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ABSTRACT 

The experiments were conducted to explore the chelant-assisted lead (Pb) phyto-extraction and 

subsequent antioxidative responses in spinach and turnip plants under both controlled (Growth 

Incubator) environment and filed (natural) conditions. The seeds of turnip (Brassica Rapa L. cv. 

Purple Top) and spinach (Spinacea oleracea L. cv. Desi) were surface sterilized and sown in 

plastic pots filled with thoroughly washed sand. Later on, the same experiment was conducted in 

the field under natural conditions. In controlled experiment, after germination, 10 d old spinach 

and turnip seedlings were exposed to different Pb regimes (0, 2.42 and 4.83 mM). While in case 

of field experiment, 20 d old plants were expose to Pb regimes where the control plot exhibited 

0.0218 mM Pb concentration. After 10 days of Pb application, 2.4 mM concentrations of 

different chelating agents viz., ethylenediamine tetra acetic acid (EDTA), citric acid (CA), oxalic 

acid (OA), tartaric acid (TA) and malic acid (MA) were applied to the plants both under 

controlled and field conditions. Different Pb regimes altered biomass and different physio-

biochemical attributes in both crop species. On the other hand, the application of chelates, 

especially CA increased growth in both crop species. However, of the chelates, TA was much 

more effective in increasing tissue specific Pb concentrations in both crops. The beneficial 

effects of chelates attributed to the capacity to increase photosynthetic pigments, antioxidative 

enzymes and nutrient uptake under different Pb regimes. Both crop species were able to tolerate 

Pb levels applied. Furthermore, some chelates were able to reduce tissue specific toxic 

concentration of Pb leading to hormesis. Overall, the results elaborated the potential of chelates 

in increasing growth, biomass, and thus suggested their use for phytoextraction of Pb. Based on 

the effectiveness of TA in increasing root Pb concentrations in case of turnip and shoot Pb 

concentrations in case of spinach suggested its use for phytoextraction of Pb in Pb-polluted 

environments. 

 



 

1 
 

Chapter 1  

INTRODUCTION 

Incorporation and inclusion of toxic heavy metals in the biosphere due to 

anthropogenic activities for the last 200 years especially after industrial revolution has 

continued. Heavy metal toxicity is a serious threat among many other environmental 

constraints, affecting morpho-physiological attributes of plants at different growth stages. 

This problem is much more pronounced in the vicinity of industrial sites in the 

developing countries (Teklic et al., 2008) like Pakistan, where use of sewage water for 

irrigating crops especially vegetables is a common practice (Raza & Shafiq, 2013; 

2014a). At present, increasing level of heavy metals in the environment is not only major 

threat to aquatic, terrestrial and agro-ecosystem but it also pose an alarming situation to 

human health by entering the food chain. Among the heavy metals, lead (Pb) is one of the 

major contaminant / toxicant for the ecosystem. Origin of Pb pollution is mainly due to 

anthropogenic activities such as exhausted fumes of automobiles, effluents from storage 

batteries and chimneys of factories using Pb, mining, smelting, effluents from metal 

plating and finishing operations, fertilizers, pesticides, additives in the pigments and 

gasoline in addition to the natural weathering processes (Sharma & Dubey, 2005). 

Biological effects of Pb depend on factors like Pb concentration, type and properties 

of soil and plant species. Plants responses to Pb exposure include inhibition of seed 

germination, retarded seedling growth and reduction in plant dry biomass (Mishra & 

Choudhuri, 1999; Fargašová, 2001). Furthermore, Pb interferes with plant nutrients and 

alters their uptake, inhibits chlorophyll biosynthesis, influences the photosynthetic and 

respiration rates, disrupts permeability of cell membrane and decreases the activity and 

quantity of key enzymes of Calvin cycle (Stevens et al., 1997), nitrogen metabolism 

(Kumar & Dubey, 1999), sugar metabolism (Verma & Dubey, 2001), disturbs water 

balance and alters hormonal status (Sharma & Dubey, 2005). 

Generally, toxic heavy metals like Pb affect plants either directly or indirectly by the 

overproduction of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), 

hydroxyl radical (OH-) and super oxide radicals (O2
-) (Verma & Dubey, 2003; Souguir et 

al., 2011). The ROS in large amount can cause oxidative damages to proteins, lipids and 

DNA and alter membrane permeability to cause loss of ions and ultimately cell death 

(Schützendübel & Polle, 2002). Plants oppose Pb toxicity by adopting certain strategies 
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like avoidance i.e., by preventing the entry of Pb in to the cell via exclusion or binding of 

Pb to the cell wall. However, the binding of Pb to cell wall is a major mechanism of metal 

detoxification (Antosiewicz & Wierzbicka, 1999). In addition, the antioxidative system 

consisting of enzymatic antioxidants such as catalase (CAT), guaiacol peroxidase 

(GPOX), superoxide dismutase (SOD), ascorbate peroxidase (APX), 

monodehydroascorbate reductase and glutathione reductase (GR) and non-enzymatic 

antioxidants such as glutathione, ascorbate, tocopherols, and carotenoids play a 

significant role to cope with metal-induced ROS. The elevated Pb levels in the soils have 

led to increase its uptake by crops, and thus affected food quality and safety (Dong et al., 

2001). 

Phytoremidiation is used to cleanup heavy metal contaminated soils. In this technique, 

plants are used to remove, destroy or sequester contaminants from the environment (Chen 

& Cutright, 2001; Prasad & De Oliveira Freitas, 2003). Being technically applicable in 

situ, cost effective and environmentally friendly, it is preferable over other chemical or 

mechanical techniques (Lombi et al., 2001; Prasad & De Oliveira Freitas, 2003). Current 

approaches of phytoremediation involve the use of hyper-accumulator plants to 

accumulate and resist high metals concentrations and the application of chelating agents 

to the soil which enhance metal up take by the plants (Alkorta et al., 2004). However, 

hyper-accumulators feature a disadvantage as they usually produce low biomass and 

exhibit slow growth rates. Therefore, one of the alternative approaches could be the use of 

high biomass producing plants that could potentially improve the process of 

phytoextraction. The use of certain chemicals, particularly chelating agents could assist in 

the solubility and uptake of toxic metals from soil thereby improving soil to root transfer 

of metals.   

Traditionally, different chelating compounds that have been used for affecting heavy 

metal up take in plants include; ethylene diamine tetra acetic acid (EDTA), nitrilotriacetic 

acid (NTA), [S,S]- ethylenediamine disuccinic and (EDDS), trans-1,2-

diamineciclohexane-tetracetic acid (CDTA), diethylene triamino penta acetic acid 

(DTPA), ethylene glycol tetraacetic acid (EGTA), ethylenediamine-N,N'-bis(2-

hydroxyphenylacetic acid (EDDHA), oxalic acid (OA), citric acid (CA), tartaric acid 

(TA) and malic acid (MA). The success of phytoextraction process is dependent upon the 

adequate yield of the plant and upon the efficient transfer of contaminants from root to 

aerial parts of the plant (Evangelou et al., 2007). It was reported that EDTA and EGTA 
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increased the availability of Pb in different plants (Lai & Chen, 2005; Jean et al., 2008). 

Moreover, EDTA application enhanced the Pb uptake by plants causing Pb accumulation 

up to 1% of shoot dry biomass (Huang et al., 1997). 

The Pb toxicity as well as its counteracting mechanisms are poorly understood in 

plants. The selection of spinach (Spinacea oleracea), a leafy vegetable and turnip 

(Brassica rapa), a rooty vegetable for the present investigation is based on their growth 

habit. Similarly, turnip produces high root biomass and can grow in many different soil 

textures, pH levels, etc. Keeping in view, it was hypothesized that the application of 

chelating agents will detoxify the deteriorating effects of Pb through interaction with 

antioxidant defensive system in leafy (spinach) and rooty (turnip) vegetables.  

 

The main objectives of the study were. 

• To understand the physiochemical adaptations in vegetables under different Pb 

regimes 

• To draw out the possible relationship between the Pb toxicity and changes in 

antioxidants 

• To evaluate the efficacy of chelating agents in the uptake and translocation of heavy 

metals 

• To assess whether chelating agents could modulate the antioxidative system to 

enhance growth of plants under different Pb regimes 
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Chapter 2 

REVIEW OF LITERATURE 

Ever increasing industrial growth and anthropogenic activities have a darker side leading 

to environmental pollution. In comparison with the other environmental constraints 

involving air, water and atmospheric pollution, the presence of non-biodegradable heavy 

metals in the soil is a serious concern as these are much more persistent in the rhizosphere 

(Lasat, 2002; Demirezen & Aksoy, 2006; Sharma et al., 2009). 

2.1- Heavy metals 

2.1.1- Occurrence and significance  

Metals with high densities usually greater than 5 g cm-3 are classified as heavy metals 

(Michalak, 2006; Hasan et al., 2009). Out of naturally occurring metals, 53 classified as 

heavy metals and among these only 17 are of biological significance. The term heavy 

does not essentially refer to toxicity but can be applied to metals and semi-metals having 

nutritive value at smaller concentrations (Gratão et al., 2005). Nutritionally, copper (Cu), 

zinc (Zn), iron (Fe), nickel (Ni), manganese (Mn), cobalt (Co) and molybdenum (Mo) are 

essential for plants and animals in trace quantities, so these are termed as micronutrients 

(Feig et al., 1994; Michalak, 2006). In contrast, Pb, cadmium (Cd), chromium (Cr), 

mercury (Hg), antimony (Sb), silver (Ag) and uranium (U) are usually toxic to living 

organisms (Godbold & Hüttermann, 1985; Nies, 1999; Baek et al., 2006). 

2.1.2- Biological role and toxicity 

Metals above permissible limits and affecting plants, humans and environmental health 

are generally contaminants (McIntyre et al., 2001). Safety concerns originate if 

accumulation of heavy metals takes place in plant tissues, especially in the edible portions 

of crops and vegetables (Kachenko & Singh, 2006). Toxic metal accumulation in edible 

portions of the vegetables and crops has been extensively reported and is declared 

carcinogenic (Waalkes & Rehm, 1994; Türkdoğan et al., 2003; Raza & Shafiq, 2013). 

Additionally, heavy metals affect crop production, metabolic status and disturb 

physiological functioning of both plants and animals.  
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2.1.3- Deposition of heavy metals in the soil 

The addition of heavy metals can be natural (Nriagu, 1979) and anthropogenic in origin. 

Amongst the wide range of anthropogenic sources, the prime source for heavy metal build 

up in the soils is the deposition of sewage sludge (Hasan et al., 2009), a common practice 

in the third world countries. Agricultural land irrigation with polluted water, use of 

synthetic fertilizers, metal working industries, heavy road traffic, industrial activities 

(Hakeem et al., 2015) are some potential sources of heavy metal deposition in the soil. 

2.1.4- Reports regarding adverse effects on plants 

Generally, heavy metals interfere with physio-biochemical functioning of plants and 

numerous studies highlighted the detrimental outcomes of heavy metals on plant growth. 

In a study, John et al. (2009) reported retarded growth and reduced photosynthetic 

pigments in Brassica juncea L. under heavy metal stress. Similarly, there are reports on 

growth inhibition, degradation of light harvesting pigments and reduction in biochemical 

and physiological activities owing to heavy metal toxicity (Cheng, 2003). Behbahaninia 

& Mirbagheri (2008) evaluated the uptake of heavy metals by vegetable crops from metal 

contaminated soils. They concluded that application of wastewater and sludge in the 

agricultural lands enriched the soils with heavy metals to a concentration that posed 

health risks. Uptake of Cd and Pb from the metal contaminated soil was significant. 

The plants subjected to Pb stress show retarded growth attributes. Andra et al. (2011) 

studied the toxic effects of Pb on the growth, ionic and some biochemical attributes of 

sunflower seedlings. The Pb was supplied as Pb (NO3)2 at the rate of 0, 200, 400, 600 and 

800 µM in the hydroponic culture. The higher Pb treatments resulted in the reduction of 

sunflower growth attributes, chlorophyll pigments, catalase activities and K+ contents. 

However, both proline and Pb accumulation was prominently triggered among plant 

parts. Similarly, Hamid et al. (2010) reported phyto-toxicity of Pb on chlorophylls, total 

soluble proteins, carbohydrates, and nucleic acids in Phaseolus vulgaris. Similar findings 

were reported by Kapourchal et al. (2009) in the radish and by Liu et al. (2009) in the 

garlic plants. Hamid et al. (2010) reported altered biochemical attributes of Phaseolus 

vulgaris in response to physiologically toxic concentrations of Pb (0, 25, 50 and 100 

mg/L lead acetate). The reduction in photosynthetic pigments, carbohydrate contents, 

RNA and DNA contents while increase in phenolic contents was evident. 
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The use of sewage water/ industrial effluents for irrigation of crops due to its possible 

nutrient and organic matter content is a common practice nowadays. Prolonged use can 

generate serious consequences in terms of phyto-toxicity and bio-accumulation in the 

food chain. In a field experiment, Behbahaninia & Mirbagheri (2008) reported higher 

concentrations of Pb and Cd in the plants irrigated with waste water. Bigdeli & Seilsepour 

(2008) reported higher concentrations of Pb, Cd, Zn and Cu in the vegetables (celery, 

spinach, dill, cress and mint) investigated from Iran. Furthermore, they proposed that 

concentrations of heavy metals in the vegetables could be threatening in the future. Singh 

et al. (2010) quantified heavy metals (Cd, Pb, Cr, Ni, Cu and Zn) from vegetables 

irrigated with wastewater in Varanasi city, India. The vegetables contributed to higher 

daily human intake of the toxic metals than permissible limits. Likewise, Kachenko & 

Singh (2006) investigated 46 sites across 4 vegetable cultivated regions in Australia. The 

toxic metal content in the vegetables especially near the industrial areas was higher and 

about 63% of the vegetable samples from vicinities of industries exhibited higher 

concentrations of Pb, Cd, Zn and Cu than proposed limits by the Australian Food 

Standards, European Communities and Codex Alimentarius Commission. Murtaza et al. 

(2010) reviewed certain key aspects related to application of sewage/ wastewater and its 

consequences in Pakistan. The wastewater from food industries was declared safe for 

irrigation, however, the effluents from textile, leather, steel, dyeing, hospitals, 

laboratories and foundries were declared as toxic due to heavy metal contents. 

Furthermore, the heavy metal content in the fruits and vegetables was above permissible 

limits and cultivation of leafy vegetables was proposed to be curtailed on wastewater 

irrigated sites. 

2.1.5- Recent concerns about edible safety of crops 

At present, the level of heavy metals is an indicator and important aspect of food quality 

worldwide (Wang et al., 2005; Khan et al., 2008). International regulations on food safety 

have recently lowered the maximum permissible limits of heavy metals in the food stuffs 

(Radwan & Salama, 2006). Vegetable and fodder crops in particular are the intermediate 

linkages/ agents transferring Pb from soil to the domesticated animals and hence to 

humans. Safety concerns originate because of the use of metal contaminated soils for the 

cultivation of crops and vegetables. Irrigation of agricultural lands with industrial 

effluents resulted in significant elevated levels of Cd and Pb in the vegetables. Several 

reports regarding Pb entry into the food chain are evident (Dong et al., 2001; Tüzen, 
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2003). Similarly, Farooq et al. (2008) reported elevated levels of heavy metals in different 

vegetables, namely, spinach, coriander, lettuce, radish, cabbage and cauliflower. In 

Pakistan, irrigation of agricultural lands with metal contaminated water has now become 

a serious issue. Similarly, excessive use of sewage water is continuing in agricultural 

practices due to shortage of canal water. 

2.2- Occurrence and significance of Pb 

The Pb is one of ubiquitous and hazardous pollutants among the heavy metals and is toxic 

to plants (Zaman & Zereen, 1998; Kosobrukhov et al., 2004; Gratão et al., 2005) and 

humans (Lasat, 2002). It is soft, malleable and ductile and is highly resistance to 

corrosion under most environmental conditions. Mostly, it exists in divalent form 

(Manceau et al., 1996) and is not evenly distributed in the earth’s crust. The concentration 

of Pb in the soil crust is about 13 mg kg-1 and ranked at 36th position in natural abundance 

among elements (Brown & Elliott, 1992). Naturally, Pb occurs in association with rock 

forming mineral constituents like mica, feldspar, sulphide ores and minerals like galena 

(lead sulphide, PbS), minium (lead oxide, Pb3O4), alamosite (PbSiO3), anglesite (PbSO4) 

and cerussite (PbCO3) (Reimann & Caritat, 2000) with a soil retention life of 150 to 5000 

years (Kumar et al., 1995). 

Overall, Pb is a toxic soil contaminant (Tandy et al., 2006; Liu et al., 2009a) and is 

associated with neurological disorders (Bakirdere & Yaman, 2008) as well as renal failure 

and cardiovascular diseases in humans. It is not essential for plant growth although 

elevated concentrations of this toxic metal are easily bio-accumulated in different plant 

parts (Patra et al., 2004). 

2.2.1- Deposition in the soil  

The Pb concentration has increased dramatically in the recent past in the agricultural 

lands (Hamid et al., 2010). Generally, Pb deposition in the soil takes place from 

anthropogenic sources like mining, smelting pesticides, lead-acid batteries, pigments 

additives (Eick et al., 1999), sewage sludge and polluted water application (Tuszynska et 

al., 2006). Singh et al. (2003) reported annual release of 783,000 metric ton Pb in the 

environment worldwide due to varying natural and anthropogenic causatives. Similarly, 

many more findings put toxic metals like Cd and Pb in focus and emphasized to develop 

methods for heavy metal removal from agricultural lands. 
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2.2.2- Biological significance of Pb 

The Pb is a persistent environmental toxicant (Lu et al., 2005) and its accumulation 

triggers metabolic imbalances, induces mitotic abnormalities (Wierzbicka, 1994), 

imposes toxic effects to nucleoli (Liu et al., 1994), interferes with enzymatic activities 

(Mishra et al., 2006) and DNA replication (Gabara et al., 1992). In humans, Pb is known 

to cause damage to central nervous system leading to severe neurological disorders 

(Needleman et al., 1990). 

2.2.3- Uptake and transport of Pb in plants 

The uptake and accumulation of Pb in plants is dependent on certain factors like type of 

plant species, soil properties and Pb levels in the soils (Clemens, 2006). Plant roots are 

the prime source of Pb uptake (Uzu et al., 2009) where Pb particles are adsorbed on the 

surface of root hairs through interaction with polysaccharides of root epidermal cells 

(Seregin & Ivanov, 2001). Such adsorption of Pb onto root epidermis is reported in Vigna 

unguiculata (Kopittke et al., 2007), Brassica juncea (Meyers et al., 2008), Lactuca sativa 

(Uzu et al., 2009) and in a bryophyte, namely, Funaria hygrometrica (Krzesłowska et al., 

2010). The adsorption of Pb on rhizodermis directs its passive uptake by plants that 

follows water stream (Liao et al., 2006; Pourrut et al., 2011). Some studies reported Pb 

entry through H+/ATPase pumps by strong negative potential in the root epidermal cells 

(Kim et al., 2002) while its entry through Ca2+ permeable channels has also been 

documented (Wang et al. 2007; Pourrut et al. 2008). In addition to this, other pathways 

for Pb uptake include cyclic nucleotide-gated ion channels (Arazi et al. 1999; Kohler et 

al. 1999) and low-affinity cation transporters (Wojas et al. 2007). Interestingly, the uptake 

of Pb is not uniform at root site as the thin cell walls of root apices permit higher uptake 

than other cells (Tung & Temple, 1996; Seregin et al. 2004). Furthermore, acidic 

rhizospheric pH at root apical region results in greater solubility and availability of Pb 

(Pourrut et al., 2011). Upon root entry, it was proposed that its movement through root to 

endodermis follows apoplastic pathway (Tanton & Crowdy 1971; Lane & Martin 1977). 

Plants dominantly retain Pb fraction in the roots. In this context, Pourrut et al. (2011) 

stated that more than 95% Pb accumulated in the roots does not transport to the aerial 

plant parts. Similar findings have been reported in Zea mays (Gupta et al., 2009), Allium 

sativum (Jiang & Liu, 2010), Sedum alfredii (Gupta et al., 2010), Nicotiana tabacum, 

(Gichner et al. 2008) and in some members of Fabaceae family. The main reasons for 
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limited Pb transfer to plant aerial parts include its immobilization by negatively charged 

pectins (Arias et al. 2010), intracellular precipitation (Kopittke et al. 2007; Islam et al. 

2007; Małecka et al. 2008), accumulation in the plasmalemma (Seregin et al. 2004; 

Manousaki and Kalogerakis, 2009; Jiang & Liu 2010) and vacuolar sequestration in the 

root cells (Kopittke et al. 2007). In addition, a significant portion of the absorbed Pb is 

blocked at endodermis level especially by casparian strips (Pourrut et al., 2011).         

On the other hand, Arias et al. (2010) by using X-ray mapping technique reported 

deposition of Pb in the xylem and phloem cells. Elevated concentrations of Pb in the soil 

can damage casparian strips and then subsequent Pb uptake can be enhanced. The Pb up-

taken can be transported to leaf through xylem by transpiration (Sharma & Dubey 2005; 

Verbruggen et al. 2009; Krzesłowska et al. 2010).  

2.2.4- Adverse effects of Pb on plants 

Exposure of plants to Pb alters physiological and biochemical functioning of plants. It is 

very toxic to plants even at minor concentrations as it can inhibit seed germination 

(Tomulescu et al. 2004; Kopittke et al. 2007) which is attributed to its interference with 

key enzymes like amylase and protease (Sengar et al. 2009). Similarly, Pb mediated 

damage to plants at initial stages of seed germination and seedling establishment has been 

reported (Dey et al. 2007; Gichner et al. 2008; Shu et al., 2012). Reduction in root growth 

was also evident under Pb contamination (Islam et al. 2007; Arias et al., 2010) that was 

attributed to higher root Pb contents (Liu et al., 2008). Furthermore, the Pb-mediated 

altered physiological functioning of plants resulted in biomass reduction (Gichner et al. 

2008; Piotrowska et al. 2009) mainly due to nutritional  imbalance (Seregin et al. 2004; 

Lopez et al. 2007; Gopal & Rizvi 2008), reduced transpiration rate (Patra et al. 2004), 

disturbed photosynthesis (Assche & Clijsters 1990; Kaznina et al., 2005; Islam et al., 

2008), interference with cell division (Liu et al., 2009) and Pb toxicity (Gupta et al. 2009, 

2010). At the cellular level, Pb-mediated overproduction of ROS damages cellular 

membranes and organelles associated with redox chemistry including chloroplasts 

(Elzbieta and Miroslawa, 2005; Hu et al. 2007), peroxisomes and mitochondria (Małecka 

et al. 2008; Liu et al. 2008).      

2.2.5- Pb-induced oxidative stress 

Mostly heavy metals including Pb are not essential for metabolic processes and are in 

general toxic to organisms (Weast, 1984) and Excessive uptake of Pb interferes with 



 

10 
 

cellular metabolism by triggering the auto-oxidation, Fenton reaction and Haber-Weiss 

reactions triggering enhanced ROS production. The ROS not only functions as signalling 

molecule but also interferes with normal metabolic functioning (Bidar et al., 2009). The 

Pb-mediated hyper-production and accumulation of ROS initiates damage to cellular 

metabolism, destroys essential bio-molecules that results in growth inhibition and 

ultimately cell death (Clemens 2006; Khatun et al., 2008; Bidar et al., 2009; Singh et al. 

2010; Grover et al. 2010).  

Likewise Cd, Pb is non-redox metal and cannot directly take part in all redox reactions 

with oxygen. Thus, in case of Pb stress, elevated levels of ROS in cells are due to the fact 

that Pb can inhibit the activity of antioxidant enzymes such as SOD, GPOX, GR and APX 

(Sandalio et al., 2001; Garnier et al., 2006; Islam et al., 2008). Similarly, Verma and 

Dubey (2003) cultured two rice cultivars at 500 and 1000 µM, Pb (NO3)2 in the sand 

medium. The lengths of roots and shoots decreased by increasing Pb concentrations in the 

medium. The Pb more accumulated in the roots than the shoots. There was also an 

increase in the level of lipid peroxides, SOD, guaiacol peroxides (GP) and GR as 

compared with control. Higher Pb accumulation (1000 µM) increased thiobarbituric acid 

reacting substances (TBARS), lipid peroxidation and SOD and GP, APX and GR 

activities in the shoots and roots. However, the responses of antioxidant enzymes to metal 

stress can be different in different plant species, tissues and at different metal 

concentrations (Mazhoudi et al., 1997).  

The NADPH oxidase is localized in plasma membrane (Foreman et al., 2003) and is a 

ROS generating enzyme. It transfers electron from cytosolic NADPH to O2 to form O2˙-, 

which ultimately produces H2O2 (Lin et al., 2009). In addition, an increase in H2O2 

accumulation in Pb-treated aerial roots of Ficus microcarpa was recorded. The increase 

in the concentration of H2O2 directly generates the precursors of some other ROS 

derivatives such as ˙OH, which is very much reactive and toxic (Yang & Guo, 2001; 

Halliwell & Gutteridge, 2007). 

2.3- Strategies to counter Pb problem 

2.3.1- Antioxidant defence mechanisms 

As mentioned earlier that Pb toxicity resulted in elevated levels of ROS, therefore, 

antioxidants within biological compartments are of extravagant importance. The SOD, 

CAT, GPOX, APX and GR comprise the enzymatic portion of antioxidant defence 
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(Harinasut et al., 2000) while ascorbic acid (AsA), and vitamin E forms the non-

enzymatic line of defence (Piotr & Klobus, 2005). In addition to this, carotenoids, 

flavonoids, glutathione and proline are non-enzymatic neutralizers of ROS (Gill & Tuteja, 

2010). It is reported that up-regulation of antioxidative defence system contributes to salt-

induced oxidative stress tolerance in wheat (Raza et al., 2007). Likewise, many other 

researchers praised the beneficial role of antioxidant enzyme activities in counteracting 

oxidative stress under different abiotic and biotic stress conditions. For instance, Jiang et 

al. (2010) reported a linear increase in antioxidant enzymes activities (CAT, POD, SOD 

and PAL) of Luffa cylindrica seedlings under Pb stress. A differential accumulation of 

antioxidants and the detrimental effect of Pb were reported in Sedum alferdii by Liu et al. 

(2008). Moreover, in contrast to non-accumulating ecotype, improved activities of SOD 

and CAT resulted in enhanced Pb bioaccumulation without damaging chlorophyll 

contents in the accumulating ecotype of Sedum alfredii (Huang et al., 2012). In garlic, 

toxic Pb levels retarded growth of shoots and roots while stimulation in the enzymatic 

defence (CAT and POD) was recorded (Liu et al., 2009b). Accumulation of Pb was 

reported in the roots of Jatropha curcas L. that retarded growth characters and 

photosynthetic attributes while stimulated SOD activity (Shu et al., 2012). Similaly, an 

increase in Pb bioaccumulation was recorded in rice roots by Verma and Dubey (2003). 

Their results depicted an increase in the activities of SOD, GPX, CAT and GR. Andra et 

al. (2011) investigated the involvement of antioxidant enzyme activities under chelate 

assisted Pb phyto-extraction and reported their significant involvement in Vetiver grass. 

Therefore, the role of antioxidant enzymes is significant in order to overcome the 

oxidative stress. 

2.3.2- Phyto-remediation 

Physical, chemical and biological ways can be used to eradicate metals from the 

contaminated soil (McEldowney et al., 1993). The use of plants for removing, transferring 

or degrading heavy metals from the metal contaminated site (soil, water or sediment) is 

regarded as phyto-remediation (Hughes et al., 1997; Manousaki & Kalogerakis, 2009). 

This method is environment friendly and cost effective (Memon and Schröder, 2009) and 

has the possibility of being highly result oriented. That is why it is an emergent 

technology intends to extract inactive and active metals (Salt et al., 1998). Phyto-

remediation is a blend of combination of related approaches including phyto-stabilization, 

phyto-filtration, phyto-volatilization and phyto-extraction (Padmavathiamma & Li, 2007). 
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These terms have been sometimes confused in the recent literature as synonyms but 

actually reflect different techniques (Prasad & Frietas, 2003).  

The success of phyto-remediation and efficiency to clean contaminated sites is dependent 

on plant biomass production ability (Karami & Shamsuddin, 2010) and mobilization of 

the contaminants from the soil to the plant tissues. Removal of heavy metals from 

contaminated soils by using plants involves the identification and use of appropriate 

hyper accumulator species. More than 400 hyper-accumulating species documented in the 

literature belong to various families (Lone et al., 2008). However, some studies reported 

limitations associated with the use of hyper-accumulating species because of their slow 

growth rates, lesser biomass production ability and usually specific uptake of one or more 

elements (Doumett et al., 2008; Manousaki & Kalogerakis, 2009). On the other hand, 

high biomass producing crop plants generally exhibited low tolerance to metal 

contamination (Karami & Shamsuddin, 2010). Sharma and Dubey (2005) reported strong 

ability of Brassica juncea cultivars for Pb uptake in the roots and its subsequent 

translocation to the shoots, although it is not a hyper-accumulator. Similarly, some other 

reports showed significant potential of B. juncea for accumulating metals and metalloids 

along with higher biomass producing ability which can be interesting in terms of phyto-

remediation purpose (Liu et al., 2000; Kapourchal et al., 2009; Sheng et al., 2008a). Some 

other species have also been reported for higher Pb accumulation including Ambrosia 

artemisiifolia, Mimosa pudica and Apocynum cannabinum (Shukla et al., 2010; Lasat, 

2000). 

2.3.3- Chelate assisted phyto-remediation  

As mentioned above, the successful removal of metal contaminants from the soils also 

depends upon its efficient transfer from root to the above ground parts (Evangelou et al., 

2007). Several helping molecules have been proposed to enhance metal uptake and their 

removal by plants. An effective approach i.e., chelate assisted phyto-extraction of metal 

contaminants from the soil involves the use of metal complexing agents that increase the 

solubility and thus availability for plant uptake (Doumett et al., 2008; Karami & 

Shamsuddin, 2010).  
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2.4- Efficacy of different chelating agents  

2.4.1- Natural and artificial origin 

Traditionally, chelating agents had been used to maintain optimum concentrations of 

nutrients in the soil (Chaney et al., 1989; Norwell & Welch, 1993; Rengel & Graham, 

1996). Due to the ability of chelating agents to modulate mobility of metals (Anderson et 

al., 1985), they strongly affect metal availability, and thus the uptake of metals. The 

higher concentrations of chelates can remobilize the metals from rhizosphere (Schowanek 

et al., 1996). However, the darker side of the chelating agents involves their persistency in 

the environment, slow degradability and strongly bio-availability in the form of metal 

complexes (Gledhill & Feijtel, 1992). Nonetheless, a variety of chelating agents have 

been used to improve nutrient availability and the studies yielded considerable results. 

Chelating agents can be broadly classified into organic (natural) and inorganic (synthetic) 

chelates. EDTA, EDDS, EDDHA, EGTA, CDTA, DTPA and other related compounds 

like phophatidones are synthetic (Quartacci et al., 2007) while CA, MA, TA and OA are 

naturally occurring organic chelating agents (Naidu & Harter, 1998). The strong affinity 

of chelating agents for metals makes them extraordinary molecules and directs their use 

for phytoremediation. Jiang (2011) reported the removal of nickel and copper from 

artificially contaminated soils by using EDTA, chitosan and sodium citrate as chelating 

agents. The effect of chitosan was higher while the chelating effect of sodium citrate was 

the least. Similar reports by Shen et al. (2002) and Luo et al. (2005) documented the 

importance of chelating agents for Pb, Cd, Zn and Cu removal. Recently, a combined 

approach was proposed by Raza et al. (2014) for phytoremediation of metal contaminated 

soils which included the use of high biomass producing crop species coupled with 

chelates addition. 

So, phyto-remediation technology provides excellent opportunities and flexibilities 

associated with low cost and easy handling to clean the environment. There is a dire need 

to search and develop hyper-accumulating plants as traditional hyper-accumulator species 

produce relatively low biomass. Alternatively, the biomass producing ability under metal 

contaminated environment can be modulated through biochemical and physiological 

improvements in the plants.  
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2.4.2- Synthetic chelates   

Various synthetic chelates have been used to increase metal uptake in plants (Romkens et 

al., 2002). By affecting trans-membrane solute transport in root cells, EDTA is reported 

to enhance Pb translocation from root to above ground parts (Di Gregorio et al., 2006). 

Sharma and Dubey (2005) attributed EDTA-mediated elevated Pb uptake to increased 

solubility that reduced hindrance through casparian strips and subsequent xylem loading. 

Cooper et al. (1999) and Tandy et al. (2006) reported the use of EDTA, EDDHA, EDDS 

and CA for mobilizing metals from the soil. Availability of Pb to plants was enhanced by 

using EDTA and EGTA (Baylock et al., 1997; Lai & Chen, 2005; Jean et al., 2008). 

Similar findings supporting the role of EDTA application for managing Pb contamination 

and its phyto-extraction were documented using Canavalia eusiformus L. (Gabos et al., 

2009), Sedum alfredii (Sun et al., 2009), Helianthus annus L. (Azhar et al., 2006; 

Mukhtar et al., 2010), Brassica rapa (Domen & Helena, 2002), Brassica juncea (Baylock 

et al., 1997; Vasil et al., 1998), and Rorippa globosa species (Sun et al., 2011). In a study, 

Gabos et al. (2009) evaluated the role of EDTA (0.5 g kg-1) in Pb uptake of jack beans 

(Canavalia ensiformis L.) under green house conditions. The EDTA application resulted 

in higher Pb phyto-accumulation with least toxicity symptoms in jack bean plants. 

Similarly, Saifullah et al. (2009) reported higher uptake of Pb by wheat (Triticum 

aestivum L.) in response to split EDTA application.  

2.4.3- Natural low molecular weight organic chelators 

Other than synthetic organic chelates, natural low molecular weight organic acids 

(LMWOA) such as CA, OA and TA, which are characterized by lower toxicity and 

higher biodegradability (Doumett et al., 2008; Liu et al., 2008) had also been used for 

phyto-remediating purpose. In a study, Cui et al. (2007) investigated the uptake of various 

Pb concentrations in Zinnia elegans Jacq combined with the use of organic chelating 

compounds like CA, MA, OA and TA. They concluded that Pb-induced toxicity and Pb-

uptake could be enhanced by using equimolar concentrations of organic chelators. 

2.4.4- Recent reports regarding chelate assisted Pb phyto-remediation 

Numerous efforts have been done in the past in order to remediate Pb contaminated sites 

using synthetic and natural organic chelators. Similarly, a wide range of plant species 

have also been investigated for their potential to accumulate Pb in the aerial plant parts. A 

brief account of some related studies have been documented here. 
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In a study, Jean et al. (2008) investigated the influence of EDTA and CA to increase the 

solubility of Cr, Ni and Pb and its subsequent uptake by a hyper-accumulator species 

Datura innoxia. Results depicted significant increase in the uptake of all the investigated 

heavy metals. However, EDTA application resulted in altered physiological functioning 

of the plants and that was evident in the case of higher doses of CA applied. Similarly, 

Sun et al. (2009) investigated heavy metal contents in Sedum alfredii grown on 

wastewater irrigated soil supplemented with EDTA and CA. Results indicated the 

inhibitory effects of chelating agents on the growth of plants while these significantly 

increased Cd, Pb, Zn and Cu uptake in the plants.  
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Chapter 3 

MATERIALS AND METHODS 

The chelant-assisted Pb phyto-extraction and subsequent responses in spinach and turnip 

plants were determined through following experiments. 

3.1- Experiment No. 1: 

Influence of chelating agents on turnip and spinach seedlings under different 

Pb regimes (Growth Incubator Experiments) 

The effects of different chelating agents on the growth, biochemical and ionic uptake 

features of both vegetables were determined separately in sand culture experiments 

conducted in Plant Growth Chamber (Sanyo, Model MLR-351H) under controlled 

environmental conditions at the Department of Botany, Government College University 

Faisalabad. 

3.1.1- Seed sowing and germination 

Seeds of turnip (Brassica Rapa L. cv. Purple Top) and spinach (Spinacea oleracea L. cv. 

Desi) were obtained from Vegetable Research Institute, AARI, Faisalabad, Pakistan. 

Before sowing, the seeds were surface sterilized with 0.1% HgCl2 for one minute and 

then rinsed 4-5 times with distilled water. Surface sterilized seeds were sown in plastic 

pots (250 mL) filled with 10o times thoroughly washed sand. 

The seeds of turnip were allowed to germinate under controlled environmental conditions 

viz., 23 ± 1 °C; photoperiod 16/8 light/dark, respectively and photon flux density of 110 

µmol m-2 s-1 (Cenkci et al., 2010). The germination of spinach was carried out at 25 ± 1 

°C, 14/10 light/dark photoperiod and photon flux density at the rate of 300 µmol m-2 s-1 

(Tang et al., 2007). After germination, turnip and spinach seedlings were nourished with 

full strength Hoagland’s nutrient solution and exposed to 16 h photoperiod, 24/20 °C 

day/night temperature and photon flux density at the rate of 370 µmol m-2 s-1 and relative 

humidity of 75 ± 5%. 

3.1.2- Application of Pb 

Ten day old seedlings of turnip and spinach were exposed to different Pb regimes and the 

application of Pb was carried out in the form of Pb (NO3)2. The selection of lead nitrate 
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salt was due to its increased solubility than other available salts of Pb. The Pb doses were 

applied through Hoagland’s nutrient solution at 0, 2.42 and 4.83 mM Pb provided as 0, 

400 and 800 mg/L Pb (NO3)2,
 respectively and the solutions were prepared in half 

strength Hoagland’s nutrient solution. 

3.1.3- Application of chelating agents  

Different chelating agents viz., ethylenediamine tetra acetic acid (EDTA), citric acid 

(CA), malic acid (MA), tartaric acid (TA) and oxalic acid (OA) were applied to the plants 

exposed to different Pb regimes. The chelating agents having 2.4 mM concentration each 

applied separately after 10 days of Pb application while the control plants left untreated. 

In order to avoid precipitation, chelating agent solutions were prepared in double distilled 

and de-ionized water. After fifteen days of chelate application (35 d old plants), following 

morpho-biochemical attributes were determined. 

3.1.4- Growth Studies   

Spinach and turnip plants were harvested and their root and shoots were separated by 

using a sharp blade. The lengths of shoot and root were measured with a hand held scale. 

3.1.5- Biochemical Attributes  

The biochemical parameters studied included photosynthetic pigments, oxidative stress 

indicators (MDA and H2O2), activities of antioxidant enzymes (SOD, CAT, GPOX and 

APX), non-enzymatic antioxidant constituents (sugars, phenolics, flavonoids, amino acids 

and proline contents) and inorganic ions (K+, Ca2+, Mg2+ and P). The methods for the 

determination of each attribute are given below.   

3.1.6- Photosynthetic Pigments 

For the extraction of photosynthetic pigments, finely chopped 0.1 g fresh plant materials 

from both the vegetables were placed overnight in 4 mL of 80 % chilled acetone at 4°C. 

The filtrate was then used for the spectrophotometric determination of light harvesting 

pigments like chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents. The 

absorbance of the filtrate was taken at 663, 645 and 480 nm with the help of UV-Vis 

spectrophotometer (U-4000, Hitachi, Japan). The contents of chlorophyll were calculated 

as described by Arnon et al. (1949) while the carotenoids were determined by using the 

formula of Kirk and Allen (1965). Following formulas were used for the pigment 

calculations on mg/g fresh weight (FW) basis. 
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Chlorophyll a = 12. 7 (A 663) - [2. 69 (A 645) (V / 1000 × W)]  

Chlorophyll b = 22. 9 (A 645) - [4. 68 (A 663) (V / 1000 × W)] 

Total Chlorophyll (a + b) = 20. 2 (A 645) + [8.02 (A 663) (V / 1000 × W)] 

Carotenoids = 4. 16 (A 480) - [0. 89 (A 663) (V / 1000 × W)] 

Where “V” represented the volume of the extract solution in ml, and “W” represented the 

weight of the sampling leaves in g. 

3.1.7- Oxidative Stress Markers 

The determination of hydrogen peroxide (H2O2) and malodialdehyde (MDA) was carried 

out considering them as markers of oxidative stress. Briefly, fresh plant material (0.2 g) 

was extracted with trichloroaccetic acid (TCA) solution and centrifuged. The homogenate 

was used for the determination of H2O2 and MDA contents.  

3.1.7.1- Hydrogen Peroxide Concentration 

The determination of H2O2 was carried out by using potassium iodide (Velikova et al., 

2000). Briefly, supernatant (500 µL) was mixed with 500 µL potassium phosphate buffer 

(pH 7.0; 10 mM) and then 1 mL of freshly prepared potassium iodide (1 M) solution was 

added to it. The absorbamce of the reaction mixture was monitored at 390 nm and the 

H2O2 in the leaves of both the vegetables was calculated from a standard curve prepared 

from analytical grade H2O2 (Sigma-Aldrich). 

3.1.7.2- Malondialdehyde (MDA) Contents 

Malondialdehyde concentration indicates membrane damage and its concentration was 

determined from the leaves of both vegetables using thiobarbituric acid (TBA) as 

described by Dhindsa et al. (1981). Briefly, 0.5 mL plant extracts were mixed with 4 mL 

of 5% TCA containing 5% TBA in the glass test tubes. The reaction solution was heated 

at 95 °C for 30 min and the reaction was terminated on ice. Finally, the mixture was 

centrifuged at 12,000 g for 10 min and the absorbance of the supernatant was taken at 532 

and 660 nm. The MDA contents from the leaves were calculated by using the following 

formula; 

MDA (µmol g-1 FW) = 6.45 × (A532 – A600) – 0.56 × A450 
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3.1.8- Enzymatic and Non-Enzymatic Antioxidants  

3.1.8.1- Determination of Enzymatic Antioxidants Activities  

The determination of activities of antioxidant enzymes such as SOD, CAT and POD were 

carried out from the leaves. The process involved extraction, determination and 

calculation based on units per mg protein. For the extraction of antioxidant enzymes from 

turnip and spinach plants, fresh leaf (0.2 g) was immediately homogenized in 2 mL of ice 

cold potassium-phosphate buffer (100 mM; pH 7.8) containing EDTA (1 mM) and 

insoluble PVP-40 (1% w/v) using chilled mortar and pestle under ice cold conditions. The 

plant material was completely homogenized, immediately transferred to eppendorf tubes 

(2 mL) and then placed in icebox for some time. The homogenized plant material was 

centrifuged at 16000 g for 25 min at 4 °C and the supernatant was stored at -50 °C in 

Biomedical Freezer (Sanyo, Japan) for later on enzyme activities analyses. 

3.1.8.1.1- Determination of SOD Activity 

The SOD activity was assay according to the procedure of Beauchamp & Fridovich 

(1971). For this purpose, the reaction mixture (1 mL) comprised up of potassium 

phosphate (K-P) buffer (50 mM; pH 7.8), L-methionine (13 mM), Triton X-100 (1%), 

EDTA (75 mM), nitroblue tetrazolium chloride (50 µM), riboflavin (1.3 µM) and 50 µL 

enzyme extract. Plastic cuvette (1 mL) containing reaction mixture were placed in box 

completely inner lined with aluminum foil and irradiated under homogenous light bank at 

78 µmol m-2 s-1 for 10 min. After this time, the absorbance of the solution was measured 

at 560 nm with a UV–visible spectrophotometer. The SOD activity was calculated and 

expressed as U mg-1 protein. One unit of SOD was defined as the quantity of SOD 

required to cause 50 % inhibition in the rate of NBT photo-reduction. The cuvette 

containing the reaction mixture without enzyme extract was used as blank and the one 

containing reaction mixture kept in dark was used for auto zero calibration of the 

spectrophotometer. 

3.1.8.1.2- Determination of CAT Activity  

The determination of CAT activity was performed by using the decomposition of its 

substrate (H2O2) as described by Aebi et al. (1984). Briefly, 100 µL enzyme extract was 

used for the determination of CAT activity in the cuvette containing phosphate buffer (50 

mM; pH 7.0), H2O2 (5.9 mM) in the final volume of 3 mL. The reaction was started with 
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the addition of H2O2 and its decomposition was spectrophotometrically monitored on 

time basis. The CAT activity was recorded at 240 nm for 180 seconds for each sample 

with the aid of UV–visible spectrophotometer. One unit of CAT enzyme activity was 

defined as 0.01 absorbance change and the CAT activity was expressed in U/mg protein. 

3.1.8.1.3- Determination of Guaiacol Peroxidase (GPOX) Activity  

The determination of GPOX enzyme activity was carried out by the method of Chance 

and Maehly (1955). Briefly, 50 µL enzyme extract was used for the determination of 

GPOX activity in the cuvette containing phosphate buffer (50 mM; pH 7.0), guaiacol (20 

mM) and H2O2 (40 mM) in the final volume of the reaction mixture (3 mL). The GPOX 

enzyme activity was recorded at 470 nm for 180 seconds for each sample with UV-visible 

spectrophotometer. One unit of GPOX activity was defined as 0.01 absorbance change 

and it was expressed in U/mg protein. 

3.1.8.1.4- Determination of Ascorbate Peroxidase (APX) Activity  

The determination of APX activity was carried out by the method of Nakano and Asada 

(1981). Briefly, 100 µL enzyme extract was used for the determination of APX activity in 

the cuvette containing K-P buffer (50 mM; pH 7.0); L-ascorbate (5 mM) and H2O2 (10 

mM) in the final volume of the reaction mixture (3 mL). The APX enzyme activity was 

recorded at 290 nm for 180 seconds with UV-visible spectrophotometer. One APX unit 

was defined as 0.01 absorbance change and was presented in U/mg protein. 

3.1.8.1.5- Estimation of Total Soluble Proteins   

The estimation of total soluble protein fraction was carried out from the enzyme extract 

(Bradford, 1976). Briefly, 0.1 g Comassie Brilliant Blue Dye (G-250) was completely 

dissolved in 95 % ethanol (50 mL) and 100 mL Ortho-phosphoric acid was added in it. 

Finally, the solution was diluted to final volume of 1 L with distilled water. This freshly 

prepared Bradford reagent was filtered twice through filter paper (Whatmann No. 41) and 

it was used for the estimation of total soluble proteins from crude enzyme extract.  For 

total soluble protein assay, 0.1 mL enzyme extract from each sample was added to each 

test tube containing 5 mL of Bradford reagent, gently vortexed and allowed to stand for 

15 min to ensure dye binding. After 15 min, the spectrophotometric absorbance of this 

solution was taken at 595 nm.  The protein fraction from the plant samples was calculated 

from a standard curve prepared from bovine serum albumin (BSA). The protein 

determined was used to calculate and represent enzyme activities on mg protein basis. 
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3.1.9- Non-Enzymatic Antioxidants 

3.1.9.1- Determination of Ascorbic Acid  

The determination of ascorbic acid was carried out by using DTC reagent (Mukherjee and 

Chouduri, 1983). The DTC reagent was prepared by dissolving 2,4-dinitrophenyle 

hydrazine (3 g), thiourea (0.4 g) and copper sulphate (0.05) in 9 N sulphuric acid (100 

mL). Briefly, fresh plant material (0.2 g) was homogenized in 5 mL TCA (5%) solution 

using chilled mortar and pestle. The homogenate was centrifuged at 12000 g for 15 min. 

The supernatant (1 mL) was mixed with DTC reagent (200 µL) in glass test tubes and 

incubated at 37 °C for 3 h. After incubation, 1.5 mL cold sulphuric acid (65%) was added 

slowly and the reaction contents were shaken vigorously and allowed to stand at room 

temperature for 30 min. Finally, the absorbance of the reaction solution was read at 520 

nm using UV-Vis spectrophotometer. The amount of ascorbic acid was calculated from a 

standard curve prepared from L-ascorbic acid (µmol g-1 FW).  

3.1.9.2- Determination of Soluble sugars, Phenolics, Amino acids and Flavonoids 

The determination of above mentioned biochemical constituents were carried out from 

alcoholic extracts prepared from oven dry plant material of both spinach and turnip. 

3.1.9.2.1- Preparation of Plant Alcoholic Extracts  

Briefly, screw capped test tubes containing oven dried plant samples (50 mg) were 

incubated in 80% alcohol (10 mL) overnight at 70 °C. This solution was boiled on a water 

bath for 5 min and centrifuged at 15000 g for 15 min. The final volume of the extract was 

made (20 mL) with 80% alcohol and the extract was further used for the quantitative 

determination of soluble sugars, phenolics, amino acids and flavonoids. 

3.1.9.2.2- Estimation of Total Soluble Sugars 

The determination of total soluble sugars from alcoholic extract was carried out by using 

anthrone reagent (Dubios et al., 1956).  The anthrone reagent was prepared by dissolving 

0.2 g anthrone in 100 mL H2SO4 that resulted a golden yellow solution. Briefly, cold 

anthrone reagent (4 mL) was mixed with ethanolic extract (1 mL) in 10 mL glass test 

tube. The test tube containing the reaction mixture was vigorously shaken and then placed 

in a boiling water-bath for 10 min. The reaction was stopped by cooling the test tube 

under running tap water and finally the absorbance of the supernatant was taken at 620 

nm using spectrophotometer. The total soluble sugar fraction was calculated from the 
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standard curve prepared from L-glucose (Analytical grade) and the sugar contents are 

presented in mg/g DW.  

3.1.9.2.3- Determination of Total Phenolics  

The determination of total phenolics from the alcoholic extracts was carried out by using 

the folin-ciocalteau reagent (Bray & Thorpe, 1954). For the preparation of folin-

ciocalteau reagent, analytical grade Folin-ciocalteau reagent (UniChem) was diluted with 

distilled water (1:10 ratio) and then used for the estimation of total phenolics. For the 

determination of total phenolics, alcoholic extract (1 mL) was mixed with folin-ciocalteau 

reagent (1 mL) and then 7.5% sodium carbonate (2 mL) was added in it followed by 

vigorous shaking. The test tubes containing the reaction mixture were placed in a boiling 

water-bath for one min and the reaction was stoped under running tap water. Finally, the 

blue colored reaction mixture was diluted to final volume of 25 mL and allowed to stand 

for 30 min at room temperature and the absorbance of the reaction mixture was taken at 

650 nm. The phenolics (mg/g DW) were quantified from the standard curve prepared 

from catechol (Sigma).  

3.1.9.2.4- Determination of Flavonoids  

The determination of flavonoids was carried out by using magnesium powder (Schinoda, 

1928). For the determination flavonoids, alcoholic extract (1 mL) was mixed with (100 

mg) magnesium powder in glass test tubes. After adding plant alcoholic extracts, the test 

tubes containing the reaction mixture solution were placed in boiling water-bath for 10 

min and then cooled under running tap water. After this, concentrated HCI (2 mL) was 

added very slowly and carefully (drop by drop with the walls of the test tubes) and the 

final volume was made (5 mL) with distilled water. The absorbance of the final solution 

was recorded at 370 nm with a spectrophotometer. The contents of flavonoids were 

calculated from a standard curve prepared from catechin hydrate (Sigma). 

3.1.9.2.5- Determination of Amino Acids 

The determination of amino acids was carried out from the ethanolic plant extracts using 

ninhydrin reagent (Hamilton & Van-Slyke, 1943). For ninhydrin regeant, 2 g ninhydrin 

(UniChem) was dissolved in 100 mL distilled water. Briefly, 1 mL of plant ethanolic 

extract was mixed with 1 mL aqueous pyridine solution (10%) in glass test tube followed 

by the addition of 1 mL ninhydrin solution (2%). After thorough mixing, the test tubes 

were placed in a boiling water bath for 30 min. The reaction was terminated by cooling 
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the test tubes under running tap water and the final volume of the reaction solution was 

made 50 mL with distilled water. Finally, the absorbance was recorded at 570 nm using 

spectrophotometer. The amino acid concentration calculated from a standard curve 

prepared from analytical grade L-glycine (BioBasic Inc).    

3.1.9.2.6- Determination of Leaf free Proline 

The proline determination was carried-out using ninhydrin (Bates et al., 1973). Fresh 

leaves (0.3 g) were homogenized in 3 mL of 5-sulfosalicylic acid (3%) using chilled 

mortar and pestle under ice cold conditions. The homogenate was centrifuged at 15000 g 

for 15 min and the supernatant was used for the analysis of free proline. Briefly, plant 

extracts (2 mL) were mixed with acid ninhydrin (2 mL) and glacial acetic acid (2 mL) in 

glass test tubes. The test tubes were incubated in boiling water bath for 1 h and after that 

the reaction was terminated on ice bath. Finally, toluene (4 mL) was added to the reaction 

mixture and the test tubes were shaken vigorously for 20-25 s. The upper toluene layer 

containing the chromophore was separated and the absorbance was taken at 520 nm by 

using a spectrophotometer. The proline content was calculated from the following 

formula and expressed as µmoles g-1 FW. 

Proline = [(µg proline/mL × mL toluene) / (115.5 µg/µmole]/ [(g sample/5] 

3.1.10- Analyses of Inorganic Ions  

The determination of inorganic ions such as K, P, Ca and Mg was carried out from the 

dry plant samples of both turnip and spinach. The digestion was carried out using nitric 

acid and hydrogen peroxide (Netondo et al., 2004). For digestion purpose, 2 mL of nitric 

acid (65% ultra pure HNO3) was added to digestion flasks containing dry plant material 

(100 mg) and the contents were incubated overnight at room temperature. On the next 

day, the digestion was performed on the hot plate at 300 °C and the contents of the flasks 

were allowed to boil for 30-40 min. After cooling for some time, hydrogen peroxide (50% 

H2O2) was added to each flask carefully and the contents were again allowed to boil for 

next 30-40 min on electric hot plate. The procedure of adding H2O2 was repeated 6 to 7 

times until all the samples became clear and transparent. Finally, the digested samples 

were filtered and diluted to a final volume of 25 mL with distilled water and used for 

inorganic ions analyses. The determination of inorganic ions from the digested plant 

samples was performed at Soil Science Laboratory, AARI, Faisalabad, Pakistan.  
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3.1.10.1- Analysis of Potassium, Calcium and Magnessium contents 

The analysis of cations such as K, Ca and Mg was performed with flame photometer 

(Model Jenway PFP-7, UK). The amount of each inorganic ion was determined from 

standard curve and represented as mg/g of dry weight. 

3.1.10.2- Analysis of Phosphorus Contents 

The analysis of P was done by using the Barton’s reagent as described by (Wolf, 1982). 

The Barton’s reagent was prepared by mixing the two solutions (A and B) and final 

volume was made with distilled water. 

Solution A: Ammonium molybdate (25 g) was dissolved in distilled water (2.42 mL). 

Solution B: Ammonium metavanadate (1.25 g) was dissolved in boiling water (300 mL) 

and after cooling this solution, concentrated HNO3 (250 mL) was added and cooled. 

For determination of P, Barton’s reagent (2 mL) was mixed with digested plant sample (2 

mL) and the final volume (50 mL) was made with distilled water. In addition, this 

reaction solution was left for 30 min before the analysis of P. Finally, the 

spectrophotometric determination of phosphorus was performed at 460 nm and the 

contents of P were calculated from a standard curve and presented as mg/g DW. 

3.2- Experiment No. 2:  

Influence of chelating agents on the phytoextraction of Pb by turnip and 

spinach plants under natural conditions (Field Experiments) 

The principal objective of the field studies was to assess the efficacy of chelating agents 

in the induction of adaptability and subsequent alteration in the uptake and translocation 

of Pb by spinach and turnip plants. 

3.2.1- Experimental Site and Plan 

The field experiments were conducted at Vegetable Research Institute, AARI, Faisalabad, 

Pakistan in a split-plot design under natural conditions. The biochemical analyses of the 

plant samples were carried out at Department of Botany, GCUF and Stress Physiology 

Laboratory, NIAB, Faisalabad, Pakistan. The Pb levels were maintained separately in 

main plots and in each plot chelating agents were added randomly using three replicates 

(sub-plots) per treatment. 
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3.2.2- Seed sowing, Plant stablishment and Thinning of plants 

The seeds of both the vegetables were sown separately in the water imbibed / saturated 

soil. After germination, the plants were allowed to establish for 10 d and 10 cm plant to 

plant distance was maintained at this stage. 

3.2.3- Application of Lead (Pb) 

The 20-d old plants were exposed to 2.42 and 4.83 mM Pb applied once through spiking 

the soil with calculated Pb(NO3)2 concentrations for each plot followed by irrigation (15 

to 18 acre-inches per acre) in each sub plot. The non-treated plots had 0.0218 mM Pb and 

acted as control. The calculated amount of N in the form of urea was added to 

compensate for variations in N supply to maintain 50 kg N ha-1. The physio-chemical 

properties of the soil are shown in Table 1. 

Table-1: Chemical and physical characteristics of soil and water sampled 
from the experimental area (n = 10). 
 

Soil 
pH 7.8 
Organic matter  0.88% 
Total nitrogen 0.06% 
Copper (mg kg-1) 1.5  
Lead (mg kg-1) 0.51 
Zinc (mg kg-1) 2.40  
Iron (mg kg-1) 3.0  
Phosphorus (mg g-1) 2.8  
Potassium (mg g-1) 180 
Calcium + Magnesium  4-6 me L-1 
HCO3 0.2-0.6 me L-1 
CEC 5-7 cmolec kg-1 soil 
EC (dS m-1) 2.4 
Water 
pH  7.5 
CO3 Nil 
HCO3 10.0 
Chloride (mg g-1) 1.4 
Ca + Mg 6.1 
Sodium (mg g-1) 7.0 
TSS 813 
SAR 3.6 
RSC 4.1 
EC (dS m-1) 1.24 

  
CEC, cation exchange capacity; cmolc, centimoles of charge; EC, electrical conductivity; 
TSS, total soluble salts; SAR, sodium adsorption ratio; RSC, residual sodium carbonate 



 

26 

 

 
 

Fig. 3.1- Photograph showing the overview of A) Turnip B) Spinach seedlings grown 

under field conditions. 

  

A 
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3.2.4- Application of Chelating agents  

The application of chelating agents at the rate of 2.4 mM was carried out after 10 days of 

Pb application in the similar way as Pb was added in the soil.  

3.2.5- Growth studies  

The growth analysis of both spinach and turnip plants was carried out after 30 days of 

chelate application (60 d old plants). The parameters investigated were shoot and root 

fresh and dry weights, leaf area and root diameter.   

3.2.6- Leaf Physiological and Biochemical attributes 

3.2.6.1- Gaseous Exchange Attributes 

The gaseous exchange attributes of both the vegetables were investigated using Infrared 

Gas Analyzer (IRGA), Model (Ci-340, USA). Briefly, readings for photosynthetic rate 

(Pn), transpiration rate (E), stomatal conductance (gs) and intercellular carbon dioxide (Ci) 

were recorded from 11 AM to 1 PM using broad leaf chamber. The average 

phosynthetically active radiation (PAR) was 769.2 µmol/m2/s; chamber internal 

temperature 22 ± 2 oC; pressure 99.2 kPa. The intrinsic water use efficiency (Pn/E) was 

calculated as described by Wang (2001) while the mesophyll efficiency (Pn/Ci) was 

calculated as described by Ashraf et al. (2002). 

3.2.6.2- Leaf Water Relations 

The plant water relations parameters like water and osmotic potential and turgor pressure 

were recorded after 30 days of days of chelate application (60 d old plants). 

For water potential (Ψw), fully matured top leaf was excised between 8 to 9 am and its 

water potential was determined using Scholander Pressure Chamber (Arimad-2, ELE 

International, Japan). For the determination of osmotic potential (Ψs), same leaf used for 

water potential determination was frozen (Below -20 °C) for one week. Afterwards, the 

material was thawed and its sap was extracted using a disposable syringe. This sap was 

used for the determination of osmotic potential using an osmometer (Wescor-5500, 

Logan, USA). The leaf turgor pressure (Ψp) was calculated by using the two 

measurements (water and osmotic potential). The difference of the two was referred as 

turgor pressure. 

Ψp = Ψw - Ψs 
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Fig. 3.2 - Photograph showing the overview of spinach and turnip plants grown under 

field conditions. 
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Fig. 3.3- Photograph showing the overview of spinach plants grown under field 

conditions. 
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Fig. 3.4- Photograph showing the overview of turnip plants grown under field conditions 

and treated with different chelates. 
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Fig. 3.5 - Photograph showing the overview of turnip plants grown under natural 

conditions and treated with various chelates. 
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Fig. 3.6 - Photograph showing the overview of turnip plants grown under field conditions 

and treated with different chelates. 
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3.2.6.3- Leaf Chlorophyll contents 

The chlorophyll contents of both the vegetables were investigated after 30 days of chelate 

application (60 d old plants). The parameters such as chlorophyll a, b, total chlorophyll 

were calculated. The procedure for the determination of the chlorophyll contents was 

same as used in the first experiment. 

3.2.7- Pb-Phytoextration Studies 

3.2.7.1- Analysis of Pb from Plant samples 

The analysis of Pb contents was carried out from both the vegetables investigated. 

Analysis of Pb was performed twice from roots and shoots separately. First Pb analysis 

was carried out from 60 d old plants (30 days after chelate application) and the second 

analysis was performed from 90 d old plants (60 days after chelate application). For Pb 

analysis, plants were first separated into roots and shoots, washed with running tap water 

and then with distilled water. The plant material was oven dried for 72 h at 70 °C. The 

dried plant material was digested using HNO3-H2O2 as described in the experiment 1. 

After digestion, the final dlutions were prepared using deionized water.  

 3.2.7.2- Determination of Pb Concentration 

The Pb concentration from the plant samples (shoot and root) was determined by using 

atomic absorption spectrometer (AAS) (Analytik Jena, Gemany). The concentration of Pb 

in the plant sample was calculated by the standard addition method with aqueous 

standards was used for calibration of samples and periodically verified. 

3.2.8- Yield per Hectare (kg) 

The weight of roots for turnip and shoots for spinach was recorded. The vegetables 

studied under field utilized 80% of the land and the remaining was used for irrigation 

channels. With the help of these details, yield per hectare calculated and expressed in 

kilograms. The following formula was used; 

Yield per ha (kg) = [Yield per net plot (g)/Net area of the plot (m2)] × [10000/1000] 

3.2.9- Statistical Analyses 

The data was subjected to analysis of variance technique by using the GLM module of 

CoStat version 6.2 (CoHort Software, Monterey, CA, USA). The analysis of variance was 

performed using a completely randomized design for pot experiments and split-plot 
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design for field experiments. The differences among treatment means were compared 

using Student Newman and Keuls Test at 5% level of probability (P ≤ 0.05). The data in 

the Figs. is represented as means ± SE, n = 3. 
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FOR CONVENIENCE, THE RESULTS ARE PRESENTED AND 
DISCUSSED BASED ON CROP (TURNIP OR SPINACH) RATHER 

THAN ON EXPERIMENTAL BASIS 
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Chapter 4 

RESULTS  

4.1- Influence of chelating agents on turnip seedlings under 

different Pb regimes (Growth Incubator Experiments) 

4.1.1- Growth attributes 

4.1.1.1- Shoot length 

The application of chelating agents considerably affected shoot length of turnip plants (P 

< 0.05). All the chelating agents applied under different Pb regimes resulted in enhanced 

shoot length than control plants (Table- 4.1.1). Maximum shoot length of turnip plants 

was evident in response to TA application under 2.42 mM Pb treatment (Fig- 4.1.1.1). 

While under 4.83 mM Pb application, maximum shoot length was recorded in plants 

treated with EDTA and MA treatments, respectively. Overall, all the chelating agents 

improved shoot length when compared with control plants. The addition of Pb to the 

growth medium resulted in enhanced shoot length of turnip plants.  

4.1.1.2- Root length  

The addition of Pb to the growth medium resulted in significant reduction in the root 

length. Turnip plants grown without Pb contamination in the growth medium exhibited 

maximum values of this attribute (Fig- 4.1.1.2). In control (0 mM Pb), the application of 

various chelating agent treatments resulted in the reduction of turnip root length. While 

under 2.42 and 4.83 mM Pb regime, the impact of chelating agent treatments was 

insignificant in comparison with 0 mM Pb (Table- 4.1.1). 

4.1.2- Photosynthetic pigments  

4.1.2.1- Chlorophyll a 

A progressive increase in the Chl a contents of turnip plants was recorded in response to 

Pb addition to the growth medium. Relatively, greater Chl a contents were evident in  
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Table 4.1.1: Mean square values from analysis of variance of the data of root and shoot 

length of Pb-stressed turnip seedlings in response to exogenous application of different 

chelating agents.  

 

Source of variation d.f Shoot length Root length 

Chelates (C) 5 6.25* 0.385NS 

Lead (Pb) 2 14.8** 0.456NS 

C × Pb 10 9.23*** 0.904*** 

Error 36 1.99 0.157 
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Fig-4.1.1.1: The effect of exogenously applied different chelating agents on shoot length 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).        

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.1.1.2: The effect of exogenously applied different chelating agents on root length of 

turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).            

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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plants grown in 4.83 mM Pb regime (Fig-4.1.2.1). The addition of chelates in the soil 

medium resulted in increased values of Chl a content in plants grown without Pb 

contamination. However, under 2.42 and 4.83 mM Pb regimes, the chelating agents 

decreased this attribute in comparison with control plants (Table-4.1.2). 

4.1.2.2- Chlorophyll b 

Likewise Chl a, a progressive increase in the Chl b contents of the turnip plants was 

recorded in response to 2.42 and 4.83 mM Pb treatments compared with control plants 

(Table-4.1.2). In control, the Chl b fraction of turnip plants increased under all the 

chelating agent treatments. In contrast, the appliance of chelate to the growth medium 

resulted in the prominent reduction in the Chl b contents under 2.42 and 4.83 mM Pb 

regimes (Fig-4.1.2.2).    

4.1.2.3- Total Chlorophyll (a + b) 

The fluctuations in the Chl a and b contents of turnip plants due to different treatments 

were also evident in case of total chlorophyll contents. The application of chelates to the 

soil resulted in elevated values of total Chl in turnip plants grown without Pb 

contamination. While on the other hand, chelate treatments decreased the total 

chlorophyll contents of plants grown in 2.42 and 4.83 mM Pb treatments (Fig-4.1.2.3). In 

addition to the effect of chelating agents, maximum total Chl was recorded in turnip 

plants grown under 4.83 mM Pb regime when compared with control plants.  Under 4.83 

mM Pb regime, TA applied plants exhibited higher values of this attribute in comparison 

with other chelates (P < 0.001; Table-4.1.2). 

 4.1.2.4- Carotenoids  

Higher carotenoid contents were recorded in Pb treated plants in comparison with control 

plants. The Pb did not affect carotenoid contents. The application of chelates to control 

plants raised their carotenoid contents while an opposite effect was evident under 2.42 

and 4.83 mM Pb treatments (Fig-4.1.2.4; Table-4.1.2).  

4.1.2.5- Chlorophyll a b
-1

 ratio 

Higher chlorophyll a b
-1 was recorded in Pb stressed turnip plants with the lower values 

of this attribute were evident in plants exposed to 0 mM Pb (P < 0.05). In addition to the 

effect of Pb treatments on this attribute, the application of chelates also altered this ratio. 

Under 2.42 and 4.83 mM Pb treatments, the plants treated with different chelates  
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Table 4.1.2- Mean square values from analysis of variance for the data of photosynthetic 

pigments of Pb-stressed turnip seedlings in response to exogenous application 

of different chelating agents. 

 

Source of 

variation 
d.f Chl a Chl b Total Chl Carotenoid 

Chl a/b 

ratio 

Car / Chl 

ratio 

Chelates (C) 5 0.0281NS 0.0040NS 0.0461NS 0.00028NS 0.465* 0.00029NS 

Lead (Pb) 2 0.011NS 0.010NS 0.041NS 0.00008NS 0.686* 0.00067NS 

C × Pb 10 0.078*** 0.0085* 0.133*** 0.0012* 0.291NS 0.00047NS 

Error 36 0.012 0.003 0.027 0.0003 0.154 0.00045 
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Fig-4.1.2.1: The effect of exogenously applied different chelating agents on chlorophyll a 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).            

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

 

Fig-4.1.2.2 The effect of exogenously applied different chelating agents on chlorophyll b 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).            

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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exhibited higher Chl ab
-1 ratio in comparison with control plants (P < 0.05). Nonetheless, 

the effect of different chelating agents on this ratio varied in turnip plants (Fig-4.1.2.5; 

Table-4.1.2).  

4.1.2.6- Carotenoids/ chlorophylls ratio 

Unlike the Chl a b
-1 ratio, fluctuations in carotenoids/ chlorophylls ratio were not 

prominent. An increase in this ratio was recorded in 2.42 mM Pb treated plants in 

response to OA and TA application (Fig- 4.1.2.6). Apart from this, the effect of Pb 

treatments was insignificant. Similarly, non-significant effect of chelates was evident for 

this attribute (P < 0.05; Table-4.1.2).  

4.1.3- Biochemical attributes   

Oxidative Stress Indicators     

4.1.3.1- Malondialdehyde (MDA) contents     

The MDA content of the turnip plants significantly increased under different Pb regimes 

in comparison with control plants and similarly the effect of the chelate treatments was 

highly significant (P < 0.001). Briefly, in control plants, the addition of chelates resulted 

in increased MDA contents among turnip plants. Furthermore, under 2.42 mM  Pb 

regime, all the chelates applied plants exhibited insignificant differences with control 

plants except for TA applied plants where MDA content was higher (Fig-4.1.3.1; Table-

4.1.3.1). However, under 4.83 mM Pb regime, all the chelating agent treatments resulted 

in lower MDA contents in comparison with control plants (P < 0.01).  

4.1.3.2- Hydrogen peroxide (H2O2)  

Marked variation in the H2O2 contents of turnip plants was recorded under varying Pb 

regimes (P < 0.001). A progressive increase in the concentration of H2O2 contents was 

recorded under 4.83 mM Pb regime in comparison with 0 mM Pb treatment (Fig-4.1.3.2). 

In addition to the effect of Pb treatments, the effect of chelate application on the H2O2 

was highly significant as well (P < 0.001). Except for CA and MA, the application of 

chelates in 0 mM Pb regime resulted in decreased H2O2 contents in comparison with non-

treated plants. Similar pattern of lowered H2O2 contents was recorded under 2.42 mM Pb 

regime except for OA. While under 4.83 mM Pb regime, all chelate treatments resulted in 

reduction in H2O2 contents than control plants grown without Pb (Table-4.1.3.2). 
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Fig-4.1.2.3: The effect of exogenously applied different chelating agents on chlorophyll 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).            

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.1.2.4: The effect of exogenously applied different chelating agents on carotenoids 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).            

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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 Fig-4.1.2.5: The effect of exogenously applied different chelating agents on Chl ab
-1 

ratio of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.1.2.6: The effect of exogenously applied different chelating agents on chlorophyll / 

carotenoid ratio of turnip (Brassica rapa L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Table 4.1.3- Mean square values from analyses of variance for the data of oxidative stress indicators and antioxidants in Pb-stressed turnip 

seedlings in response to exogenous application of different chelating agents. 

 

Source of 

variation 
d.f MDA H2O2 SOD CAT GPOX APX 

Ascorbic 

acid 

Phenolics Proline Amino 

Acids 

Flavonoids  Soluble 

sugars 

Chelates (C) 5 0.016** 535212*** 15.4*** 1.19NS 263.4** 2.67*** 10299.5*** 16.9*** 5524.8*** 35.8* 2.566077*** 57.8** 

Lead (Pb) 2 0.150*** 8827294*** 76.0*** 30.8*** 8923.8*** 1.72* 20658.3*** 22.7*** 8015.1*** 65.1* 3.291884*** 74.2** 

C × Pb 10 0.033*** 766033*** 8.49*** 2.43** 287.4*** 2.93*** 7555.6*** 3.03** 4143.4*** 11.0NS 2.359277*** 92.7*** 

Error 36 0.0031 53590 1.704 0.689 57.8 0.336 1087.6 0.879 176.9 12.6 0.192 11.8 
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Fig-4.1.3.1: The effect of exogenously applied different chelating agents on 

malondialdehyde contents of turnip (Brassica rapa L.) under different Pb regimes 

(n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid; 

 , tartaric acid; , malic acid. 

 

 

  

Fig-4.1.3.2: The effect of exogenously applied different chelating agents on hydrogen 

peroxide contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Enzymatic antioxidants 

4.1.3.3- SOD activity    

The SOD activity of the turnip plants varied significantly in response to Pb and chelate 

application in the growth medium. The application of Pb in the growth medium 

significantly increased the SOD activity of turnip plants (P < 0.01). Maximum increase in 

the SOD activity was evident in 2.42 mM Pb treatment (Fig-4.1.3.3). Other than the effect 

of Pb application, the addition of chelates also influenced SOD activity. Application of 

OA, TA and MA to 0 mM Pb grown plants resulted increased the SOD activity than non-

treated plants (P < 0.001). Except CA, all the chelates reduced the SOD activity under 

2.42 mM Pb regime. While in contrast, of different chelates applied, CA, TA and MA 

improved SOD activity of 4.83 mM Pb stressed plants (Table-4.1.3).  

4.1.3.4- CAT activity 

In contrast to SOD activity, the addition of chelates to Pb stressed plants was non-

significant in terms of affecting CAT activity. However, Pb treatments significantly 

altered CAT activity of turnip (P < 0.01). Compared with 0 mM Pb regime, a prominent 

increase in the CAT activity was recorded at 2.42 and 4.83 mM Pb regimes (Fig-4.1.3.4). 

Except CA, the chelates application to the control plants did not significantly alter CAT 

activity. However, an increase in the CAT activity was recorded in response to CA and 

TA application under 2.42 mM Pb regime. In contrast, EDTA, CA, TA and MA 

treatments increased CAT activity under 4.83 mM Pb regime (Table-4.1.3.4).  

4.1.3.5- Guaiacol peroxidase (GPOX) activity  

Marked variations in the GPOX activity of turnip plants was recorded under the three Pb 

regimes (P < 0.001). Minimum activity was recorded in control (0 mM Pb) plants while 

the addition of Pb to the growth medium increased GPOX activity linearly at 2.42 and 

4.83 mM Pb regimes. Therefore, maximum GPOX activity was evident under 4.83 mM 

Pb regime. Apart from the effect of Pb doses, the addition of chelates significantly 

influenced GPOX activity of turnip (P < 0.01). Briefly, chelate application to control 

plants resulted in increased activity (Fig-4.1.3.5). Similalrly, under 2.42 mM Pb regime, 

the addition of all the chelates significantly raised GPOX activity of turnip as compared 

with control (no chelate applied). Only TA application under 4.83 mM regime 

significantly improved GPOX activity of turnip seedlings (Table-4.1.3).  
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Fig-4.1.3.3: The effect of exogenously applied different chelating agents on SOD activity 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).        

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.1.3.4: The effect of exogenously applied different chelating agents on CAT activity 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).        

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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4.1.3.6- Ascorbate peroxidase (APX) activity  

In comparison with 0 mM Pb regime, an increase in the APX activity of turnip plants was 

recorded in 2.42 and 4.83 mM Pb regime (Fig-4.1.5.6). The influence of chelating agents 

on the APX activity of turnip plants was marked (P < 0.001). Except CA, chelate 

application to plants grown in 0 mM Pb increased the APX activity in comparison with 

control. At 2.42 mM Pb conc., suppression in the APX activity was evident among plants 

treated with all the chelates. In contrast to 2.42 mM Pb regime, the application of TA to 

the 4.83 mM Pb treated plants induced significantly higher APX activity with respect to 

control (Table-4.1.3).   

Non-enzymatic Antioxidants  

4.1.3.7- Ascorbic acid (AsA) 

An increase in the AsA was recorded in turnip plants grown under 4.83 mM Pb regime, 

while AsA content in 2.42 mM  Pb remained unchanged (P < 0.001). The addition of 

EDTA, CA and TA to the control plants decreased ascorbic acid while under CA and MA 

application it remained unchanged (Fig-4.1.3.7). Similarly under 2.42 mM  Pb regime, 

except for OA, all the chelating treatments resulted in lower AsA contents than control 

plants (P < 0.001). Likewise under 4.83 mM Pb regime, the chelate applied turnip plants 

exhibited significantly less AsA in comparison with control plants (Table-4.1.3).         

4.1.3.8- Total Phenolics 

A progressive reduction in the total phenolics was recorded at 2.42  and 4.83 mM Pb dose 

in the growth medium in comparison to 0 mM Pb regime (P < 0.05). Chelate applications 

significantly also affected the total phenolic contents of turnip plants (P < 0.001). In 

control (0 mM Pb) plants, an increase in the phenolics was recorded in response to EDTA 

treatments in comparison with control plants. While under 2.42 and 4.83 mM Pb toxicity, 

maximum phenolics were recorded in response to CA and EDTA respectively (Fig-  

4.1.3.8). In addition, least values of total phenolics were recorded under TA application 

under all three Pb regimes (Table-4.1.3). 
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Fig-4.1.3.5: The effect of exogenously applied different chelating agents on GPOX 

activity of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.3.6: The effect of exogenously applied different chelating agents on APX activity 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).        

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Fig-4.1.3.7: The effect of exogenously applied different chelating agents on ascorbic acid 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.3.8: The effect of exogenously applied different chelating agents on ascorbic acid 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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4.1.3.9- Free Proline  

A prominent variation in the free proline content of turnip plants was recorded under 

different Pb regimes (P < 0.001). A reduction in the proline content of turnip plants was 

recorded in 2.42 mM Pb regime while under 4.83 mM Pb regime, a significant increase 

was recorded. The application of EDTA, OA and TA to the 0 mM Pb grown plants raised 

their proline content (P < 0.001). In contrast, the application of chelates to the 2.42 mM 

Pb stressed plants resulted in higher free proline content in comparison with 0 mM Pb 

grown plants. While under 4.83 mM Pb all the chelate applied plants exhibited lower 

values of free proline as the control plants exhibited significantly higher values.  

4.1.3.10- Free Amino Acids   

A significant effect on the free amino acids contents of the turnip plants was recorded in 

response to Pb treatments (P < 0.05). Under increasing Pb doses, a progressive reduction 

in the free amino acid fraction of turnip plants was recorded. Among various chelates 

applied, the maximum free amino acid contents under all the three Pb regimes were 

evident in response to EDTA and TA application in the growth medium (Fig-4.1.3.10; 

(Table-4.1.3).  

4.1.3.11- Flavonoids 

The addition of the Pb to the growth medium resulted in significant reduction in the 

flavonoids contents of turnip plants (P < 0.001). Maximum flavonoids contents were 

evident in 0 mM Pb regime followed by 2.42 and 4.83 mM Pb treated plants. Except MA, 

the application of all other chelates to the control plants decreased their flavonoids 

contents (P < 0.001). The application of MA increased the flavonoids contents of the 

control grown turnip plants. In addition to the control plants, similar trend was evident in 

2.42 mM Pb stressed plants as the application of chelates reduced the flavonoids contents 

of the turnip plants except MA where it increased in comparison with control (Fig-

4.1.3.1). However, OA application to 4.83 mM Pb stressed plants resulted in increased 

flavonoids contents with respect to control. While the application of TA and MA reduced 

this attribute significantly (Table-4.1.3.1).          
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Fig-4.1.3.9: The effect of exogenously applied different chelating agents on proline 

accumulation in turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.3.10: The effect of exogenously applied different chelating agents on amino acid 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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4.1.3.12- Total soluble sugars  

Maximum soluble sugars among turnip plants were evident in 4.83 mM Pb treated 

regime. While under Pb application at 2.42 mM dose there was no obvious difference in 

the total soluble sugars of turnip plants in comparison with 0 mM Pb treated plants (P < 

0.05). In addition, highly significant effect of the chelate applications was recorded on the 

total sugars of turnip plants under all the Pb regimes (P < 0.001; Table-4.1.3). At 0 mM 

Pb, the application of OA and TA resulted in maximum soluble sugar fraction while 

under 2.42 mM Pb treatment, higher values were recorded in response to CA followed 

significantly by OA treated plants. In contrast, all the chelate treatments resulted in 

reduced soluble sugars in comparison with control plants where no chelate was applied 

(Fig- 4.1.3.12). 

4.1.4- Inorganic ions    

4.1.4.1- Potassium  

A progressive rise in the K+ uptake by turnip plants was recorded in 2.42 and 4.83 mM Pb 

treated plants in comparison to 0 mM Pb treated plants (P < 0.001). Apart from CA, all 

the chelate treatments increased K+ contents of the 0 mM Pb grown plants while under 

2.42 mM Pb treatment, only TA and MA improved K+ contents of turnip plants (Fig-

4.1.4.1). However in contrast, under 4.83 mM Pb regime, control plants exhibited 

maximum K+ ions than turnip plants treated with various chelating agents (P < 0.001; 

Table-4.1.1).  

4.1.4.2- Calcium   

The addition of chelating agents was very effective in affecting the concentration of 

calcium among turnip plants under all three regimes of Pb (P < 0.001). Under all three Pb 

regimes, the chelating agents increased Ca2+ contents among turnip plants (P < 0.001). In 

control, the maximum Ca2+ contents were recorded in response to EDTA application. 

While in 2.42 and 4.83 mM Pb treated regime, maximum Ca2+ contents were recorded in 

response to MA and TA respectively (Fig-4.1.4.2). Apart from the effect of chelating 

agents, control plants (without chelating agent treatment) exhibited increased Ca2+ 

contents under 4.83 mM Pb treatment, while these remained unchanged under 2.42 mM 

Pb treatment in comparison with control.      

 



 

55 
 

 

Fig-4.1.3.11: The effect of exogenously applied different chelating agents on flavonoids 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.3.12: The effect of exogenously applied different chelating agents on flavonoids 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Table 4.1.4- Mean square values from analyses of variance for some inorganic ions of Pb-

stressed turnip plants in response to exogenous application of different 

chelating agents. 

 

Source of 

variation 
d.f Potassium Calcium Magnesium Phosphorus 

Chelates (C) 5 247.5*** 51.4** 26.3*** 136.29*** 

Lead (Pb) 2 577.0*** 151.4*** 10.2NS 276.4*** 

C × Pb 10 165.38** 22.7* 16.4*** 79.5*** 

Error 36 53.6 10.4 3.81 7.54 
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Fig-4.1.4.1: The effect of exogenously applied different chelating agents on potassium 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.4.2: The effect of exogenously applied different chelating agents on calcium 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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4.1.4.3- Magnesium   

Under all the three Pb applied regimes, a gradual increase in the magnesium contents was 

evident under 2.42 and 4.83 mM Pb regime. The addition of the chelates to the control 

grown plants resulted in the enhanced Mg contents in comparison where no chelate was 

applied (P < 0.001). While the effect on the Mg2+ content of plants grown in 2.42 and 

4.83 mM Pb regime varied (Fig-4.1.4.3). Over all, the effect of chelating agent treatments 

on Mg2+ content of turnip seedlings was highly significant (P < 0.001). Furthermore, the 

ANOVA revealed highly significant interactions (P < 0.001) between Pb and chelates for 

their effect on the Mg2+ contents of turnip plants.  

4.1.4.4- Phosphorus     

Compared with control, a substantial increase in the phosphorus contents of turnip plants 

was recorded under 2.42 and 4.83 mM Pb regimes in comparison with control (P < 

0.001). In addition, the effect of chelating agent on the phosphorus contents of turnip 

plants was also marked (P < 0.001). For the plants grown in 0 mM Pb, the application of 

OA, TA and MA resulted in maximum phosphorus contents, while for 2.42 mM Pb 

regime, EDTA, TA and MA resulted increased phosphorus in comparison with control 

(no chelate application) plants respectively (Fig-4.1.4.4). Furthermore, under 4.83 mM Pb 

regime, control plants exhibited marginally higher values than EDTA and TA applied 

plants (Table-4.1.4).  
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Fig-4.1.4.3: The effect of exogenously applied different chelating agents on magnesium 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.1.4.4: The effect of exogenously applied different chelating agents on phosphorus 

contents of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , malic 

acid. 
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4.1.5- DISCUSSION  

Chelating agents modulated Pb toxicity and induced adaptations in turnip 

seedlings (Growth Incubator Experiments) 

Chelate-assisted phytoextraction enhances the removal of heavy metals from polluted 

environments. However, heavy metal accumulation in the tissues and cells could affect 

the biomass production, and thus alter phytoextraction capacity in normally high biomass 

producing plant species. In the present study, exposure to different Pb regimes increased 

shoot length in the turnip. On the other hand, increasing Pb dose decreased root length. 

The reduction in root growth characteristics of the rice plants under HM stress was 

evident (Choudhury & Panda, 2004). Heavy metal induced reduction in the root length 

could induce structural and anatomical modifications including deposition of 

impermeable substances in the root endodermis to reduce metal uptake (Lux, 2011). The 

addition of chelates under different Pb regimes increased the turnip shoot length, 

however, its effect on the root of turnip varied. This varied effect on the root could be 

attributed to chelant-assisted more Pb accumulation in the root that in the shoots. The 

application of EDTA, CA, OA, TA and MA under 4.83 mM Pb regime improved the root 

length of turnip plants. The positive effect of chelating agents under Pb toxicity has 

already reported in different plants (Cui et al., 2007; Sun et al., 2009). 

Although Pb interferes with several physiological and biochemical processes, 

photosynthesis is one of the most affected process. However, an increase in the Chl a, b 

and total chlorophyll contents of turnip plants was recorded under inclining regimes of 

Pb. Similar trend was evident in case of carotenoid contents and the changes in Chl a, b 

resulted in elevated Chl a/b ratios in the stressed plants. The increase in the Chl a/b ratio 

is a modified response to cope with limited photochemical efficiency (Bartha & 

Fodorpataki, 2007; Raza et al., 2014). Nonetheless, the addition of chelating agents in the 

medium improved the chlorophyll contents of control plants, however, their effect on the 

stress grown turnip plants varied greatly. Overproduction of oxidants could damage the 

membranes to alter metabolism and in some cases lead to cell death. Therefore, 

peroxidase activity and photosynthetic pigments are sensitive indicators of heavy metal 

stress to anticipate events on the organism level (Wu et al., 2003; Mac Farlane & 

Burchett, 2001). The Pb stress caused a reduction in the MDA contents whereas it 
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increased H2O2 contents. The chelating agents reduced the toxic effects of H2O2 and thus 

lower levels of MDA were evident in stressed turnip plants. Lower levels of MDA 

contents under Pb stress are indicative of lesser membrane damage and innate tolerance 

(Shu et al., 2012). 

Antioxidant enzymes and certain metabolites including non-enzymatic antioxidants play 

an important role in the adaptation to heavy metal stress thereby increasing survival of 

plants. Different Pb regimes caused reduction in the antioxidant enzyme activities of 

SOD, CAT and POD. In consistent with these findings, lower CAT activity was evident 

in Arabidopsis under As stress (Leterrier et al., 2012). Similarly, in pea, lower CAT 

activity was recorded under heavy metal stress (Sandalio et al., 2001; Romero-Puertas et 

al., 2002). Moreover, in mangrove roots, an initial increase followed by reduction in CAT 

activity was recorded under heavy metal stress (Zhang et al., 2007). Similarly, Leon et al. 

(2002) reported a reduction in the CAT activity of four pepper cultivars. Generally, CAT 

antioxidant enzyme is responsible for the breakdown of H2O2. IN the present studies, a 

reduction in CAT activity was consistent with increased H2O2 contents of turnip 

seedlings. Likewise, Ni contamination increased H2O2 contents of wheat that were 

consistent with reduced CAT activity (Gajewska & Skłodowska, 2007). In addition to the 

CAT activity, SOD and POD activities fluctuated under Pb stress. The application of 

chelating agents resulted in substantial recovery in the SOD activity under 4.83 mM Pb 

regime. Similarly, in the present study, chelate treatments improved CAT activity of 

turnip seedlings. Under 2.42 mM Pb stress, only CA and TA chelants were effective, 

while under higher (4.83 mM) Pb regimes, all the chelants improved CAT activity. In 

addition, Pb reduced GPOX activities significantly but chelants application recovered it. 

Prominent improvement in the GPOX activities of Pb stressed plants was evident under 

2.42 and 4.83 mM Pb regimes in comparison with control plants where no chelate was 

applied. The chelate application reduced APX enzyme activity under 2.42 mM Pb regime 

while all the chelates significantly improved this attribute. Maximum induction in APX 

activity was evident in response to TA application. The present study supported the 

findings of Shahid et al. (2014). They found that application of EDTA and CA improved 

SOD, CAT, GPOX and APX and GR activities of Pb stressed Vicia faba and contributed 

to mitigation of Pb induced oxidative stress.  Similarly, Shakoor et al. (2014) reported CA 

mediated up-regulation of SOD, CAT, POD and APX activities in Brassica napus. Toxic 

metals like Pb disturb cellular redox homeostasis (Yin et al., 2008). The results suggested 
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that improved antioxidant enzyme activities could regulate the cellular redox homeostasis 

and subsequently mitigate heavy metal induced oxidative stress. 

The combined action of enzymatic antioxidant systems and non-enzymatic antioxidants 

like ascorbate, glutathione and phenolic compounds can protect cells from reactive 

oxygen species. In the present study, an increase in the AsA content was recorded under 

4.83 mM Pb regime. The application of chelates significantly altered AsA contents. For 

instance, the application of TA and OA enhanced AsA contents of Pb stressed turnip 

plants. A reduction in the phenolic contents of turnip plants was recorded under 2.42 and 

4.83 mM Pb regimes. On the other hand, the application of CA at 2.42 mM while EDTA 

and MA at 4.83 mM Pb regime improved phenolic contents. Generally, phenolics are 

characterized with various important functions including acting as antioxidants in plants. 

An increase in the phenylpropanoid metabolism and in turn the phenolic compounds 

contents was evident under heavy metal stress (Michalak, 2006). The free amino acid 

fraction decreased with increased Pb stress while a varied proline fraction was evident. 

The chelate treatments significantly improved proline content under 2.42 mM Pb regime 

while no such effect was recorded under 4.83 mM Pb regime. In addition, the application 

of EDTA, TA and MA considerably improved free amino acid fraction of turnip plants 

under different Pb regimes. The plants exposed to toxic heavy metals tend to accumulate 

different nitrogenous metabolites. Of them, proline accumulation is beneficial to counter 

metal stress (Sharma & Dietz, 2006). Thus, low molecular weight organic osmolytes such 

as proline and other amino acids mediated improvements increased stress tolerance ability 

of turnip plants. Nonetheless, an overall reduction in the flavonoids contents was recorded 

under Pb different regimes. Under 4.83 mM Pb regime, the application of EDTA, CA and 

OA improved flavonoids contents. The results suggested that chelants caused 

improvements in the enzymatic and non-enzymatic antioxidant systems that exerted 

beneficial effects on turnip under different Pb regimes. 

Low molecular weight organic acids such as CA, OA, or MA can play a significant role 

in the heavy metal solubility (Mench & Martin, 1991; Nigam et al., 2001), and the 

mobilisation of mineral nutrients (Zhang et al., 1989; Jones et al., 1996). The use of such 

acids as chelants could alter the heavy metal toxicity due to their capability to detoxify 

intracellular heavy metals via binding (Lee et al., 1977). In the present study, an increase 

in the K+, Ca2+, Mg2+ and P contents was recorded under different Pb regimes. Contrary 

to our findings, Lamhamdi et al. (2013) reported a reduction in the mineral contents of Pb 

stressed wheat. However, chelate application to control plants substantially improved 
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uptake of inorganic ions as well. Under 2.42 mM Pb regime, K+ uptake was improved by 

EDTA and MA; Ca2+ by EDTA, CA and MA; Mg2+ by TA and MA while P by EDTA, 

TA and MA, respectively. Interestingly, under 4.83 mM Pb regime, only significant 

improvement in Ca2+ contents was evident under TA and MA applications. The chelants 

assisted increase in the uptake of different minerals could be due to increased solubility of 

minerals through complexation that promoted minerals uptake in Pb stressed turnip 

plants. Overall, chelants mediated physiochemical adaptations such as reduction in 

oxidative stress, increase of photosynthetic pigments and nutrient uptake and enhanced 

antioxidative potential increased Pb tolerance in turnip plants. 
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4.2- Influence of chelating agents on the phytoextraction of Pb by 

turnip plants under natural conditions (Field Experiments) 

4.2.1- Growth attributes 

4.2.1.1- Shoot length 

Chelating agents significantly (P < 0.05) altered shoot length of turnip plants (Table-

4.2.1). Maximum shoot length was evident in plants treated with different chelates under 

different Pb regimes. Soil amendment with TA caused much more increase in shoot 

length compared with other treatments under 4.83 mM Pb regime. Turnip plants grown 

without Pb exhibited lower shoot length than those grown under higher (4.83 mM) Pb 

regimes (Figure-4.2.1.1).  

4.2.1.2- Root length  

The chelating agents as well as Pb concentrations altered root length significantly (P < 

0.05). The maximum root length was recorded in plants treated with OA and TA in the 

control. Whereas, in Pb treated plants, chelating agents affected root length differently. 

The addition of TA under mild (2.42 mM Pb) Pb stress while CA under high (4.83 mM 

Pb) Pb stress was much more effective in increasing root length in turnip plants.   

4.2.1.3- Fresh weight of shoot 

A significant (P < 0.05) change in shoot fresh weight of turnip plants was recorded under 

different Pb regimes. The addition of Pb increased shoot fresh weight and the maximum 

fresh weight was recorded under high Pb (4.83 mM Pb) concentrations when compared 

with control. Apart from the effects of Pb treatments, the application of chelates also 

resulted in significant alteration in the shoot fresh weights of turnip plants. Addition of 

TA and MA under low Pb levels increased the shoot fresh biomass compared with 

control. However, in non-stressed plants, except MA, all the chelates increased shoot 

fresh biomass compared with control. Under high Pb regimes, addition of all chelating 

agents except CA decreased shoot fresh biomass in turnip plants.  

4.2.1.4- Dry weight of shoot     

The Pb treatments as well as chelating agents significantly (P < 0.05) altered shoot dry 

weight of turnip plants. The application of CA resulted in highest shoot dry matter of 
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Table 4.2.1- Mean square values from analyses of variance for the data of growth attributes of Pb-stressed turnip plants in response to exogenous 

application of different chelating agents. 

 

 

Source d.f. Shoot length Root length 
Fresh weight 

of shoot 

Dry weight of 

shoot 

Fresh weight 

of root 

Dry weight 

of root 
Root diameter Leaf area 

Blocks 2 1.486 35.398 49.129 0.057 160.07 0.262 0.415 5032.98 

Lead (Pb) 2 49.84* 89.845** 10756.4** 20.154* 1546.1* 6.481* 2.721* 21807.00* 

Main Plot Error 4 2.953 3.00 493.21 1.53 182.0 0.835 0228 2960.97 

Chelates (C) 5 181.80*** 11.136NS 1576.2*** 8.457*** 1036.9*** 3.285*** 1.383*** 34153.80*** 

C  x Pb 10 102.76*** 16.139* 1831.8*** 3.28** 1254.7*** 3.507*** 1.942*** 14251.64** 

Error 30 18.4 5.818 246.29 0.807 72.351 0.223 0.149 4373.57 
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4.2.1.1: The effect of exogenously applied different chelating agents on shoot length of 

turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).                     

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

4.2.1.2: The effect of exogenously applied different chelating agents on root length of 

turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).                     

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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turnip plants both in control and under high Pb stress. However, under low (2.42 mM) Pb 

stress, TA was effective in increasing shoot dry biomass. Apart from the effect of 

chelating agents, the maximum dry weight was evident in plants grown under high (4.83 

mM Pb) Pb level when compared with control (Fig-4.2.1.4; Table- .2.1).  

4.2.1.5- Fresh weight of root     

The addition of chelating agents significantly altered root fresh weight of turnip plants 

under different Pb regimes. The maximum root fresh weight was recorded in CA applied 

plants under high Pb stress. In contrast, all chelating agents increased this attribute in 

control plants. Under low Pb stress, CA, TA and MA were more effective in increasing 

fresh biomass of turnip roots when compared with control (Fig-4.2.15). The maximum 

decrease in root fresh weight was evident in EDTA applied plants under low Pb stress 

(Table-4.2.1).  

4.1.2.6- Dry weight of root     

Chelating agents significantly affected root dry weight of turnip plants under different Pb 

regimes. Increasing Pb concentration in the growth medium increased root dry biomass 

when compared with control (Fig-4.1.2.6). The addition of chelating agents had drastic 

effects on the dry biomass of turnip plants under 4.83 mM Pb regime. For instance, all 

chelating agents except CA under high Pb while CA and TA under low Pb stress 

decreased root dry biomass of turnip plants as compared with control (Table-4.2.1).  

4.2.1.7- Root diameter  

The application of Pb in the growth medium caused significant increase in root diameter 

of turnip plants. The chelating agents also altered root diameter significantly (P < 0.05). 

All chelating agents, particularly OA increased root diameter in control plants (Fig-

4.2.1.7). However, under high Pb stress, only CA was effective in increasing this attribute 

in turnip plants when compared with control and other chelating agents (Table-4.2.1).  

4.2.1.8- Leaf area  

The turnip plants grown in the 4.83 mM Pb regime exhibited prominent increase in the 

leaf area (P < 0.01). Under control (0.0218 mM Pb), the application of OA and TA 

significantly increased the leaf area (Fig-4.2.1.8; Table-4.2.1). Moreover, all the chelates 

resulted in increased leaf area in the 2.42 mM Pb regime. While in 4.83 mM Pb regime, 

only TA application resulted in significant improvement for this attribute (P < 0.001). 
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Fig. 4.2.1.3: The effect of exogenously applied different chelating agents on shoot fresh 

weight of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig. 4.2.1.4: The effect of exogenously applied different chelating agents on shoot dry 

weight of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Fig. 4.2.1.5: The effect of exogenously applied different chelating agents on root fresh 

weight of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig. 4.2.1.6: The effect of exogenously applied different chelating agents on root dry 

weight of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Fig. 4.2.1.7: The effect of exogenously applied different chelating agents on root 

diameter of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig. 4.2.1.8: The effect of exogenously applied different chelating agents on leaf area of 

turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).                      

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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4.2.2- Photosynthetic pigments     

4.2.2.1- Chlorophyll a 

The chlorophyll a content of the field grown turnip plants exhibited a marked reduction 

under 4.83 mM Pb regime (P < 0.01) when compared with other Pb regimes (Table-

4.2.2). The application of chelates to Pb stressed turnip plants did not influence this 

attribute under low (0.0218 to 2.42 mM) Pb regimes. The application of EDTA and CA 

rather reduced Chl a under 2.42 mM Pb regime. In addition, all the chelates significantly 

improved Chl a contents of 4.83 mM Pb stressed plants (P < 0.001; Figure 4.2.2.1).     

4.2.2.2- Chlorophyll b 

An increase in the chlorophyll b contents was recorded in the plants grown under 2.42 

mM Pb regime followed by a prominent reduction under higher (4.83 mM) Pb regime (P 

< 0.001). Furthermore, the application of chelating agents resulted in significant recovery 

of the Chl b contents in turnip plants under 4.83 mM Pb regime (P < 0.001). In contrast, 

no positive effect of chelating agents was recorded under 2.42 mM Pb regime (Table-

4.2.2; Figure 4.2.2.1).    

4.2.2.3- Total chlorophyll contents (a+b) 

Likewise chlorophyll b, the total chlorophyll contents of the turnip plants exhibited 

increase in 2.42 mM Pb regime (P < 0.001). In contrast, a prominent reduction in the 

chlorophyll contents was evident in 4.83 mM Pb regime (P < 0.001). The application of 

all the chelates significantly (P < 0.001) improved the chlorophyll contents of 4.83 mM 

Pb stressed plants. Maximum improvements in this attribute under 4.83 mM Pb regime 

were recorded in response to CA and TA followed by EDTA respectively (Figure-4.2.2.3; 

Table-4.2.2).   

4.2.2.4- Carotenoids  

Significant reduction (P < 0.001) in the carotenoid contents of Pb stressed turnip plants 

was recorded in 4.83 mM Pb regime. In addition, the application of chelating agent 

treatments imparted varied effect on this attribute. The application of EDTA and CA to 

the 2.42 Pb stressed plants resulted in reduction of carotenoids (P < 0.01). While in 

contrast, the application of EDTA, CA, TA and MA to the 4.83 mM Pb stressed plants 
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Table 4.2.2- Mean square values from analyses of variance for the data of photosynthetic pigments of Pb-stressed turnip plants in response to 

exogenous application of different chelating agents. 

 

 

 

 

 

      

Source d.f Chlorophyll a Chlorophyll b 
Total chlorophyll 

(a+b) 
Carotenoids Chlorophyll a/b ratio 

Carotenoid/Chlorop

hyll ratio 

Blocks 2 0.000493 0.0028 0.0042 0.0000593 0.0319 0.0000426 

Lead (Pb) 2 0.0230*** 0.19639** 0.3532*** 0.00102** 4.3255* 0.00990*** 

Main Plot Error 4 0.0000578 0.0049 0.0056 0.0000347 0.2719 0.000114 

Chelates (C) 5 0.0103*** 0.0605*** 0.1018*** 0.000236* 1.357** 0.00588*** 

C  x Pb 10 0.00953 0.0735*** 0.1104*** 0.00062*** 1.0594** 0.00218*** 

Error 30 0.00107 0.0042 0.0057 0.0000842 0.2576 0.000317 
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Fig-4.2.2.1: The effect of exogenously applied different chelating agents on chlorophyll a 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 

 

 

Fig-4.2.2.2: The effect of exogenously applied different chelating agents on chlorophyll b 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 
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Fig-4.2.2.3: The effect of exogenously applied different chelating agents on chlorophyll 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 

 

 

Fig-4.2.2.4: The effect of exogenously applied different chelating agents on carotenoids 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.0218 mM Pb 2.42 mM Pb 4.83 mM Pb

T
o
ta

l 
 c

h
lo

ro
p

h
y
ll 

(m
g

/g
 F

W
)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.0218 mM Pb 2.42 mM Pb 4.83 mM Pb

C
a
ro

te
n
o
id

s
 (

m
g
/g

 F
W

)



 

75 
 

resulted in significant improvement (P < 0.001) in the carotenoid contents of turnip plants 

(Figure-4.2.2.4; Table-4.2.2).  

4.2.2.5- Chlorophyll a/b ratio  

Likewise, chlorophyll contents, significant (P < 0.01) fluctuations in the Chl a b
-1 ratio 

were evident in turnip plants grown under different Pb regimes (Table-4.2.2). Briefly, a 

reduction in this ratio was evident for 2.42 mM Pb treated plants while an increase in this 

was evident for 4.83 mM Pb stressed plants under field conditions. Under all the three Pb 

regimes, the application of chelating agents resulted in the reduction in this ratio (Figure-

4.2.2.5).   

4.2.2.6- Carotenoid/Chlorophyll ratio   

The Pb treatments significantly (P < 0.05) affected Chl/Car ratio. A reduction in this 

attribute was recorded at 2.42 mM Pb regime while an increase was recorded at 4.83 mM 

Pb regime (Table-4.2.2.6). The application of different chelating agents did not improve 

this ratio under different Pb regimes (Figure-4.2.2.6).     

4.2.3- Plant water relations 

4.2.3.1- Water potential 

Different Pb treatments significantly (P < 0.05) altered leaf water potential. In addition, 

the chelating agents also differed significantly (P < 0.05) regarding this attribute (Table-

4.2.3). The leaf water potential of turnip plants exhibited a marked reduction in response 

to 2.42 mM Pb dose. Whereas a prominent increase in this attribute was recorded at 4.83 

mM Pb regime. On the other hand, EDTA, CA and MA improved leaf water potential at 

2.42 mM Pb regime. Similarly, under 4.83 mM Pb regime, CA application significantly 

improved leaf water potential (Figure-4.2.3.1).  

4.2.3.2- Osmotic potential       

We recorded prominent reduction in the osmotic potential in Pb stressed plants (P < 

0.01). The application of different chelating agents did not imparted any significant 

impact on the osmotic potential at 2.42 mM Pb regime. Application of EDTA, CA and 

MA significantly (P < 0.001) improved leaf osmotic potential of 4.82 mM Pb stressed 

plants (Figure-4.2.3.2; Table-4.2.3).     
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Fig-4.2.2.5: The effect of exogenously applied different chelating agents on Chl ab
-1 ratio 

of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 

 

 

Fig-4.2.2.6: The effect of exogenously applied different chelating agents on carotenoids / 

chlorophyll ratio of turnip (Brassica rapa L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Table 4.2.3- Mean square values from analyses of variance for the data of plant water 

relations of Pb-stressed turnip plants in response to exogenous application of 

different chelating agents. 

 

Source d.f Water potential Osmotic potential Turgor pressure 

Blocks 2 0.0872 0.00040 0.0988 

Lead (Pb) 2 0.2051** 0.0198NS 0.09826NS 

Main Plot Error 4 0.0044 0.0120 0.0318 

Chelates (C) 5 0.3326*** 0.0120NS 0.3075*** 

C  x Pb 10 0.2119*** 0.05059*** 0.2296*** 

Error 30 0.0259 0.0079 0.0302 
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Fig-4.2.3.1: The effect of exogenously applied different chelating agents on water 

potential of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.2.3.2: The effect of exogenously applied different chelating agents on osmotic 

potential of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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4.2.3.3- Turgor Pressure  

The effect of different Pb doses on leaf turgor pressure was highly significant (P < 

0.001). A decrease in the water potential of turnip plants was recorded at 2.42 mM Pb 

regime while an increase was evident under 4.83 mM Pb regime. The application of 

EDTA, CA and MA significantly (P < 0.001) improved leaf turgor pressure of 2.42 mM 

Pb stressed turnip plants. In addition, only CA and OA significantly (P < 0.05) improved 

the turgor pressure under 4.83 mM Pb regime (Figure-4.2.3.3; Table-4.2.3).   

4.2.4- Gaseous exchange attributes  

4.2.4.1- Photosynthetic rate (Pn) 

Exposure of turnip plants to 2.42 and 4.83 mM Pb regime resulted in significant reduction 

(P < 0.001) in the Pn rate of turnip plants in comparison with control (0.0218 mM Pb) 

plants. The maximum reduction was recorded at 2.42 mM Pb regime followed by 4.83 

mM Pb regime. The application of chelates differentially (P < 0.05) affected this attribute 

under different Pb regimes. The application of MA to 2.42 mM Pb stressed plants 

significantly recovered Pn rate (Figure-4.2.4.1; Table-4.2.4).  

4.2.4.2- Transpiration rate (E) 

Prominent (P < 0.001) reduction in the transpiration rate of turnip plants was recorded in 

Pb stressed plants. On the other hand, the application of chelates imparted varied response 

(P < 0.05). Briefly, MA application improved the E of 2.42 mM Pb stressed plants while 

TA and MA both improved (P < 0.001) the E of the plants under 4.83 mM Pb regime. All 

the other chelating agents did not impart any beneficial impact on this attribute under 

different Pb regimes (P < 0.001) (Figure-4.2.4.2; Table-4.2.4). 

4.2.4.3- Stomatal conductance (gs)  

We recorded a progressive reduction (P < 0.001) in the stomatal conductance of turnip 

plants under 2.42 and 4.83 mM Pb regimes and the least gs was evident at 4.83 mM Pb 

regime. On the other hand, the effect of chelate on gs varied under different Pb regimes. 

At 0.0218 mM Pb regime, the application of different chelating agents resulted in 

reduction of gs in turnip plants. Under 2.42 mM Pb dose, MA application improved the gs. 

While under 4.83 mM Pb regime, both TA and MA improved this attribute (Figure-

4.2.4.3; Table-4.2.4).        
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Fig-4.2.3.3: The effect of exogenously applied different chelating agents on turgor 

pressure of turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Table 4.2.4- Mean square values from analyses of variance for the data on gas exchange attributes of Pb-stressed turnip plants in response to 

exogenous application of different chelating agents. 

 

  
Source d.f 

Photosynthesis rate 

(Pn) 

Transpiration rate 

(E) 

Stomatal conductance 

(gs) 
WUE ME 

Blocks 2 2.425 0.120 0.1740 0.5997 0.162 

Lead (Pb) 2 66.591** 8.936** 3.901* 1.2139NS 0.8262* 

Main Plot Error 4 3.615 0.243 0.398 0.2682 0.069 

Chelates (C) 5 32.330*** 0.4869* 0.7506NS 1.649** 0.5011* 

C  x Pb 10 76.248*** 2.565*** 2.6621** 2.771*** 1.2429*** 

Error 30 3.441 0.17329 0.893 0.3054 0.1703 
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Fig-4.2.4.1: The effect of exogenously applied different chelating agents on Pn of turnip 

(Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , Control; 

, Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.2.4.2: The effect of exogenously applied different chelating agents on E of turnip 

(Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , Control; 

, Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , malic acid. 
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4.2.4.4- Water Use Efficiency (WUE)  

The effect of different Pb regimes on the WUE of turnip plants was significant (P < 

0.05). The application of OA, TA and MA resulted in significantly higher (P < 0.05) 

WUE in turnip plants grown at 2.42 mM Pb regime. While on the other hand, the 

application of chelates under 4.83 mM Pb regime resulted in reduction of this attribute 

(Figure-4.2.4.4; Table-4.2.4).    

4.2.4.5- Mesophyll Efficiency (ME)  

Different Pb regimes caused perturbations in the ME of turnip plants. The ME reduced at 

2.42 mM Pb regime while an increase was recorded at 4.83 mM Pb regime (P<0.01). The 

application of chelates to the Pb stressed plants imparted differential response on the ME 

of turnip. Overall, OA, TA and MA improved the ME of turnip plants under 2.42 mM Pb 

regime. While under 4.83 mM Pb regime, chelate application did not imparted any 

beneficial effect on this attribute (Figure-4.2.4.5; Table-4.2.4).  

4.2.5- Yield attributes 

4.2.5.1- Root length  

At maturity, decrease (P<0.001) root length values of turnip plants were evident in 4.83 

mM Pb regime. The root length of the turnip plants did not alter up to 2.42 mM Pb 

regime. Except EDTA, all the chelating agents significantly (P<0.001) improved root 

length of turnip plants grown at 4.83 mM Pb regime. However, the effect of chelating 

agents on this attribute under 2.42 mM Pb regime was differential and on the lower side 

(Figure-4.2.5.1; Table-4.2.5.1)    

4.2.5.2- Root diameter  

A progressive increase in the root diameter of turnip plants grown at 2.42 mM and 4.83 

mM Pb regimes (P < 0.05) was evident. The application of OA, TA and MA improved (P 

< 0.05) this attribute in control plants. Under 2.42 mM Pb regime, only MA improved (P 

< 0.01) root diameter at maturity while at 4.83 mM Pb regime, the application of CA and 

OA resulted in higher root diameter (Figure-4.2.5.2; Table-4.2.5).       
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Fig-4.2.4.3: The effect of exogenously applied different chelating agents on gs of turnip 

(Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , Control; 

, Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.2.4.4: The effect of exogenously applied different chelating agents on WUE of 

turnip (Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE). , 

Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; , 

malic acid. 
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Fig-4.2.4.5: The effect of exogenously applied different chelating agents on ME of turnip 

(Brassica rapa L.) under different Pb regimes (n = 3; Mean ± SE).                       

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Table 4.2.5- Mean square values from analyses of variance for the data on root growth 

attributes at maturity of Pb-stressed turnip plants in response to exogenous 

application of different chelating agents. 

 

 

  

Source d.f Root length  Root fresh weight Root diameter Yield per hectare 

Blocks 2 0.4079 561.01 0.0179 190591243.4 

Lead (Pb) 2 75.947*** 25175.2** 5.582*** 391591162.9** 

Main Plot Error 4 1.024 803.14 0.0515 8004512.3 

Chelates (C) 5 42.439*** 3078.09** 1.268* 65936881.3*** 

C  x Pb 10 22.260*** 2384.3** 1.654** 32637338.9*** 

Error 
30 

2.803 808.8 0.456 2611565.5 
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Fig-4.2.5.1: The effect of exogenously applied different chelating agents on root length of 

90 days old turnip (Brassica rapa L.) plants under different Pb regimes (n = 3; 

Mean ± SE).   , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

 

Fig-4.2.5.2: The effect of exogenously applied different chelating agents on root diameter 

of 90 days old turnip (Brassica rapa L.) plants grown under different Pb regimes 

(n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid; 

 , tartaric acid; , malic acid. 
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4.2.5.3- Fresh weight of root  

The root fresh weight of turnip plants progressively increased with increasing Pb regimes. 

Maximum fresh weight of turnip roots was recorded in 4.83 mM Pb regime (P < 0.01). In 

addition to the effect of Pb doses, the application of chelating agents differentially 

affected root fresh weight (P < 0.01). To be more precise, the addition of different 

chelates to the 2.42 mM Pb stressed plants did not improve root fresh weight. While on 

the other hand, the application of CA, OA and TA markedly (P < 0.001) improved the 

root fresh weight of turnip under 4.83 mM Pb regime (Figure-4.2.5.3; Table-4.2.4).        

4.2.5.4- Yield per hectare  

Significant increase in the yield (kg/ha) of the turnip plants was recorded in response to 

increasing Pb regimes in comparison with control. The application of chelating agents did 

not improve the yield of 2.42 mM Pb treated plants. While on the other hand, the 

application of CA, OA and TA significantly (P < 0.001) increased the yield/hectare of 

turnip (Figure-4.2.5.4; Table-4.2.5).   

4.2.6- Pb phyto-extraction studies 

4.2.6a- Vegetative stage (60 d old plants) 

4.2.6.1- Root Lead (Pb) concentration 

The Pb concentration in the root of control grown plants at vegetative stage ranged 

between 3.9 to 19.0 µg/g dry weight (DW). The addition of 2.42 and 4.83 mM Pb in the 

soil resulted in substantial increase in the root Pb concentration (P < 0.001). Thus, turnip 

plants grown at 2.42 and 4.83 mM Pb regimes exhibited 67.6 and 132.4 µg g-1 Pb in their 

root (Fig-4.2.6.1). The addition of chelates significantly (P < 0.001) affected root Pb 

concentration in the plants. Under control, maximum Pb concentration (19.0 µg g-1) was 

evident in OA treated plants. Moreover, under 2.42 mM Pb regime, only EDTA applied 

plants exhibited higher values than the control. All the other chelates resulted in reduction 

of Pb concentration in comparison with control plants. While at 4.83 mM Pb regime, the 

maximum root Pb concentration (204.2 µg g-1) was recorded in response to OA treatment 

followed by EDTA (170.3 µg g-1) and CA (150.5 µg g-1). In contrast, the application of 

TA and MA under 2.42 and 4.83 mM Pb regimes exhibited significantly lower Pb 

concentrations in the root compared with other treatments. Therefore, MA  
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Fig-4.2.5.3: The effect of exogenously applied different chelating agents on root fresh 

weight of 90 days old turnip (Brassica rapa L.) plants grown under different Pb 

regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , 

oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.2.5.4: The effect of exogenously applied different chelating agents on yield per 

hectare of 90 days old turnip (Brassica rapa L.) plants grown under different Pb 

regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , 

oxalic acid;  , tartaric acid; , malic acid. 
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Fig-4.2.5.5: Turnip (Brassica rapa) root as influenced by chelating agents under different 

Pb regimes. 
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Table 4.2.6a- Mean square values from analysis of variance for the data on Pb 

concentration in Pb-stressed turnip plants (vegetative stage) in response to 

exogenous application of different chelating agents. 

 

Source of 

variation 
d.f 

Root Pb 

Concentration 

Shoot Pb 

Concentration 

Blocks 2 233.0 748.7 

Lead (Pb) 2 84872.8*** 2813391.8*** 

Main Plot Error 4 163.1 937.9 

Chelates (C) 5 1991.9*** 9410.6*** 

C × Pb 10 1261.1*** 6136.3*** 

Error 30 151.8 893.4 
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applied  plants significantly exhibited 45.2 and 104.3 µg g-1 in their roots under 2.42 and 

4.83 mM Pb regimes (Figure- 4.2.6.1; Table-4.2.6a). 

4.2.6.2- Shoot lead (Pb) concentration (µg/g DW) 

The control plants exhibited similar trend for Pb concentration in the shoot as the 

maximum concentration (42.9 µg g-1 DW) of Pb was recorded in OA treated plants. 

Turnip plants grown in control had 27.0 µg g-1 DW Pb. While in 2.42 mM Pb treated soil 

exhibited 138.1 µg g-1 DW Pb while those grown in 4.83 mM Pb treated soil exhibited 

273.1 µg g-1 shoot DW (P < 0.001). All the chelates applied to 2.42 mM Pb stressed 

plants significantly (P < 0.001) increased Pb concentrations in the shoot in comparison 

with control and the maximum values were evident under TA application (223.4 µg g-1 

shoot DW). Interestingly, only TA application resulted in significantly higher shoot Pb 

contents (415.6 µg g-1) in turnip plants in comparison with all other treatments. On the 

other hand, the application of EDTA, CA and MA resulted in reduced shoot Pb 

concentrations when compared than control (Fig-4.2.6.2; Table- 4.2.6a).  

4.2.6b- Maturity stage (90 d old plants) 

4.2.6.3- Root Lead (Pb) concentration 

At maturity, a progressive increase (P < 0.001) in the root Pb concentration of turnip 

plants was evident. Under control, the maximum Pb concentration was evident in 

response to TA application. However, under 2.42 mM Pb regime, all the chelating agents 

did not exhibited significant differences. Nonetheless, the Pb concentration in the root 

under 2.42 mM Pb regime ranged between 1783.4 to 1828.5 µg g-1 root DW (Fig-4.2.6.3). 

Under 4.83 mM Pb regime, the application of EDTA, TA and MA increased the root Pb 

concentration when compared with control plants (P < 0.001) while CA applied plants 

exhibited lower root Pb concentrations (Table-4.2.6b).     

4.2.6.4- Shoot Lead (Pb) concentration 

Likewise, root Pb concentrations; a linear increase (P < 0.001) in the Pb content of the 

shoots was recorded under varying Pb regimes. The Pb concentration in the shoot of 

turnip was 63.8, 652.1 and 1710.3 µg g-1 DW under control, 2.42 and 4.83 mM Pb 

regimes, respectively (Fig-4.2.6.4). On the other hand, all chelates resulted in increased 

Pb concentration in the shoot of turnip plants under different Pb regimes. The maximum 

Pb concentration under 2.42 mM Pb regime was evident in response to CA, OA and TA  
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Fig-4.2.6.1: The effect of exogenously applied different chelating agents on root Pb 

concentration of 60 days old turnip (Brassica rapa L.) plants grown under 

different Pb regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric 

acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.2.6.2: The effect of exogenously applied different chelating agents on shoot Pb 

concentration of 60 days old turnip (Brassica rapa L.) grown under different Pb 

regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , 

oxalic acid;  , tartaric acid; , malic acid.  
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Fig-4.2.6.3: The effect of exogenously applied different chelating agents on root Pb 

concentration of 90 days old turnip (Brassica rapa L.) plants grown under 

different Pb regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric 

acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.2.6.4: The effect of exogenously applied different chelating agents on shoot Pb 

concentration of 90 days old turnip (Brassica rapa L.) plants grown under 

different Pb regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric 

acid; , oxalic acid;  , tartaric acid; , malic acid. 
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Table 4.2.6b- Mean square values from analyses of variance for the data on Pb phyto-

extraction in Pb-stressed turnip plants (maturity stage) in response to 

exogenous application of different chelating agents. 

 

Source of variation d.f Root Pb Concentration Shoot Pb Concentration 

Blocks 2 2728.3 11571.7 

Lead (Pb) 2 23326202.09*** 13407695.7*** 

Main Plot Error 4 16336.1 2192.8 

Chelates (C) 5 59700.8NS 69554.7*** 

C × Pb 10 62952.6NS 64870.0*** 

Error 30 31855.6 6342.7 
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treatments while under 4.83 mM Pb regime, TA application significantly (P < 0.001) 

increased shoot Pb concentration (Table-4.2.6b).    

4.2.7- DISCUSSION 

Chelating agents modulated Pb-phytoextraction ability of turnip plants under 

natural conditions (Field Experiments) 

Chelant-assisted enhanced phytoextraction of heavy metals as well as the use of metal-

hyperaccumulators has been proposed as an effective approach for phytoremediation of 

contaminated soils. The application of chelating agents to soil significantly enhances 

metal accumulation possibly through increase in the translocation of heavy metals from 

soil into the shoots (Garbisu & Alkorta, 2001; Ruley et al., 2006). In the field experiment, 

we recorded the maximum shoot length in turnip plants under 4.83 mM Pb regime; 

however, the increase in root length was evident under all Pb regimes. The application of 

chelates to the control and 2.42 mM Pb treated turnip plants increased their shoot growth 

attributes. Furthermore, under 4.83 mM Pb regime, CA, OA and TA resulted in higher 

shoot length among turnip plants. Interestingly, the application of TA improved shoot 

length and biomass of turnip under all Pb regimes. A greater shoot biomass can more than 

compensate for a lower shoot metal concentration (Ebbs & Kochian, 1997, 1998). For 

instance, Ebbs and Kochian (1997) reported that Brassica juncea removed fourfold more 

Zn than the hyperaccumulator Thlaspi caerulescens from a soil contaminated with 11000 

mg Zn kg-1 soil. The TA application was very effective in improving root growth at 2.42 

mM Pb regime while CA application was beneficial at 4.83 mM Pb regime. The 

application of CA, TA and MA improved root fresh and dry biomass of turnip under 2.42 

mM Pb regime. While under 4.83 Pb regime, only CA was effective in improving root 

fresh and dry biomass. The higher root and shoot biomass under different Pb regimes 

could be due to hormesis effect. The Pb exerts toxic effects on growth and biomass 

accumulation possibly by altering metabolic processes in plants (Van Assche and 

Clijsters, 1990; Madhu et al., 2008). However, organic chelates might have reduced the 

buildup of toxic concentrations of Pb leading to hormesis effect. Furthermore, CA and 

TA improved leaf area at 4.83 mM Pb regime. The results suggested that addition of 

organic chelates could enhance the phytoremediation of Pb using turnip plants. Overall, 

the turnip plants tolerated the Pb stress and produced greater root biomass that suggested 

the use of turnip plants for phytoextraction of Pb. 
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Exposure to heavy metals for long duration and/or concentrations can affect chloroplast 

ultra structure, degrade chlorophylls and inhibit its biosynthesis (Myśliwa-Kurdziel & 

Strzałka, 2002). A reduction in the Chl a contents of turnip was observed under 4.83 mM 

Pb regime while the application of chelates under 4.83 mM Pb regime improved Chl a 

contents. Prominent improvements were evident in response to EDTA, CA and TA, 

respectively. Similar trend was evident for Chl b and total chlorophyll and carotenoid 

contents. Liu et al. (2008) reported Pb-induced reduction in the light harvesting pigments 

and modulated ultra-structure of chloroplast in two ecotypes of Sedum alfredii. Therefore, 

fluctuations in the Chl a b
-1 ratio and Car/Chl ratio increased in response to Pb stress that 

coped with limited photochemical efficiency (Bartha & Fodorpataki, 2007; Raza et al., 

2014). 

In the present study, a reduction was observed in Pn under both 2.42 and 4.83 mM Pb 

regimes. The E and gs values of turnip plants reduced linearly under both Pb regimes. 

Shakoor et al. (2014) reported reduction in gas attributes of Brassica napus L. exposed to 

under Pb toxicity. Therefore, it is suggested that decrease in water potential, turgor 

pressure, E and gs directly affected Pn rate of field grown turnip plants. The application of 

CA increased water potential and turgor pressure of the turnip but did not improve Pn. 

The ME significantly followed the similar pattern like Pn. The application of TA and MA 

improved E and gs under 4.83 mM Pb regime but these improvements did not contribute 

to improving Pn in turnip. 

The Pb exposure causes decline in transpiration rate and water content of tissues possibly 

through growth and leaf area retardation (Iqbal & Mushtaq, 1987), decreasing guard cell 

size, and lowering the level of compounds associated with maintaining cell turgor and cell 

wall plasticity thereby lowering the water potential within cells (Sharma & Dubey 2005).  

Furthermore, Pb increases the content of ABA and induces stomatal closure (Sharma & 

Dubey 2005). In the present study, a reduction in the leaf water potential and turgor 

pressure under 2.42 mM Pb regime was evident while an increase in these parameters was 

evident under 4.83 mM Pb regime. Exposure of epidermal peels to Pb solutions induced 

stomatal closure (Bazzaz et al., 1974). Moreover, using excised leaves Bazzaz et al. 

(1974) found that metals increase stomatal resistance directly when applied to guard or 

epidermal cells and indirectly when reach the cells via xylem as well. The Pb induced 

reduction in plant water relations has already reported in sunflower (Azhar et al., 2009). 

The edible parts of crops according to heavy metal accumulation are graded in the order 

leaves > roots > bulbs > fruits > seedpods (Yang et al., 2010; Chen et al., 2015). 
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However, tissue heavy metal concentration severely affects growth, and thus usually 

causes reduction in the harvestable biomass. At maturity, in the present study, an increase 

in the root length was evident under 2.42 while reduction under 4.83 mM Pb regime. 

However, an increase in the root diameter and fresh biomass was recorded at 2.42 and 

4.83 mM Pb regimes. Overall, root yield per hectare followed the similar pattern as as 

that of root diameter and root fresh biomass. Application of chelates increased the root 

growth attributes of turnip plants under 4.83 mM Pb regime which could be attributed to 

chelant-assisted amelioration of Pb toxicity that subsequently promoted growth. The 

maximum yield (root biomass) was observed in CA and OA treated plants grown under 

4.83 mM Pb regime. Najeeb et al. (2009) studied the role of CA and EDTA in improving 

plant growth under Mn stress and found CA as an effective chelating agent that recovered 

the plant biomass. However, literature shows conflicting results regarding efficacy of CA 

for phytoextraction. For instance, Melo et al. (2008) reported a low effectiveness of CA 

for phytoextraction of Pb while others showed it a potential chelating agent and as an 

inducer of Pb phytoextraction (Freitas et al., 2009; de Araújo & Nascimento, 2010). 

The soil Pb substantially increased Pb concentrations in the turnip tissues. Turnip plants 

exposed to 2.42  and 4.83 mM Pb exhibited 67.1 and 107.5 µg g-1 root dry weight. The 

chelating agent EDTA under low (2.42 mM) while OA followed by EDTA and CA under 

high (4.83 mM) Pb regimes were much more effective in increasing root Pb accumulation 

in 60 d old plants. The TA application resulted in significantly higher shoot Pb contents in 

turnip plants when compared with control and other chelating agents. The application of 

EDTA, CA and MA resulted in reduced shoot Pb concentrations at 4.83 mM Pb regime 

when compared than control. Several authors have previously emphasized on the 

differential capacity of plants to accumulate and translocate Pb from roots to shoots (Ebbs 

& Kochian, 1997; Brennan & Shelley, 1999; Chrysafopoulou et al., 2005). Furthermore, 

effectiveness of chelating agents also varied depending upon the concentration of heavy 

metal and speciation, growth stage and plant species (Blaylock et al.,1997; Luo et al., 

2005; Evangelou et al., 2006; Shahid et al., 2014; Chen et al., 2015). In contrast, at 

maturity (90 d old plants), under 2.42 mM Pb regime, all the chelating agents did not 

exhibit significant differences. At 4.83 mM Pb stress, application of TA, EDTA and MA 

increased the root Pb concentration when compared with control plants while CA applied 

plants exhibited lower root Pb concentrations. The application of CA, OA and TA under 

2.42 mM while TA under 4.83 mM Pb regime significantly increased shoot Pb 
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concentrations. Free or labile Pb concentration rather than total Pb concentration is a good 

indicator to assess its uptake and toxicity (Shahid et al., 2011). The good growth in CA 

treated plants and overall higher root yield suggested that CA decreased the free 

concentrations of Pb through complex formation and thus reduced its toxicity on growth 

and development of turnip plants. However, based on the effectiveness of TA in 

increasing root Pb concentrations, results suggested the use of TA for phytoextraction of 

Pb in contaminated soils. Interestingly, TA treated plants also exhibited higher shoot Pb 

concentrations that again suggested it as an ideal chelating agent for phytoextraction 

purpose. Overall, chelating agents were effective in solubilizing Pb from the soil and and 

mobilizing to promote its uptake. The TA was the best chelating agent in terms of causing 

Pb accumulation in the root and translocation to the shoot under higher (4.83 mM) Pb 

regimes. Its application promoted the most efficient removal from soil and its transfer to 

aerial parts. 
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4.3- Influence of chelating agents on spinach seedlings under 

different Pb regimes (Growth Incubator Experiments) 

4.3.1- Growth attributes 

4.3.1.1- Shoot length 

Exposure of spinach plants to different doses of Pb resulted in significant change (P < 

0.05) in shoot length. The application of different chelating agents exhibited marked 

perturbations (P < 0.05) in shoot length under different Pb regimes. For instance, 

maximal values for shoot length were recorded in spinach plants treated with Na-EDTA, 

CA and MA under normal conditions. Chelating agent MA increased shoot length at 2.42 

mM Pb regime. In contrast, Na-EDTA and CA increased shoot length in spinach exposed 

to 4.83 mM Pb concentration (Fig-4.3.1.1; Table-4.3.1). Overall, spinach plants exposed 

to 4.83 mM had minimal values for shoot length. 

4.2.1.2- Root length 

When spinach plants were subjected to different Pb doses (0, 2.42 and 4.83 mM Pb), 

marked perturbation in root length was recorded. Application of chelates differentially 

influenced this attribute (P < 0.001). For instance, plants treated with TA had shown 

greater root length under Pb concentration. In contrast, OA and TA had exhibited greater 

rise in root length of spinach plants when Pb concentration was 4.83 mM Pb (Fig-4.3.1.2; 

Table-4.3.1). 

4.3.2- Photosynthetic Pigments  

4.3.2.1- Chlorophyll a 

Spinach plants showed a significant (P < 0.001) decline in Chl a contents when exposed 

to different concentrations of Pb in the growth medium. Use of different chelates also 

showed significant (P < 0.001) variation in this attribute under different Pb regime. In 

this context, Na-EDTA exhibited maximal decline in Chl a contents in spinach plants 

grown under control conditions. Likewise, minimal values for Chl a were recorded in 

plants treated with EDTA when 2.42 mM Pb was applied in the growth medium. Whereas 

OA exhibited significant rise in this variable under low (2.42 mM) Pb stress. Application  
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Table 4.3.1: Mean square values from analyses of variance of the data of root and shoot 

length of Pb-stressed spinach seedlings in response to exogenous application of different 

chelating agents. 

 

Source of variation d.f Shoot length Root length 

Chelates (C) 5 11.4* 2.76*** 

Lead (Pb) 2 7.1* 5.28*** 

C × Pb 10 4.39NS 1.78*** 

Error 36 4.03 0.411 
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Fig-4.3.1.1: The effect of exogenously applied different chelating agents on shoot length 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.3.1.2: The effect of exogenously applied different chelating agents on root length of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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of various chelates did not affect Chl a of spinach plants under 4.83 mM Pb (Fig-4.3.2.1; 

Table-4.3.2). 

4.3.2.2- Chlorophyll b 

There was a prominent (P < 0.01) decrease in Chl b in spinach plants when subjected to 

different Pb doses (0, 2.42 and 4.83 mM Pb). Application of chelates differentially (P < 

0.001) affected this variable. For instance, maximal decline in this attribute was recorded 

in plants treated with EDTA under control conditions. Likewise, CA and OA exhibited 

prominent decline in this variable at 2.42 and 4.83 mM Pb, respectively (Fig-4.3.2.2; 

Table-4.3.2). 

4.3.2.3- Total Chlorophyll (a + b) 

Exposure of spinach plants to Pb stress (0, 2.42 and 4.83 mM Pb) exhibited a significant 

decline in total Chl contents. However, application of various chelates mitigated 

inhibitory effects of Pb on this variable. For instance, plants treated with OA, TA and MA 

showed maximal values for total Chl contents when the Pb level was 2.42 mM. Some 

chelates even had negative effects on this variable under Pb stress. In this context, Na-

EDTA and CA caused further decline in total Chl when Pb level was 2.42 mM. In 

contrast, OA exhibited decline in this variable under 4.83 mM Pb concentration (Fig-

4.3.2.3; Table-4.3.2).    

4.3.2.4- Carotenoids  

Lead stress caused a significant (P < 0.05) decrease in carotenoids. However, the 

application of chelates showed a significant (P < 0.01) effect on this attribute under 

different Pb doses. Plants treated with OA, TA and MA had greater carotenoid contents 

under 2.42 mM Pb stress. In contrast, EDTA, CA and TA showed rise in this variable 

when plants were subjected to Pb stress (4.83 mM) (Fig-4.3.2.4; Table-4.3.2).  

4.3.2.5- Chlorophyll a b
-1

 ratio 

A significant (P < 0.001) decline in Chl a/b ratio was recorded in spinach plants exposed 

to different Pb doses (0, 2.42 and 4.83 mM Pb). Use of chelates variably (P < 0.001) 

affected Chl a/b ratio of plants. In this context, plants treated with EDTA showed a 

marked decline in this attribute when Pb regime was 0 mM. Likewise, EDTA also caused 

sharp decline in Chl a/b ratio under 2.42 mM Pb stress, while plants treated with OA, TA 

and MA showed rise in this attribute. In contrast, MA application resulted in a sharp 
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Table 4.3.2- Mean square values from analyses of variance of the data of photosynthetic 

pigments of Pb-stressed spinach seedlings in response to exogenous application of 

different chelating agents. 

 

Source of 

variation 
d.f Chl a Chl b Total Chl Carotenoid 

Chl a/b 

ratio 

Car / Chl 

ratio 

Chelates (C) 5 0.074*** 0.063*** 0.1172*** 0.00052* 0.569*** 0.0012*** 

Lead (Pb) 2 0.088*** 0.0034** 0.117*** 0.00085** 0.728*** 0.00040* 

C × Pb 10 0.036*** 0.0031*** 0..054*** 0.011*** 0.440*** 0.00054*** 

Error 36 0.003 0.0006 0.0063 0.00015 0.045 0.0001 
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Fig-4.3.2.1: The effect of exogenously applied different chelating agents on chlorophyll a 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.3.2.2: The effect of exogenously applied different chelating agents on chlorophyll b 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Fig-4.3.2.3: The effect of exogenously applied different chelating agents on chlorophyll 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

  

 

Fig-4.3.2.4: The effect of exogenously applied different chelating agents on carotenoid 

content of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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decline in Chl a/b ratio when Pb concentration was 4.83 mM, while TA showed maximal 

increase in Chl a/b ratio in plants stressed with 4.83 mM Pb (Fig-4.3.2.5; Table-4.3.2). 

4.3.2.6- Carotenoid/Chlorophyll ratio 

Carotenoid to chlorophyll ratio increased significantly (P < 0.05) in plants as a result of 

Pb stress. Application of chelates showed a variable (P < 0.001) effect on this attribute. In 

this context, EDTA had shown greater rise in Car/Chl ratio in plants grown under control 

conditions. In contrast, all chelates (EDTA, CA, OA, TA and MA) had shown increase in 

this attribute under Pb stress (2.42 and 4.83 mM) (Fig- 4.3.2.6; Table-4.3.2).   

4.3.3- Biochemical attributes     

Oxidative stress indicators     

4.3.3.1- Malondialdehyde (MDA) contents     

When spinach plants were subjected to Pb stress, a marked (P < 0.001) increase in MDA 

contents was recorded. Application of chelate did not decrease MDA levels of spinach 

plants except for CA and TA when Pb concentration was 2.42 mM. The use of chelates 

caused a consistent rise in MDA level when Pb concentration was 4.83 mM (Fig-4.3.3.1; 

Table-4.3.3).      

4.3.3.2- Hydrogen peroxide (H2O2)  

Exposure of spinach plants to Pb stress resulted in a prominent rise in cellular levels of 

H2O2 under three levels of Pb (0, 2.42 and 4.83 mM Pb). The maximal rise in H2O2 

concentration was recorded in plants. Use of chelate resulted in a significant (P < 0.001) 

decline in H2O2 except for EDTA when plants were subjected to 4.83 mM Pb 

concentration (Fig-4.3.3.2; Table-4.3.3). 

Enzymatic antioxidants 

4.3.3.3- Superoxide dismutase (SOD) activity   

Lead stress caused a significant (P < 0.001) decrease in SOD activity in spinach plants. 

Use of different chelates resulted in a marked (P < 0.001) increase in the SOD activity of 

spinach plants under Pb stress. In this context, EDTA, OA, TA and MA resulted in 

greater SOD activity under Pb stress (2.42 and 4.83 mM Pb). The chelate induced rise in 
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   Fig-4.3.2.5: The effect of exogenously applied different chelating agents on Chl a/b 

ratio of spinach (Spinacea oleracea L.) under different Pb regimes in (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

   Fig-4.3.2.6: The effect of exogenously applied different chelating agents on Car / Chl 

ratio of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Table 4.3.3- Mean square values from analyses of variance of the data of oxidative stress indicators and antioxidant enzymes of Pb-stressed 

spinach seedlings in response to exogenous application of different chelating agents. 

 

Source of 

variation 
d.f MDA H2O2 SOD CAT GPOX APX 

Ascorbic 

acid 

Phenolics Proline Amino 

Acids 

Flavonoids  Soluble 

sugars 

Chelates (C) 5 0.010** 1478164*** 293.4*** 2.810NS 69.2*** 29.0*** 2245.2NS 2.38* 1328.1*** 54.8NS 374207.1*** 473.5*** 

Lead (Pb) 2 0.047*** 30426154*** 112.5*** 8.60** 66.6** 50.7*** 110168*** 7.73*** 1618.1*** 500.0* 202935.0*** 295.6*** 

C × Pb 10 0.003NS 871666*** 104.9*** 8.105*** 117.3*** 8.52*** 21661*** 8.98*** 786.9*** 123.2NS 11.2*** 1148.4*** 

Error 36 0.0027 57285 8.44 1.43 12.5 1.54 2304.4 0.696 58.5 98.7 189408.8 27.3 
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   Fig-4.3.3.1: The effect of exogenously applied different chelating agents on MDA 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

 

Fig-4.3.3.2: The effect of exogenously applied different chelating agents on H2O2 

contents of spinach (Spinacea oleracea L.) under different Pb regimes conditions 

(n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid; 

 , tartaric acid; , malic acid.  
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SOD activity was maximal when plants were treated with MA and TA when Pb levels 

were 2.42 and 4.83 mM Pb respectively (Fig-4.3.3.3; Table-4.3.3).   

4.3.3.4- Catalase (CAT) activity 

Lead stress resulted in a marked (P < 0.001) increase in CAT activity of plants. Use of 

chelates did not influence the activity of this enzyme except for OA and TA when plants 

were exposed to 4.83 mM Pb concentration (Fig-4.334; Table-4.3.3).  

4.3.3.5- Guaiacol peroxidase (GPOX) activity  

Exposure of spinach plants to Pb stress resulted in a dose dependant decline (P < 0.01) in 

GPOX. For example, maximal decline in GPOX was observed in plants grown under 4.83 

mM of Pb concentration. Application of chelates showed a significant (P < 0.001) effect 

on this attribute. In this context, CA, TA and MA exhibited rise in GPOX activity at 2.42 

mM Pb concentration, while EDTA, OA and TA had caused rise in this variable when Pb 

concentration was 4.83 mM (Fig-4.3.3.5; Table-4.3.3). 

4.2.3.6- Ascorbate peroxidase (APX) activity  

Lead 9Pb) stress caused a significant (P < 0.001) increase in the APX activity of spinach 

plants. While the use of chelates variably (P < 0.001) affected this attribute. However, 

plants treated with chelates showed decline in APX activity under both Pb regimes (2.42 

and 4.83 mM) in comparison with control where no chelate was applied (Fig-4.3.3.6; 

Table-4.3.3).  

Non-enzymatic antioxidants  

4.3.3.7- Ascorbic acid (AsA) 

Exposure of plants to Pb stress resulted in a significant (P < 0.001) rise in the endogenous 

levels of AsA. Use of chelates differentially (P < 0.005) affected AsA. For instance, 

EDTA and OA caused increase in AsA when plants were subjected to 2.42 mM Pb dose. 

In contrast, all chelates resulted in decline in AsA in plants grown under Pb stress (4.83 

mM Pb) (Fig-4.3.3.7; Table-4.3.3).   

4.3.3.8- Total Phenolics  

Plants exposed to Pb stress at 4.83 mM showed a significant rise in leaf phenolics. Use of 

chelates further increased (P < 0.05) this variable. In this context, MA caused a maximal  
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Fig-4.3.3.3: The effect of exogenously applied different chelating agents on SOD activity 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.3.3.4: The effect of exogenously applied different chelating agents on CAT activity 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Fig-4.3.3.5: The effect of exogenously applied different chelating agents on GPOX ctivity 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.3.3.6: The effect of exogenously applied different chelating agents on APX activity 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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  Fig-4.3.3.7: The effect of exogenously applied different chelating agents on ascorbic 

acid contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

 

  Fig-4.3.3.8: The effect of exogenously applied different chelating agents on phenolics of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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rise in phenolics at 2.42 mM Pb, while CA and OA had shown rise in phenolics in plants 

exposed to 4.83 mM Pb stress (Fig-4.3.3.8; Table-4.3.3).  

4.3.3.9- Free proline  

Spinach plants showed a significant (P < 0.001) rise in proline under 4.83 mM Pb regime. 

On the other hand, the use of chelates had variable (P < 0.001) effect on this attribute. 

Chelate did not cause increase in the leaf proline under Pb stress except for EDTA that 

induced rise in proline at 2.42 mM Pb (Fig-4.3.3.9; Table-4.3.3).  

4.3.3.10- Free amino acids   

Plants had shown consistent decline (P < 0.05) in amino acids in response to increase in 

Pb levels. Use of chelates had non-significant effect on this variable except for CA 

induced increase in plants exposed to 4.83 mM of Pb stress (Fig-4.3.3.10; Table-4.3.3). 

4.3.3.11- Flavonoids 

Lead stress caused a dose dependent increase in flavonoids contents in spinach plants. 

Application of chelates had significant (P < 0.001) effect on this attribute. In this context, 

EDTA caused rise in flavonoids when Pb level was 2.42 mM Pb. In contrast, all the 

chelates resulted in decline in this variable under Pb stress (2.42 and 4.83 mM Pb) (Fig-

4.3.3.11; Table-4.3.3).   

4.3.3.12- Total soluble sugars   

Exposure of spinach plants to Pb stress at 4.83 mM resulted in a marked (P < 0.001) 

increase in sugars. Chelates application had a markedly variable (P < 0.001) effect on this 

attribute. In this context, TA and MA treated plants had higher levels of sugars when 

spinach plants were exposed to 2.42 mM Pb. In contrast, all the exogenously applied 

chelates caused decline in sugars when Pb level was 4.83 mM (Fig-4.3.3.12; Table-4.3.3)     

4.3.4- Inorganic ions    

4.3.4.1- Potassium  

Lead stress resulted in a dose dependent increase in K+ contents being maximal when Pb 

level was 4.83 mM. Chelate application showed a significant (P < 0.001) effect on this 

variable. For instance, all the chelates induced rise in K+ contents except for MA when Pb 
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Fig-4.3.3.9: The effect of exogenously applied different chelating agents on proline of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE).     

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

   Fig-4.3.3.10: The effect of exogenously applied different chelating agents on amino 

acids contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 

3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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   Fig-4.3.3.11: The effect of exogenously applied different chelating agents on flavonoids 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

   Fig-4.3.3.12: The effect of exogenously applied different chelating agents on sugar 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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was 2.42 mM Pb. In contrast, all the chelates resulted in decline in K+ contents except for 

EDTA and CA when Pb level was 4.83 mM respectively (Fig-4.3.4.1; Table-4.3.4).  

4.2.4.2- Calcium  

Exposure of plants to Pb stress resulted in a marked (P < 0.001) increase in the Ca2+ 

contents. Application of chelates influenced (P < 0.001) this attribute variably. All the 

chelates decreased Ca2+ contents in plants under Pb stress except for EDTA-induced rise 

in Ca2+ contents when Pb level was 4.83 mM. In contrast, EDTA, CA and TA had shown 

rise in Ca2+ contents in plants grown under normal conditions (Fig-4.3.4.2; Tabl3-4.3.4). 

4.3.4.3- Magnesium 

The Pb-induced rise in Mg2+ contents was found in spinach plants when Pb concentration 

was 4.83 mM. Chelate application markedly (P < 0.001) influenced this attribute. For 

instance, different chelates caused a reduction in the endogenous Mg2+ under Pb stress 

except for EDTA-induced rise in Mg2+ contents when Pb concentration was 4.83 mM 

respectively (Fig-4.3.4.3; Table-4.3.4).  

4.3.4.3- Phosphorus  

We recorded a prominent (P < 0.001) decline in P contents in response to Pb. However, 

chelate application resulted in marked (P < 0.001) changes in this variable under different 

Pb regimes. For instance, all the chelates increased endogenous P levels except for CA-

induced decline in P levels when plants were exposed to 4.83 mM Pb concentration (Fig-

4.3.4.4; Table-4.3.4). 
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Table 4.3.4- Mean square values from analyses of variance of the data of some inorganic 

ions of Pb-stressed spinach plants in response to exogenous application of 

different chelating agents. 

 

Source of 

variation 
d.f Potassium Calcium Magnesium Phosphorus 

Chelates (C) 5 194.7*** 520.4*** 101.5*** 756.5*** 

Lead (Pb) 2 275.65*** 1170.7*** 35.7** 1448.8*** 

C × Pb 10 160.4*** 303.1*** 43.7*** 397.5*** 

Error 36 12.4 33.5 5.35 35.4 

 

 

  

  



 

120 
 

 

 Fig-4.3.4.1: The effect of exogenously applied different chelating agents on potassium of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

   

 

Fig-4.3.4.2: The effect of exogenously applied different chelating agents on calcium 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Fig-4.3.4.3: The effect of exogenously applied different chelating agents on magnessium 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

Fig-4.3.4.4: The effect of exogenously applied different chelating agents on phosphorus 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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4.3.5- DISCUSSION    

 

Chelating agents induced adaptations in spinach seedlings mitigated Pb 

toxicity (Growth Incubator Expeirments) 

 

Fast-growing, high biomass producing crop plant species that could accumulate moderate 

levels of metals in harvestable parts are potential candidates for metal phytoremediation 

(Chrysafopoulou et al., 2005). Having short harvesting duration, fast growth and high 

biomass, spinach was tested in the present studies for its phytoextraction potential. The 

shoot and root lengths of spinach were not affected up to 2.42 mM  Pb regime while a 

prominent reduction in the root and shoot lengths was evident under 4.83 mM Pb regime. 

The heavy metal induced reduction in the root growth was attributed to Pb-induced 

modifications in root anatomy (Lux et al., 2011) and metabolism (Raza et al., 2013). The 

application of MA improved growth attributes at 2.42 mM Pb regime while EDTA and 

CA improved the shoot length at 4.83 mM Pb regime. In addition, TA application 

improved root length under 2.42 mM Pb regime while all the other chelating agents 

improved root length of spinach exposed to 4.83 mM Pb. Promotive effects of chelating 

agents on growth have already reported in some plants (Cui et al., 2007; Sun et al., 2009). 

For instance, chelating agents increased length of root and shoot in Zinnia elegans (Cui et 

al., 2007). 

The photosynthetic pigments are sensitive indicators of heavy metal stress to anticipate 

events on the organismal level (Wu et al., 2003; Mac Farlane & Burchett, 2001). A 

reduction in the light harvesting pigments of spinach seedlings under both 2.42 and 4.83 

mM Pb regimes was observed. The relative Chl a b
-1 ratio decreased under Pb stress and 

Car/Chl ratio followed the similar pattern. The application of OA, TA and MA resulted in 

recovery of photosynthetic pigment status in spinach seedlings under 2.42 mM Pb regime. 

However, under 4.83 mM Pb regime, chelating agents reduced chlorophyll contents. By 

contrast, the chelates improved carotenoid contents and relative ratio of Chl a b
-1 and 

Car/Chl. The increase in the Chl a/b ratio is a modified response to cope with limited 

photochemical efficiency (Bartha & Fodorpataki, 2007; Raza et al., 2014). 

The oxidative damage to plants under lead stress is largely due to the over production of 

ROS that deteriorate lipids and proteins (Gangwar & Singh, 2011; Wahsha et al., 2012). 

Plants prevent Pb-induced oxidative stress through various defense mechanisms (Mishra 
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et al., 2006) including metabolic compounds and enzymatic antioxidant systems. The 

understandings of metabolic compounds and enzymatic antioxidant systems involved in 

Pb detoxification are of critical importance for risk assessment and phytoremediation 

studies (Arshad et al., 2008; Schreck et al., 2012). Increasing Pb in the growth medium 

resulted in enhanced lipid peroxidation that was evident from an increase in the MDA 

contents under different Pb regimes. The application of CA under 2.42 mM Pb regime 

significantly reduced MDA contents. Lower levels of MDA contents under Pb stress are 

indicative of lesser membrane damage and innate tolerance (Shu et al., 2011). In contrast, 

all other chelating agents resulted in enhanced MDA contents. The H2O2 concentration 

increased linearly in response to increasing Pb doses while the application of chelates 

resulted in substantial reduction in the H2O2 at both 2.42 and 4.83 mM Pb regimes.     

Toxic metals like Pb disturb cellular redox homeostasis (Yin et al., 2008). However, both 

enzymatic and non-enzymatic antioxidants could mitigate the Pb-induced perturbations in 

cellular redox systems. An overall reduction in the SOD and GPOX activities of spinach 

plants was recorded under Pb stress when compared with control. The application of 

chelates to the Pb stressed spinach improved SOD and GPOX activitities and a prominent 

improvement in the SOD and GPOX activity was evident in response to TA application. 

In contrast, an overall increase in CAT and APX activity of spinach was recorded under 

different Pb regimes compared with control. The application of MA was much more 

effective at 2.42 mM Pb regime while TA was effective in improving CAT activity at 

4.83 mM Pb regime. Overall, chelates mediated reduction in Pb toxicity have caused 

reduction in H2O2 contents and subsequently reduction in enzymatic activities. However, 

TA might have mediated the uptake and transport of high concentrations of Pb leading to 

cellular stress that ultimately increased the activity of CAT to cope with overproduction 

of ROS. The chelated mediated increased activities of antioxidant enzymes have been 

reported in Pb stressed Vicia faba (Shahid et al., 2013) and in Brassica napus (Shakoor et 

al., 2014). 

In consistent with APX activity, a net increase in the AsA content was observed in the 

control. The application of EDTA, OA and TA improved APX activity at 2.42  mM Pb 

regime while under 4.83 mM Pb regime, no such effect was observed rather a reduction 

was evident. However, a net increase in the total phenolics, free proline and flavonoids 

while a reduction in the free amino acid fraction was eviden under Pb stress. Generally, in 

the present study, the application of chelates reduced non-enzymatic antioxidants in 

spinach with some exceptions. An increase in the phenylpropanoid metabolism and in 
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turn the phenolic compounds contents was evident under heavy metal stress (Michalak, 

2006). However, in the present study, the results suggested that chelates application 

modulated the Pb toxicity and thus plants reacted to Pb-chelate complexes through 

production of antioxidant enzymes rather than antioxidative metabolites. 

The Pb restricts the access of many ions to roots (Godbold & Kettner, 1991) and thus 

alters nutrients balance. The use of such acids as chelants could alter the heavy metal 

toxicity due to their capability to detoxify intracellular heavy metals via binding (Lee et 

al., 1977; Nigam et al., 2001). A linear reduction in the K, P was recorded while Ca and 

Mg initially increased under 2.42 mM regime while they decreased under 4.83 mM Pb 

regime. The decrease in Mg and Ca could affect the synthesis of photosynthetic pigments 

and decrease cell division or elongation (Haussling et al., 1988). The application of 

chelates significantly improved K and P contents of spinach plants. The chelates mediated 

altered minerals uptake could be due to formation of chelate-metal complexes. Overall, 

the chelates increased the uptake to Pb and its mobilization to the aerial parts and 

modulated Pb toxicity through overproduction of enzymatic antioxidants rather than non-

enzymatic antioxidants. The results elaborated the potential of chelates in increasing 

growth, shoot biomass of spinach, and thus suggested their use for phytoextraction of Pb. 
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4.4- Influence of chelating agents on the phytoextraction of Pb by 

spinach plants under natural conditions 

4.4.1- Growth attributes  

4.4.1.1- Shoot length      

Imposition of Pb stress caused a significant (P < 0.001) perturbation in shoot length of 

spinach plants. Exogenous application of different chelates had non-significant effect on 

the shoot length except for MA-induced increase in this variable under 2.42 mM Pb stress 

(Fig-4.4.1.1; Table-4.4.1). 

4.4.1.2: Root length      

In terms of root length, lead stress did not influence root length of plants. However 

exogenous application of chelates significantly (P < 0.001) influenced this variable under 

both control and stress conditions. Plants grown under non-stress environment showed 

increase in this variable due to CA application. In contrast, CA and MA caused increase 

in this variable when plants were subjected to 2.42 mM Pb stress. Chelate application did 

not exhibit any influence on root length of plants under 4.83 mM Pb (Fig-4.4.1.2; Table-

4.4.1).   

4.4.1.3- Shoot fresh weight  

Shoot fresh weight of plants exhibited a decline at 2.42 mM Pb, while increase in this 

variable was recorded when plants were subjected to 4.83 mM Pb dose. Influence of 

exogenously added chelates was significant on this variable under varying Pb regimes (P 

< 0.001). In this context, all the added chelates showed increase in this variable when Pb 

level was 2.42 mM. In contrast, CA and OA caused increase in shoot fresh weight of 

plants subjected to 4.83 mM Pb stress (Fig-4.4.1.3; Table-4.4.3).  

4.4.1.4- Shoot dry weight        

Lead stress had a significant (P < 0.001) effect on shoot dry weight. In this context, 

plants subjected to 4.83 mM Pb toxicity had shown maximal rise in shoot dry weight. 

Exogenous application of chelates showed a marked (P < 0.001) effect on this variable 

under varying Pb regimes. For instance, EDTA, OA and MA caused increase in shoot dry 

weight in plants subjected to 2.42 mM Pb toxicity. In contrast, different chelates did not 
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Table - 4.4.1- Mean square values from analyses of variance of the data of growth attributes of Pb-stressed spinach plants in response to 

exogenous application of different chelating agents. 

 

 

  

Source d.f Shoot length Root length Fresh weight shoot Dry weight shoot Fresh weight root Dry weight root Leaf area 

Blocks 2 3.183 1.865 701.79 2.295 14.685 0.297 355.49 

Lead (Pb) 2 284.58** 5.259NS 34967.62*** 172.55*** 191.90*** 3.990** 82495.62*** 

Main Plot Error 4 5.873 14.132 23.962 0.896 1.074 0.1452 1142.18 

Chelates (C) 5 34.779NS 43.313*** 5556.60*** 17.1005*** 76.462*** 3.0465*** 27684.62* 

C  x Pb 10 37.012* 21.287** 5372.60*** 19.493*** 49.018*** 1.59163*** 7128.55NS 

Error 30 14.71 6.728 496.35 1.015 6.722 0.0972 9708.36 
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Fig-4.4.1.1: The effect of exogenously applied different chelating agents on shoot length 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

Fig-4.4.1.2: The effect of exogenously applied different chelating agents on root length of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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 show increase in this variable with respect to control plants when Pb toxicity was 4.83 

mM (Fig-4.4.1.4; Table-4.4.1).   

4.4.1.5- Fresh weight root       

The application of lead stress showed increase in root fresh weight in plants subjected to 

4.83 mM Pb toxicity. Application of chelates had significant (P < 0.001) effect on this 

variable under different Pb regimes. In this context, plants grown under non-stress 

conditions showed increase in root fresh weight in plants treated with CA. In contrast all 

the chelates resulted in increase in root fresh weight in plants except for TA under 2.42 

mM Pb toxicity. Exogenously added chelates did not show increase in root fresh weight 

with respect to control plants when Pb toxicity was 4.83 mM (Fig-4.4.1.5; Table-4.4.1).  

4.4.1.6- Dry weight root       

Lead stress showed a prominent (P < 0.01) increase in root dry weight when plants were 

subjected to 4.83 mM Pb toxicity. Application of different chelates had also significantly 

(P < 0.001) affected this variable under different Pb regimes. For instance, maximal 

increase in this variable was recorded in plants treated with CA. Plants subjected to 2.42 

mM Pb toxicity showed increase in this variable due to exogenous application of chelates 

except for MA. In contrast, plants subjected to 4.83 mM Pb did not influence the root dry 

weight with respect to control plants when Pb toxicity was 4.83 mM Pb (Fig-4.4.1.6; 

Table-4.4.1).  

4.4.1.7- Leaf area 

Imposition of Pb toxicity showed a dose dependent increase (P < 0.001) in leaf area. 

Application of chelates had a marked (P < 0.05) perturbations in leaf area. For instance, 

OA-induced increase was evident in plants treated with 4.83 mM Pb toxicity. Plants 

grown under control conditions showed increase in this variable due to CA and OA 

application (Fig-4.4.1.7; Table-4.4.1).     

4.4.2- Photosynthetic pigments 

4.4.2.1- Chlorophyll a  

Lead stress caused significant (P < 0.05) perturbations in Chl a contents. In this context, 

plants exposed to 2.42 mM Pb toxicity exhibited increase in Chl a contents. Exogenous 

application of chelates resulted in marked (P < 0.01) changes in Chl a contents.  
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Fig-4.4.1.3- The effect of exogenously applied different chelating agents on shoot fresh 

weight of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.4.1.4- The effect of exogenously applied different chelating agents on shoot dry 

weight of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Fig-4.4.1.5: The effect of exogenously applied different chelating agents on root fresh 

weight of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 

 

 

Fig-4.4.1.6- The effect of exogenously applied different chelating agents on root dry 

weight of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean 

± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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Fig-4.4.1.7- The effect of exogenously applied different chelating agents on leaf area of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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For instance, MA-induced increase in Chl a contents was recorded in plants subjected to 

2.42 mM Pb toxicity. Similarly, plants subjected to 4.83 mM Pb toxicity exhibited 

increase in Chl a contents due to EDTA and MA application (Fig-4.4.2.1; Table-4.4.2).       

4.4.2.2- Chlorophyll b  

When plants were subjected to Pb toxicity, a slight increase in Chl b level was recorded. 

Exogenous application of chelates exhibited a prominent (P < 0.001) perturbation in Chl 

b levels. In this context, we recorded increase in Chl b due to application of EDTA, TA 

and MA. In contrast, CA and OA showed increase in Chl b contents when lead toxicity 

was 2.42 mM Pb. Plants exposed to Pb toxicity of 4.83 mM exhibited rise in Chl b level 

due to exogenous application of EDTA and MA (Fig-4.4.2.2; Table-4.4.2).  

4.4.2.3- Total chlorophyll (a + b)  

Lead toxicity showed an increase (P < 0.05) in total Chl contents of plants. Exogenous 

application of chelates exhibited prominent (P < 0.01) changes in this variable under 

varying Pb regimes. For instance, EDTA and TA treated plants had higher total Chl 

contents under non-stress conditions. In contrast, plants treated with CA and OA had 

shown rise in this variable when Pb toxicity was 2.42 mM. Plants treated with EDTA and 

MA showed elevated levels of total Chl when Pb toxicity was 4.83 mM (Fig-4.4.2.3; 

Table-4.4.2).     

4.4.2.4- Carotenoids   

Exposure of plants to different doses of Pb exhibited non-significant effect on 

endogenous levels of carotenoids. However, chelate application influenced (P < 0.05) this 

variable under different Pb regimes. For instance, TA and MA treated plants had higher 

carotenoid contents under non-stress conditions. In contrast, OA-induced plants showed 

rise in carotenoid contents when Pb toxicity was 2.42 mM. Plants grown under 4.83 mM 

Pb concentration showed rise in this variable due to exogenous application of EDTA, TA 

and MA (Fih-4.4.2.4; Table-4.4.2). 

4.4.2.5- Chlorophyll a/b ratio  

Exposure of plants to Pb toxicity showed non-significant decline in Chl a/b ratio. 

Exogenous application of chelates had greatly influenced (P < 0.01) this variable under  
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Table 4.4.2- Mean square values from analyses of variance of the data of photosynthetic pigments of Pb-stressed spinach plants in response to 

exogenous application of different chelating agents. 

  
Source d.f Chlorophyll a Chlorophyll b 

Total chlorophyll 

(a+b) 
Carotenoids Chlorophyll a/b ratio 

Carotenoid/Chlorophyll 

ratio 

Blocks 2 0.000789 0.000745 0.0029 0.0000988 0.2937 0.000191 

Lead (Pb) 2 0.0207* 0.00407NS 0.0430* 0.000876NS 0.1962NS 0.00297* 

Main Plot Error 4 0.00233 0.000610 0.0052 0.000152 0.00782 0.00025 

Chelates (C) 5 0.00465** 0.00137*** 0.01031** 0.000224* 0.2985** 0.00177** 

C  x Pb 10 0.0109*** 0.00210*** 0.022*** 0.000508*** 0.1437NS 0.00133* 

Error 30 0.000908 0.000229 0.001 0.000082 0.0723 0.000470 
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Fig-4.4.2.1- The effect of exogenously applied different chelating agents on chlorophyll a 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

 

Fig-4.4.2.2- The effect of exogenously applied different chelating agents on chlorophyll b 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Fig-4.4.2.3- The effect of exogenously applied different chelating agents on total 

chlorophyll contents of spinach (Spinacea oleracea L.) under different Pb regimes 

(n = 3; Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid; 

 , tartaric acid; , malic acid. 

 

 

Fig-4.4.2.4- The effect of exogenously applied different chelating agents on carotenoid 

contents of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Fig-4.4.2.5- The effect of exogenously applied different chelating agents on Chl a/b ratio 

of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.4.2.6- The effect of exogenously applied different chelating agents on Car / Chl 

ratio of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± 

SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric 

acid; , malic acid. 
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different Pb regimes. In this context, CA-induced increase in Chl a/b ratio was evident in 

plants grown under 4.83 mM Pb toxicity (Fig-4.4.2.5; Table-4.4.2). 

4.4.2.6- Carotenoid / Chlorophyll ratio  

Lead stress resulted in marked (P < 0.05) decline in Car/Chl ratio. Exogenously added 

chelates also showed significant (P < 0.001) effect on this variable under varying Pb 

regimes. In this context, all the chelates showed rise in this variable except for EDTA 

under non-stress conditions. Plants subjected to 2.42 mM Pb toxicity exhibited higher 

Car/Chl ratio due to EDTA, TA and MA applications. In contrast, minimal Car/Chl ratio 

was evident in plants treated with EDTA under 4.83 mM Pb (Fig-4.4.2.6; Table-4.4.2).   

4.4.3- Plant water relations 

4.4.3.1- Water potential 

Lead toxicity showed a conspicuous (P < 0.001) decline in water potential. Exogenous 

application of chelates exhibited significant (P < 0.001) influence on this variable under 

different Pb regimes. Plants grown under non-stress conditions had higher water potential 

due to application of CA. In contrast, plants treated with 2.42 mM Pb exhibited minimal 

values for this variable due to application of OA. Plants exposed to 4.83 mM Pb toxicity 

exhibited increase in this variable when plants were treated with CA, TA and MA (Fig-

4.4.3.1; Table-4.4.3). 

4.4.3.2- Osmotic potential 

Exposure of plants to Pb toxicity showed non-significant effect on osmotic potential 

except for a slight rise in plants under 2.42 mM Pb. Exogenous application of chelates 

exhibited marked (P < 0.05) influence on this variable under different Pb concentrations. 

In this context, minimal values for osmotic potential were recorded in plants under non-

stress conditions. In contrast, maximal values for osmotic potential were recorded in 

plants treated with EDTA under 2.42 mM Pb toxicity. Likewise, plants grown under 4.83 

mM Pb toxicity showed decline in this variable due to treatment of plants with TA (Fig-

4.4.3.2; Table-4.4.3).    

4.4.3.3- Turgor pressure  

Plants subjected to varying concentrations of Pb exhibited a marked (P < 0.05) decline in 

turgor pressure. Exogenous application of chelate significantly (P < 0.001) influenced  
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Table 4.4.3- Mean square values from analyses of variance of the data of plant water 

relations of Pb-stressed spinach plants in response to exogenous application of 

different chelating agents. 

 

Source d.f Water potential Osmotic potential Turgor pressure  

Blocks 2 0.1957 0.0202 0.0910 

Lead (Pb) 2 0.29851*** 0.00130NS 0.3372* 

Main Plot Error 4 0.0040 0.0189 0.0353 

Chelates (C) 5 0.9032*** 0.01548* 0.9588*** 

C  x Pb 10 0.1782*** 0.04772*** 0.1303** 

Error 30 0.0299 0.0053 0.0388 
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Fig-4.4.3.1- The effect of exogenously applied different chelating agents on water 

potential of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 

 

 

Fig-4.4.3.2- The effect of exogenously applied different chelating agents on osmotic 

potential of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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Fig-4.4.3.3- The effect of exogenously applied different chelating agents on turgor 

pressure of spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; 

Mean ± SE). , Control; , Na-EDTA; , citric acid; , oxalic acid;  , 

tartaric acid; , malic acid. 
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turgor pressure of spinach plants. For instance, CA-treated plants showed maximal rise in 

this variable under non-stress conditions. In contrast, plants exposed to 2.42 mM Pb had 

greater values for this variable due to the application of chelate except for OA. Likewise, 

minimal values for turgor pressure were recorded in plants treated with OA under 4.83 

mM Pb toxicity (Fig-4.4.3.3; Table-4.4.3).    

4.4.4- Gaseous exchange attributes 

4.4.4.1- Photosynthesis rate (Pn) 

Exposure of plants to Pb toxicity resulted in a marked (P < 0.01) decline in net 

photosynthetic rate. Likewise, application of chelates exhibited a significant (P < 0.001) 

influence on Pn rate under varying Pb regimes. For instance, plants treated with EDTA 

showed minimal values for this attribute under non-stress conditions. Plants exposed to 

2.42 mM Pb toxicity had greater increase in Pn rate due to application of different 

chelates. In contrast, minimal values for this variable were evident in plants treated with 

4.83 mM Pb (Fig-4.4.4.2; Table-4.4.4).  

4.4.4.2- Transpiration rate (E) 

There was a marked (P < 0.001) perturbation in transpiration rate of plants subjected to 

varying doses variable under different Pb regimes. In this context, we recorded a 

significant rise in E of plants subjected to Pb toxicity (2.42 and 4.83 mM Pb). Maximal 

rise in this variable was evident in plants treated with OA under both Pb toxicity regimes 

(Fig-4.4.4.3; Table-4.4.4).of Pb toxicity. Application of chelates exhibited a prominent (P 

< 0.001) change in this.  

4.4.4.3- Stomatal conductance (gs)      

Exposure of plants to Pb toxicity exhibited a significant (P < 0.01) change in stomatal 

conductance. For instance, plants exposed to 2.42 mM Pb toxicity had maximal values for 

this variable. In contrast, a slight decline was recorded in gs in plants under different Pb 

regimes. Plants treated with chelates also showed variation (P < 0.001) with respect to 

this variable. In this context, we recorded a marked rise in gs due to chelate application 

except for a slight decline in EDTA treated plants under 4.83 mM Pb toxicity (Fig-

4.4.4.4; Table-4.4.4).  
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Table 4.4.4- Mean square values from analyses of variance of the data of gas exchange attributes of Pb-stressed spinach plants in response to 

exogenous application of different chelating agents. 

 

  Source d.f 
Photosynthesis 

rate (Pn) 

Transpiration rate 

(E) 

Stomatal 

conductance (gs) 
 WUE 

Mesophyll 

efficiency (ME) 

Blocks 2 5.682 0.1225 0.719 0.492 0.079 

Lead (Pb) 2 104.18** 11.452*** 17.456** 1.7251** 0.348NS 

Main Plot 

Error 
4 2.203 0.110 0.429 0.0388 0.1753 

Chelates (C) 5 40.812*** 1.0991*** 1.545** 0.8977** 0.8131*** 

C  x Pb 10 32.586 0.569*** 0.724NS 1.586*** 0.7579*** 

Error 30 2.536 0.0814 0.384 0.211 0.1158 
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Fig-4.4.4.1- The effect of exogenously applied different chelating agents on the Pn rate of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.4.4.2- The effect of exogenously applied different chelating agents on the E of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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4.4.4.4- Water use efficiency (WUE)  

A marked variation (P < 0.01) with respect to WUE was recorded in plants treated with 

different doses of Pb. In this context, minimal values for WUE were evident in plants 

subjected to 2.42 mM Pb toxicity. Application of chelates exhibited a greater influence (P 

< 0.01) on WUE of plants under different doses of Pb. For example, all the chelates 

showed rise in this variable in plants subjected to 2.42 mM Pb toxicity. Likewise, we 

recorded rise in this variable due to CA-application under 4.83 mM Pb toxicity dose (Fig-

4.4.4.5; Table-4.4.4).    

4.4.4.5- Mesophyll efficiency (ME) 

Exposure of plants to Pb toxicity showed non-significant effect on ME. In this context, 

minimal values for this variable were recorded plants treated with 2.42 mM Pb 

concentration. Chelates application exhibited a significant (P < 0.01) influence on this 

attribute under varying Pb doses. In this context, we recorded a significant rise in ME in 

plants due to chelate application under 2.42 mM Pb toxicity. In contrast, increase in this 

variable was evident only in plants treated with CA under 4.83 mM Pb toxicity (Fig-

4.4.4.6; Table-4.4.4).       

4.4.5 - Yield attributes 

4.4.5.1- Yield per hectare  

Lead stress caused a prominent variation (P < 0.001) in spinach yield (kg/ha). In this 

context, we recorded a dose dependant increase in yield of spinach plants being maximal 

in plants exposed to 4.83 mM Pb toxicity. Application of chelate showed a significant 

change in this attribute under varying Pb doses. In this context, chelate induced rise in 

this variable was found in plants grown under non-stressed conditions and under low 

(2.42 mM) Pb toxicity. Plants grown under 4.83 mM Pb concentration showed non-

significant rise in this attribute with respect to control plants (Fig-4.4.5.1; Table-4.4.5).  

  



 

145 
 

  

 

Fig-4.4.4.3- The effect of exogenously applied different chelating agents on the gs of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE).  

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 

 

 

Fig-4.4.4.4- The effect of exogenously applied different chelating agents on the WUE of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Fig-4.4.4.5- The effect of exogenously applied different chelating agents on the ME of 

spinach (Spinacea oleracea L.) under different Pb regimes (n = 3; Mean ± SE). 

, Control; , Na-EDTA; , citric acid; , oxalic acid;  , tartaric acid; 

, malic acid. 
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Table 4.4.5- Mean square values from analyses of variance of the data of yield per hectare 

of Pb-stressed spinach plants in response to exogenous application of different 

chelating agents. 

Source of variation d.f Spinach Yield per Hectare  

Blocks 2 129146005.0 

Lead (Pb) 2 433995715.7*** 

Main Plot Error 4 5321832.2 

Chelates (C) 5 21780651.4*** 

C × Pb 10 103534912.6*** 

Error 30 3476351.7 
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Fig-4.4.5.1- The effect of exogenously applied different chelating agents on the yield per 

hectare of 90 days old spinach (Spinacea oleracea L.) plants grown under 

different Pb regimes (n = 3; Mean ± SE). , Control; , Na-EDTA; , citric 

acid; , oxalic acid;  , tartaric acid; , malic acid. 
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4.4.6- Pb phyto-extraction studies 

4.4.6a- Vegetative stage (60 d old plants) 

4.4.6.1- Spinach root lead (Pb) concentration 

Lead toxicity showed a dose dependent rise in Pb concentration of spinach plants. For 

instance, greater rise in Pb was evident under 4.83 mM Pb regime in roots. The chelate 

application exhibited a prominent (P < 0.001) perturbation in this variable under different 

Pb regimes. This rise in root Pb concentration was evident in plants treated with CA, TA 

and MA under 2.42 mM Pb regime. When plants were subjected to 4.83 mM Pb regime, 

EDTA and OA exhibited maximal rise in root Pb concentration (Fig-4.4.6.1; Table-4.4.6).    

4.4.6.2- Spinach shoot lead (Pb) concentration 

Exposure of plants to Pb toxicity showed a significant (P < 0.001) rise in shoot Pb 

concentration. Exogenously added chelates significantly (P < 0.001) modulated this 

variable under different Pb doses. In this context, plants treated with 2.42 mM Pb, EDTA, 

OA and TA exhibited rise in shoot Pb concentration of plants under 4.83 mM Pb toxicity 

(Fig-4.4.6.2; Table-4.4.6).   

4.4.6b- Maturity stage (90 d old plants)  

4.4.6.3- Spinach root lead (Pb) concentration 

Exposure of plants to Pb toxicity showed a significant buildup of Pb. Likewise, chelate 

application greatly influenced (P < 0.001) this attribute. In this context, CA exhibited a 

prominent rise in this variable when Pb concentration was 2.42 mM. In contrast, chelate 

application resulted in a consistent decline in this variable when Pb level was 4.83 mM 

(Fig-4.4.6.6; Table-4.4.6b). 

4.4.6.4- Spinach shoot lead (Pb) concentration 

Application of Pb toxicity in plants markedly (P < 0.001) increased shoot Pb contents of 

spinach plants. Chelates application caused a prominent (P < 0.001) perturbation in this 

variable. In this context, EDTA and TA application increased Pb concentration in shoot 

under 2.42 mM Pb toxicity. In contrast, all the chelates caused increase in buildup of Pb 

in shoot except for MA when Pb regime was 4.83 mM (Fig-4.4.6.7; Table-4.4.6b). 
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Table 4.4.6a- Mean square values from analysis of variance of the data Pb concentration 

in root and shoot of 60-day-old Pb-stressed spinach plants in response to exogenous 

application of different chelating agents.   

 

Source of 

variation 
d.f 

Root Pb 

Concentration 

Shoot Pb 

Concentration 

Blocks 2 382.15 53.5 

Lead (Pb) 2 255266.3*** 58700.5*** 

Main Plot Error 4 885.4 18.3 

Chelates (C) 5 3819.66*** 593.7*** 

C × Pb 10 6839.8*** 739.1*** 

Error 30 591.2 35.4 
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Fig-4.4.6.1: The effect of exogenously applied different chelating agents on root Pb 

concentration of 60 day old spinach (Spinacea oleracea L.) plants under different 

Pb regimes at vegetative stage (n = 3; Mean ± SE). , Control; , Na-EDTA; 

, citric acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.4.6.2: The effect of exogenously applied different chelating agents on shoot Pb 

contents of 60 day of spinach (Spinacea oleracea L.) plants grown under different 

Pb regimes at vegetative stage  (n = 3; Mean ± SE). , Control; , Na-EDTA; 

, citric acid; , oxalic acid;  , tartaric acid; , malic acid. 
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Fig-4.4.6.3: The effect of exogenously applied different chelating agents on root Pb 

contents of 90 day of spinach (Spinacea oleracea L.) plants grown under different 

Pb regimes at maturity (n = 3; Mean ± SE). , Control; , Na-EDTA; , 

citric acid; , oxalic acid;  , tartaric acid; , malic acid. 

 

 

Fig-4.4.6.4: The effect of exogenously applied different chelating agents on shoot Pb 

contents of 90 day of spinach (Spinacea oleracea L.) plants grown under different 

Pb regimes at maturity (n = 3; Mean ± SE). , Control; , Na-EDTA; , 

citric acid; , oxalic acid;  , tartaric acid; , malic acid. 
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Table 4.4.6b- Mean square values from analysis of variance of the data Pb concentration 

in root and shoot of 90 days-old Pb-stressed spinach plants in response to 

exogenous application of different chelating agents.   

 

Source of variation d.f Root Pb Concentration Shoot Pb Concentration 

Blocks 2 15739.4 29278.7 

Lead (Pb) 2 20698371.7*** 8401126.5*** 

Main Plot Error 4 13642.5 19599.8 

Chelates (C) 5 29863.3NS 404052.9*** 

C × Pb 10 42232.2** 134270.2*** 

Error 30 13006.7 15512.0 
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4.4.7- DISCUSSION 

Chelating agents modulated Pb-phytoextraction ability of spinach plants 

under natural conditions (Field Experiments) 

The chelating agents could increase metal accumulation and translocation from soil into 

the shoots (Garbisu & Alkorta, 2001; Ruley et al., 2006). In the present study, a net 

increase in the shoot growth of spinach plants was recorded under 4.83 mM Pb regime. 

Similarly, leaf area of spinach plants increased linearly under all the three regimes. 

Furthermore, an increase in the root growth attribute in response to Pb concentrations was 

also evident. The increase in growth under physiologically toxic doses of Pb can be 

explained on the basis of hormesis which explains the possible growth stimulatory effect 

of toxic ions under low concentrations (Poschenrieder et al., 2013).Although 

physiologically toxic concentrations of Pb were applied, the plants might have 

compartmentalized Pb to decrease its free levels that mediated the hormesis.  This type of 

response is often evident in plants exposed to toxic ions (Calabrese & Blain 2009).  

Furthermore, it is reported that stimulatory response is an adaptive response followed by 

an initial disturbance in cellular homeostasis (Calabrese & Baldwin, 2003) and sometimes 

due to toxicant–receptor interactions (Poschenrieder et al., 2013). The application of 

chelates further promoted this response by making complexes with Pb to decrease its 

toxicity and thus increased growth under high (4.83 mM) Pb. 

The heavy metals decrease photosynthetic pigments possibly by decreasing Mg 

concentration and increasing oxidative stress to damage membranes. In this study, an 

initial increase in the pigments was recorded while under 4.83 mg/Pb regime, a reduction 

was evident. Higher concentrations of toxic metals can degrade photosynthetic pigments, 

affect their biosynthesis, inactivate key enzymes involved in the chlorophyll biosynthesis. 

Furthermore, exposure to heavy metals for long duration and/or concentrations can affect 

chloroplast ultra structure, degrade chlorophylls and inhibit its biosynthesis (Myśliwa-

Kurdziel & Strzałka, 2002). Reduction in the Chl a b
-1 ratio was evident under 2.42 mM 

Pb regime while it increased under 4.83 mM Pb regime. The fluctuations in the Chl a b
-1 

ratio could cope with limited photochemical efficiency (Bartha & Fodorpataki, 2007; 

Raza et al., 2014). 

The application of chelates to the spinach resulted in improved mesophyll efficiency and 

Pn under Pb stress. In contrast, Shakoor et al. (2014) reported reduction in gas attributes 
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of Brassica napus L. exposed to under Pb toxicity Overall, in consistent with hormetic 

growth response under Pb stress, a substantial increase in the yield of spinach per hectare 

was recorded. Under 2.42 mM Pb regime, the addition of all the chelates improved yield 

of spinach while under 4.83 mM Pb, the chelate treatments resulted in the reduction of 

yield compared with control. The reduction in yield (biomass) could be due to 

accumulation of Pb in the aerial tissues. 

The varied potential of chelates for phytoextraction has been shown in the literature 

(Melo et al., 2008; Freitas et al., 2009; Araújo & Nascimento, 2010). The addition of Pb 

to the growth medium resulted in increased Pb contents in spinach plants. The application 

of TA and MA to the 2.42 mM Pb while EDTA and OA to the 4.83 mM regimes resulted 

in increased Pb in spinach roots. Under 2.42 Pb mM Pb regime, the application of 

chelates increased Pb accumulation in root while under 4.83 mM Pb regime, it 

significantly reduced root Pb concentrations. Overall, in 60 d old plants, application of 

TA and MA reduced overall Pb concentrations in spinach plants grown at 4.83 mM Pb 

regime. While at maturity (90 d old plants), TA application resulted in enhanced Pb 

concentration in spinach. In addition, all the chelates reduced root Pb concentrations at 

maturity, but increased Pb concentrations in the shoot of spinach. The effectiveness of 

chelating agents varied depending upon various factors (Shahid et al., 2014; Cheng et al., 

2015). Furthermore, the differential capacity of plants to accumulate and translocate Pb 

from roots to shoots is widely documented (Brennan and Shelley, 1999; Chrysafopoulou 

et al., 2005). Overall, TA was much more effective in increasing Pb concentration in the 

shoots of spinach at different growth stages. Therefore, the results suggested the use of 

TA for phytoextraction of Pb when using spinach in Pb contaminated environments. 
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Chapter 5 

GENERAL DISCUSSION 

(Growth Incubator and Field Experiments) 

Growth Attributes 

Under controlled conditions, an increase in the shoot length while a reduction in the root 

length of turnip seedlings was recorded in response to increasing Pb regimes in the 

growth medium. While under field conditions, both shoot and root length of turnip plants 

remained unaffected under different Pb regimes rather an increase was evident. In case of 

spinach, a prominent reduction in the root and shoot length was recorded at 4.83 mM Pb 

regime under controlled conditions. While under field conditions, an overall increase in 

the growth attributes of spinach plants was recorded under Pb regimes. The results 

suggested that the timing of Pb exposure in connection with chelates is a critical factor 

that could modulate growth of plants. Heavy metal induced reduction in root growth 

attributes has been reported (Choudhury and Panda, 2004; Lux, 2011; Raza et al., 2013).  

Generally, plant growth and development is largely post embryonic and the initial stages 

of growth are somewhat more susceptible to most of the stresses. Initially, a disturbed 

cellular physio-biochemical homeostasis contributes to stress response in the form of 

toxicity. Interestingly, an increase in the growth attributes was recorded for both the 

vegetables. A possible explanation of this increase in growth could be hormesis which in 

an adaptive response (Poschenrieder et al., 2013) where toxic contaminants tend to 

stimulate growth through unknown mechanisms (Calabrese & Blain 2009). Overall, the 

increase in growth attributes of both the vegetables under different Pb regimes was due to 

post-embryonic developmental plasticity, adaptive responses and hormesis. The 

application of chelates improved the root length under high (4.83 mM) Pb regime in both 

crop species. Although, the effect of individual chelating agents varied, TA was the most 

effective in improving growth attributes in turnip while OA in spinach plants under high 

(4.83 mM) Pb regimes. The positive effects of chelating agents under Pb toxicity are 

already reported in different plants (Cui et al., 2007; Sun et al., 2009). 

Photosynthetic Pigments  

An increase in the Chl a, b and total chlorophyll contents of turnip seedlings in response 

to inclining Pb doses was recorded. Similar trend was evident for carotenoid contents and 

the changes in Chl a, b resulted in elevated ratios in the stress grown plants. In contrast, 
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reduction in the photosynthetic pigments of the spinach seedlings was recorded under Pb 

regimes. Furthermore, under field conditions, a reduction in the pigments for turnip plants 

while an increase in spinach in response to Pb regimes was observed. These changes in 

the pigments resulted in altered Chl a b
-1 and Car/Chl ratios for both the species. The 

differential responses of both these species for photosynthesis pigments can be explained 

on the timing of Pb application and differential response of plants. Heavy metals have 

been shown to affect photosynthesis by altering chloroplast ultra structure, inhibiting its 

biosynthesis and/or degrading chlorophylls (Myśliwa-Kurdziel & Strzałka, 2002). 

Increased/prolonged exposure to metals can affect chloroplast ultra structure, degrades 

chlorophyll and inhibits its biosynthesis (Myśliwa-Kurdziel & Strzałka, 2002). Lead (Pb) 

induced reduction in the light harvesting pigments and its effect on ultra-structure of 

chloroplast was also reported in two ecotypes of Sedum alfredii (Liu et al., 2008). The 

increase in relative ratios like Chl a b
-1 ratio could be attributed as a modified response to 

cope with limited photochemical efficiency (Bartha & Fodorpataki, 2007; Raza et al., 

2014). Nonetheless, the addition of chelating agents to the turnip seedlings improved the 

chlorophyll contents of the control plants however their effect on the stress grown turnip 

plants was negative. Interestingly, the application of chelates to 4.83 mM Pb stressed 

turnip plants was positive and significant in terms of photosynthetic pigments. The EDTA 

and TA application improved the chlorophyll contents of spinach plants under 4.83 mM 

Pb regimes. Liu et al. (2008) reported Pb-induced reduction in the light harvesting 

pigments and modulated ultra-structure of chloroplast in two ecotypes of Sedum alfredii. 

Therefore, fluctuations in the Chl a b
-1 ratio and Car/Chl ratio increased in response to Pb 

stress that coped with limited photochemical efficiency (Bartha & Fodorpataki, 2007; 

Raza et al., 2014). However, both positive and negative reports of chelate have been 

reported in plants. The differential behavior can be attributed to their involvement in 

metal ions uptake, plant water relations, modulation of physio-biochemical processes. 

Oxidative stress indicators and enzymatic antioxidant activities   

A prominent increase in the H2O2 contents was evident in turnip seedlings under Pb 

regimes.  Consistent with this increase, a reduction in the antioxidant enzyme activities of 

SOD, CAT and POD was recorded under 2.42 and 4.83 mM Pb regimes. In case of 

spinach seedlings, increased Pb doses in the growth medium resulted in enhanced lipid 

peroxidation or MDA contents under both 2.42 and 4.83 mM Pb regimes. In addition, 



 

158 
 

reduction in the SOD and GPOX activity was recorded while an increase in CAT and 

APX activity was recorded in response to increasing Pb regimes.  

Generally CAT antioxidant enzyme is responsible for the breakdown of H2O2 (Ajewska 

& Skłodowska, 2007), and we recorded reduction of CAT activity in consistent with 

increased H2O2 among turnip and spinach seedlings. The reduction in the enzyme 

activities under heavy metal stress is often reported. In consistent with these findings, 

lower CAT activity in Arabidopsis (Leterrier et al., 2012), mangrove roots (Zhang et al., 

2007), pea (Sandalio et al., 2001), four pepper cultivars (Leon et al., 2002),  under heavy 

metal stress was reported and attributed to reduction in CAT protein content due to 

oxidation of native CAT enzyme (Romero-Puertas et al., 2002). In this context, lower 

levels of MDA contents under Pb stress are indicative of lesser membrane damage and 

innate tolerance (Shu et al., 2012) and vice versa. 

In addition to the CAT activity, SOD and GPOX activities were also fluctuated under Pb 

toxic regimes. In an overall perspective, the application of chelating agents resulted in 

substantial recovery in the SOD, CAT and GPOX activity of turnip and spinach seedlings 

and chelate applied differentially improved enzymatic antioxidant activities under 

different Pb applied regimes. By contrast, chelate application reduced APX enzyme 

activity although it was differential under varying Pb regime for both turnip and spinach.  

In consistent with these results, the application of chelating agents (EDTA and CA) 

improved the SOD, CAT, GPOX and APX and GR activities of Pb stressed Vicia faba 

and contributed to mitigation of Pb induced oxidative stress and subsequent dry matter 

and Pb uptake (Shahid et al., 2014).  Similarly, CA mediated up-regulation of SOD, CAT, 

POD and APX activities of Brassica napus have been reported by Shakoor et al. (2014). 

Toxic metals like Pb disturb cellular redox homeostasis (Yin et al., 2008) and we 

integrate improved antioxidant enzyme activities with the regulation the cellular redox 

homeostasis and subsequent mitigation of oxidative stress.    

Non-Enzymatic Antioxidants  

We recorded an increase in the AsA, proline, sugars content while reduction in phenolics, 

amino acids, flavonoids of turnip seedlings under increasing Pb regimes. In case of 

spinach seedlings, an increase was recorded in the AsA, phenolics, proline, flavonoids, 

sugars while a reduction in amino acids. With few exceptions, the application of chelating 

agents did not improve the non-enzymatic antioxidants of turnip and spinach seedlings.  
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It is documented that plants exposed to toxic heavy metals tend to accumulate different 

nitrogenous metabolites for instance proline that are beneficial in counter acting metal 

stress (Sharma & Dietz,  2006). An increase in the phenylpropanoid metabolism and in 

turn the phenolic compounds contents have been reported under heavy metal stress 

(Michalak, 2006). 

Inorganic Ions (K+, Ca2+, Mg2+ and P) 

An increase in the K+, Ca2+, Mg2+ and P contents was recorded under inclining regimes of 

Pb toxicity for turnip while a linear reduction in the K+, P was recorded while Ca2+ and 

Mg2+ initially increased under 2.42 mM regime while it decreased under 4.83 mM Pb 

regime. Reduction in the mineral contents of Pb has been reported in stressed wheat 

(Lamhamdi et al., 2013). Chelate application to control plants substantially improved 

uptake of inorganic ions in turnip and spinach seedlings. The increased mineral content 

uptake can be explained on the chelate based solubilization of minerals through 

complexation thereby promoting their uptake. Low molecular weight organic acids can 

play a significant role in the heavy metal solubility and mobilisation of mineral nutrients 

(Mench and Martin, 1991; Jones et al., 1996; Nigam et al., 2001). The use of such acids 

as chelants could alter the heavy metal toxicity due to their capability to detoxify 

intracellular heavy metals via binding (Lee et al., 1977). 

Plant Water Relations 

In the present study, we recorded prominent reduction in the water, osmotic potential and 

turgor pressure of field grown turnip plants however the effect of Pb addition on the water 

potential and turgor pressure was insignificant. Reduction in the plant water relations in 

response to Pb was also reported by Azhar et al. (2009) in sunflower. On the other hand, 

the effects of chelating agents on the plant water relations varied among individual 

treatments and species being more in spinach than in turnip. The Pb exposure causes 

decline in transpiration rate and water content of tissues (Iqbal & Moshtaq, 1987), and 

lowers the level of compounds associated with maintaining cell turgor and cell wall 

plasticity thereby lowering the water potential within cells (Sharma & Dubey 2005).   

Gas Exchange Attributes 

Exposure to heavy metals can affect chloroplast ultra structure, degrade chlorophylls and 

inhibit its biosynthesis (Myśliwa-Kurdziel & Strzałka, 2002). We recorded reduction in 

the Pn rate of both turnip and spinach plants under 2.42 and 4.83 mM Pb regimes. 

Furthermore, the E and gs values of both species reduced linearly under increasing doses 
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of Pb. In agreement, reduction in gas attribute of Brassica napus L. under Pb toxicity 

were also reported by Shakoor et al. (2014). We relate reduction in the Pn rate to 

decreased water potential, turgor pressure, E and gs directly affecting photosynthesis rate 

of the field grown turnip plants. The application of CA increased water potential and 

turgor pressure of the turnip but did not improve Pn rate. While ME efficiency 

significantly followed the similar patter like Pn rate. Similarly, application of TA and MA 

improved E and gs of 4.83 mM Pb stressed plants but these improvements did not 

contribute to improvement in Pn rate of turnip. In contrast, the application of different 

chelates to the spinach plants resulted in significant improvement in Pn gaseous exchange 

attributes. Liu et al. (2008) reported Pb-induced reduction in the light harvesting pigments 

and modulated ultra-structure of chloroplast in two ecotypes of Sedum alfredii. Therefore, 

fluctuations in the Chl pigments under Pb stress can coped with limited photochemical 

efficiency (Bartha & Fodorpataki, 2007; Raza et al., 2014). 

Yield (Biomass) 

Overall, in consistent with hormesis under Pb stress, a substantial increase in the yield of 

spinach per hectare was recorded. Up to 2.42 mM Pb regime, the addition of chelates 

improved yield of spinach while under 4.83 mM Pb regime, chelating agents  reduced 

yield compared with control. For turnip, an overall increase in the yield (kg/hectare) was 

recorded. The application of CA, TA and OA significantly increased the yield at 4.83 mM 

Pb regime in spinach. In contrast, TA was much more effective in increasing yield in 

turnip plants exposed to high (4.83 mM) Pb stress. The chelate mediated increases in 

yield can be linked with improved nutrient uptake and lowered toxicity. Najeeb et al. 

(2009) studied the role of CA and EDTA in improving plant growth under Mn stress and 

found CA as an effective chelating agent that recovered the plant biomass. However, 

literature shows conflicting results regarding efficacy of CA for phytoextraction. For 

instance, Melo et al. (2008) reported a low effectiveness of CA for phytoextraction of Pb 

while others showed it a potential chelating agent and as an inducer of Pb phytoextraction 

(Freitas et al., 2009; Araújo & Nascimento, 2010). In the present studies, CA increased 

biomass but decreased tissue Pb concentration possibly by increasing its translocation. 

Pb Phyto-extraction  

Several authors have previously emphasized on the differential capacity of plants to 

accumulate and translocate Pb from roots to shoots (Ebbs & Kochian, 1997; Brennan and 

Shelley, 1999; Chrysafopoulou et al., 2005). Furthermore, effectiveness of chelating 
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agents also varied depending upon the concentration of heavy metal and speciation, 

growth stage and plant species (Blaylock et al., 1997; Luo et al., 2005; Evangelou et al., 

2006; Shahid et al., 2014; Cheng et al., 2015). In the present study, addition of Pb to the 

growth medium substantially increased tissue Pb concentration in both turnip and 

spinach. The TA in case of turnip while all chelating agents except MA in case of spinach 

promoted higher Pb uptake  and accumulation in the shoots under 4.83 mM Pb regimes. 

Whereas CA and TA enhance Pb uptake and accumulation in the 60 d old plants of 

spinach under 4.83 mM Pb regime. In contrast, EDTA and OA in 60 d old plants while 

EDTA and TA in 90 d old plants were much more effective in increasing root Pb 

concentrations under high (4.83 mM) Pb regime. The differential behavior of crop species 

to chelates application could be due to binding and translocation capacity of the chelates 

in different tissues. Subsequently, some chelates were able to reduce tissue specific 

concentration of Pb leading to hormesis. Overall, the addition of chelates to the Pb 

contaminated soil modulated plant-Pb fraction. The Pb uptake in both the investigated 

species was significant indicating their potential metal accumulating ability. In addition, 

both genotypes exhibited chelate assisted higher Pb uptake ranged from 2000 to 2500 µg 

Pb g-1 DW under high (4.83 mM) Pb regime.   
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5.1- CONCLUSIONS 

The exposure of turnip and spinach seedlings to Pb altered growth and biochemical 

attributes of both species. Interestingly, an increase in the growth attributes of both 

species was recorded under Pb regimes. The added chelates significantly recovered 

enzymatic antioxidants viz. CAT, SOD, GPOX and APX under different Pb regimes. 

Interestingly, the application of tartaric acid (TA) prominently increased Pb uptake and 

accumulation in spinach shoots and turnip roots as well under high Pb regimes. The 

chelants-mediated physiochemical adaptations such as reduction in oxidative stress, 

increase of photosynthetic pigments and nutrient uptake and enhanced antioxidative 

potential increased Pb tolerance in turnip plants. The good growth in CA treated plants 

and overall higher root yield suggested that CA decreased the free concentrations of Pb 

through complex formation and thus reduced its toxicity on growth and development of 

turnip plants through hormesis. The chelates especially TA increased the uptake to Pb and 

its mobilization to the aerial parts more in case of spinach and modulated Pb toxicity 

through overproduction of enzymatic antioxidants rather than non-enzymatic 

antioxidants. Overall, the results elaborated the potential of chelates in increasing growth, 

biomass, and thus suggested their use for phytoextraction of Pb. However, based on the 

effectiveness of TA in increasing root Pb concentrations in case of turnip and shoot Pb 

concentrations in case of spinach suggested its use for phytoextraction of Pb in Pb-

contaminated environments. However, both turnip and spinach plants grown in Pb-

polluted environments should be disposed of properly to avoid any serious health hazards. 
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5.2- FUTURE RECOMMENDATIONS 

Based upon our findings, it is proposed that transplantation of 20 d old seedlings 

of spinach and/or turnip seedlings could be more beneficial to increase the metal 

accumulation under highly Pb contaminated environments. Plant growth and development 

is largely post-embryonic and developmental plasticity ensures plant fitness and survival. 

Therefore, transplanting 20-day old seedlings will ensure the bypass of initial susceptible 

seedlings stages and development plasticity will allow better seedling establishment in the 

metal-contaminated soils. In this way, growth suppression is minimized and production of 

high biomass is ensured which also contributes to better phytoextraction efficiency.     

Furthermore, in spite of using individual organic chelant, a suitable combination 

of chelants could be more beneficial to achieve more biomass and tissue metal 

accumulations. We propose the addition of CA at early growth stage could facilitate 

growth and addition of TA at later growth stage can affect its mobilization depending 

upon leafy or rooty vegetables. Furthermore, low molecular weight organic acids are non-

toxic in nature therefore, their suitability and optimum concentration can be identified for 

other crops for efficient future remediation of metal polluted sites.  

Other high biomass producing crops/vegetables should have to be investigated for 

their potential towards phytoextraction. The suitability of different crops for different 

metals sometime varies and future studies should identify/highlight crops for targeted 

remediation of metal contaminated soils. In short, phytoremediation using organic 

chelants is an efficient and cost effective technique for in situ remediation of Pb-polluted 

sites.   
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Chapter 6  

SUMMARY 

The studies were conducted to explore chelant-assisted Pb phyto-extraction and 

subsequent antioxidative responses in spinach and turnip plants under controlled 

environment and filed conditions. The seeds of turnip (Brassica Rapa L. cv. Purple Top) 

and spinach (Spinacea oleracea L. cv. Desi) were surface sterilized and sown in plastic 

pots filled with thoroughly washed sand. After germination, ten day old seedlings of 

turnip and spinach were exposed to different Pb regimes (0, 2.42 and 4.83 mM). The 2.4 

mM concentrations of different chelating agents viz., EDTA, CA, MA, TA and OA were 

applied to the plants exposed to different Pb regimes. After fifteen days of chelate 

application (35 d old plants), different morpho-biochemical attributes were determined. 

However, in case of field studies, the seeds of both the vegetables were sown separately 

in the water imbibed / saturated soil in a split plot design. After germination, 20-d old 

plants were exposed to 0.0218, 2.42 and 4.83 mM Pb followed by irrigation (15 to 18 

acre-inches per acre). The application of chelating agents at the rate of 2.4 mM was 

carried out after 10 days of Pb application and after 30 days of chelate application (60 d 

old plants) different parameters were investigated. The results obtained are summarized 

below: 

Under controlled conditions, an increase in the shoot length while a reduction in the root 

length of turnip seedlings was recorded in response to increasing Pb regimes. While under 

field conditions, both shoot and root length of turnip plants remained unaffected under 

different Pb regimes rather an increase was evident. In case of spinach, a prominent 

reduction in the root and shoot length was recorded at 4.83 mM Pb regime under 

controlled conditions. While under field conditions, an overall increase in the growth 

attributes of spinach plants was recorded under Pb regimes. An increase in the Chl a, b 

and total chlorophyll contents of turnip seedlings in response to inclining Pb doses was 

recorded. In contrast, reduction in the photosynthetic pigments of the spinach seedlings 

was recorded under Pb regimes. Furthermore, under field conditions, a reduction in the 

pigments for turnip plants while an increase in spinach in response to Pb regimes was 

observed. 

A prominent increase in the H2O2 contents was evident in turnip seedlings under Pb 

regimes.  Consistent with this increase, a reduction in the antioxidant enzyme activities of 
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SOD, CAT and POD was recorded under 2.42 and 4.83 mM Pb regimes. In case of 

spinach seedlings, increased Pb doses in the growth medium resulted in enhanced MDA 

contents under both 2.42 and 4.83 mM Pb regimes. Overall, the application of chelating 

agents resulted in substantial recovery in the SOD, CAT and GPOX activity of turnip and 

spinach seedlings. In contrast, chelate application reduced APX enzyme activity although 

it was differential under varying Pb regime for both turnip and spinach. 

An increase in the AsA, proline and sugars contents while reduction in phenolics, amino 

acids and flavonoids of turnip seedlings under increasing Pb regimes was evident. In case 

of spinach, an increase was recorded in the AsA, phenolics, proline, flavonoids and 

sugars while a reduction in amino acids. With few exceptions, the application of chelating 

agents did not improve the non-enzymatic antioxidants of both turnip and spinach 

seedlings. An increase in the K+, Ca2+, Mg2+ and P contents was recorded under inclining 

regimes of Pb for turnip while a linear reduction in the K+, P was recorded in spinach. 

A reduction in the Pn rate of both turnip and spinach plants under 2.42 and 4.83 mM Pb 

regimes was recorded. Furthermore, the E and gs values of both species reduced linearly 

under increasing doses of Pb. The application of CA increased water potential and turgor 

pressure of the turnip but did not improve Pn rate. While ME efficiency significantly 

followed the similar patter like Pn rate. Similarly, application of TA and MA improved E 

and gs of 4.83 mM Pb stressed plants but these improvements did not contribute to 

improvement in Pn rate of turnip. In contrast, the application of different chelates to the 

spinach plants resulted in significant improvement in Pn gaseous exchange attributes.  

Overall, in consistent with hormesis under Pb stress, a substantial increase in the yield of 

spinach per hectare was recorded. Up to 2.42 mM Pb regime, the addition of chelates 

improved yield of spinach while under 4.83 mM Pb regime, chelating agents  reduced 

yield compared with control. For turnip, an overall increase in the yield (kg/hectare) was 

recorded. The application of CA, TA and OA significantly increased the yield at 4.83 mM 

Pb regime in spinach. In contrast, TA was much more effective in increasing yield in 

turnip plants exposed to high (4.83 mM) Pb stress. In the present study, addition of Pb 

substantially increased tissue Pb concentrations in both turnip and spinach. The TA in 

case of turnip while all chelating agents except MA in case of spinach promoted higher 

Pb uptake  and accumulation in the shoots under 4.83 mM Pb regimes. Whereas CA and 

TA enhance Pb uptake and accumulation in the 60 d old plants of spinach under 4.83 mM 

Pb regime. In contrast, EDTA and OA in 60 d old plants while EDTA and TA in 90 d old 

plants were much more effective in increasing root Pb concentrations under high (4.83 
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mM) Pb regime. The differential behavior of crop species to chelates application could be 

due to binding and translocation capacity of the chelates in different tissues. 

Subsequently, some chelates were able to reduce tissue specific concentration of Pb 

leading to hormesis. 

Overall, the results elaborated the potential of chelates in increasing growth, biomass, and 

thus suggested their use for phytoextraction of Pb. Based on the effectiveness of TA in 

increasing root Pb concentrations in case of turnip and shoot Pb concentrations in case of 

spinach suggested its use for phytoextraction of Pb in Pb contaminated environments. 

However, both turnip and spinach plants are edible and when grown in Pb-polluted 

environments should be disposed of properly to avoid any serious health hazards. 
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