild type (control) A. thaliana plants grown on

soil contaminated with 17600 Bq/g 137Cs. 

   Figure (3.31): Transgenic S. grandiflora plants grown on soil contaminated with 

17600 Bq/g 137Cs.
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Figure (3.32) S. grandiflora wild type (control) grown on soil contaminated with 

17600 Bq/g 137Cs.

Cesium accumulation in leaves may disturb their basic physiological 

functions. The first observed reaction in cesium-treated plants was a 

decreased stomatal opening. The control function of stomata in respect to 

photosynthetic is CO2 assimilation and transpiration that were found to be 

modified by the presence of cesium. Decreased stomatal opening limits 

transpiration and the uptake of water by roots, but photosynthetic CO2

assimilation is not changing during short-term exposure to CsCl. Stomatal 

closure in the presence of cesium may be a result of a decrease in osmotic 

potential due to 137Cs accumulation in the vacuoles (Chen et al., 2003). 
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Furthermore, Zhu et al. (2002) reported that 137Cs possibly inhibits the 

channels responsible for K transport into the guard cells, which might lead to 

impaired stomatal opening and restricts production of assimilates important 

to dry mass accumulation in cress. Although photosynthesis and transpiration 

were affected by cesium, photosynthetic water utilization efficiency was 

rather stable. The lowering of chlorophyll fluorescence seems to be a 

secondary effect of a disturbed biosynthesis. It also lists the associated plant 

species that have accumulated radionuclides due to their increased 

bioavailability. In a greenhouse study, ammonium nitrate and ammonium 

chloride increased the uptake of 137Cs into cabbage, Tepary beans, Indian 

mustard (Brassica juncea), and reed canary grass.  

Moreover, rhizofiltration, a way of removing radionuclides from 

contaminated soils, is most effective when plant roots have large densities 

and radionuclides are available for plant uptake (Entry et al., 1997).      

 Two plants that have proven the most successful at rhizofiltration are 

sunflower (Helianthus annuus) and water hyacinth (Eichornia crassippes).

Both have been found to accumulate significant percentages of radionuclides 

(137Cs, U, 90Sr) within a few hrs to a few days (Negri and Hinchman, 2000).  
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Conclusions 
1. Cytochrome P450 2E1 is a rabbit enzyme with broad specificity for 

removal of environmental pollutants including TCE, DDT, heavy 

metals and radionuclides. In a proof-of-concept project, introduction 

of a rabbit CYP2E1 gene into Sesbania and Arabidopsis plants 

resulted in plants with increased metabolism of these pollutants. 

2. First transgenic S. grandiflora and A. thaliana with CYP2E1 were 

developed for enhanced phytoremediation capabilities for removing 

and degrading several of the most widespread and dangerous 

pollutants from the environment. 

3. Transgenic S. grandiflora and A. thaliana plants showed an increased 

average in DDT metabolism that was nearly 85-fold greater than 

average seen in the control plant. 

4. Transgenic A. thaliana and S. grandiflora plants showed an increased 

TCE metabolism that was nearly 75 fold greater than that found in 

controls. 

5. The ability of transgenic S. grandiflora and A. thaliana plants in 

remediation of inorganic pollutants (Mn, Fe, Cu, Zn, Br, Pb) 

efficiently achieving 54, 52, 51, 54, 58, and 51% compared with non-

transgenic plants. 

6. A. thaliana transgenic lines showed an increased 238U translocation 

recording 90% and 80% for the F1 and F2 progenies respectively 

compared with wild type plants. 

7. A. thaliana transgenic lines showed higher (90Sr, 137Cs) translocation 

(70%) compared with wild type plants and transgenic S. grandiflora.
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Recommendations 
    The following points can be recommended for further studies  

1. Studying the pathways of pollutants in plant tissues to achieve better 

understanding for the mechanism involved.

2. Introduction of the gene CYP2E1 to other plant species to enhance 

environmental clean up. 

3. Studying P450 2E1 heritability and stability in Sesbania grandiflora 

progeny. 

4. Studying the effects of possible toxicity for grazing animals by 

CYP2E1 since the plant (Sesbania grandiflora) is used as a forage 

crop.
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