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ABSTRACT 

Arsenic (As) poisoning is a serious threat in Gangetic delta, India. The leguminous tree Leucaena has been used 

extensively as forage and biofuel crop by people of this region. No reports, however, are available regarding response of 

Leucaena species under soil As contamination.  The present study aims to ascertain the effect of As on bioaccumulation, 

growth and antioxidant defense response of Leucaena leucocephala and L. esculenta in field study and pot experiment (soil 

spiked with 100 mg As kg
-1

). L. leucocephala shoots accumulated significantly higher amount of soil As compared to L. 

esculenta. High bioaccumulation was due to efficient translocation of As from roots to aboveground parts. Normal to 

enhanced activities of antioxidant defense enzymes and high redox state of ascorbate and glutathione prevented As-induced 

oxidative damage in L. leucocephala plants through efficient scavenging of reactive oxygen species, ensuring normal to 

even better growth under As exposure. By contrast, low antioxidant defense activities in As-treated L. esculenta plants 

triggered oxidative damage, leading to severe inhibition in plant growth. The results suggest that the high As-accumulation 

potential and remarkable tolerance of L. leucocephala plants to As-toxicity may be exploited as an effective bioresource 

material to clean-up As-contaminated environment. 
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INTRODUCTION 

Metal contamination in flora and fauna is a predominant environmental pollution (Pandey et al., 2006). Arsenic 

(As) is a ubiquitous toxic metalloid without known biological functions in higher plants (Tu and Ma, 2002). Being an 

analogue of phosphate, arsenate is readily taken up by plants through high-affinity phosphate transporters (Meharg and 

Macnair, 1992), although not all plants are As accumulators (Talukdar, 2012d, 2013). A good metal accumulator has more 

metals or metalloids concentrated in shoots than roots, demonstrating efficient translocation and bioaccumulation which 

are two important factors in phytoremediation (Tu and Ma, 2002). Recently, groundwater contamination by As and its 

entry into crops has caused great environmental concern because As is a potent mutagen and a carcinogen (Gupta et al., 

2008; Bhattacharya et al., 2010).  

There is significant evidence that As exposure leads to the generation of reactive oxygen species (ROS) through 

the conversion of arsenate to highly toxic arsenite in plants (Mascher et al., 2002). It can induce oxidative stress due to 

cellular damages in terms of ROS accumulation, enhanced lipid peroxidation, and membrane leakage and thus, affects 

growth and development of plants (Mascher et al., 2002; Talukdar, 2011a, 2012c, 2012d). To mitigate this damage, plants 

have developed a well coordinated antioxidant defense system in which ascorbate (AsA) and glutathione (GSH) play 

pivotal roles as non-enzymatic cellular compounds (Noctor and Foyer, 1998). Superoxide dismutase (SOD), ascorbate 

peroxidase (APX), catalases (CAT), dehydroascorbate reductase (DHAR), glutathione-s-transferase (GSTs) and 

glutathione reductase (GR) constitute enzymatic defenses against diverse types of ROS (Noctor and Foyer, 1998). Positive 
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role of glutathione in As accumulation and its detoxification has been reported in As-hyperaccumulator, Pteris vittata (Wei 

et al., 2010) and in crop legume, Cicer (Gupta et al., 2008). 

Among different species under the genus Leucaena, L. leucocephala (Lam.) de Wit., commonly known as 

‘subabool’ in India, is a fast-growing, tropical, leguminous tree species, and has been categorized as a ‘miracle’ in agro 

forestry of the country (Singh et al., 2010; Talukdar and Talukdar, 2012a). Recent research investigating links between 

plant growth and metal pollution have indicated tolerance to heavy metal toxicants can facilitate the spread and successful 

establishment of fast growing non-indigenous species at the expense of native biodiversity (Yang et al., 2007). The spread 

of Leucaena in Gangetic basin of India and neighboring country Bangladesh at high rate has, therefore, drawn special 

attention as the soil of this region is highly contaminated with As, and millions of people in this delta are either directly or 

indirectly affected by As poisoning in drinking water (Norra et al., 2005). Unlike non-invasive species of Leucaena, L. 

leucocephala grows vigorously in this region, and allelopathic potential of this leguminous tree on cultivated crops has 

recently been revealed (Talukdar and Talukdar, 2012b). A preliminary report indicated that the tree can accumulate As in 

aerial parts (Dias et al., 2010), and the fast growth of this tree legume can be used in efficient cleaning up of soil As, if the 

plants have enough bioaccumulation potential for As. Phytoremediation potential of this legume has been reported in 

association with arbuscular endomycorrhiza and Rhizobium in soil polluted by copper and cromium (Gardezi et al., 2003). 

Accumulation of As in Leucaena has primarily been reported (Dias et al., 2010). However, the detail potential and intrinsic 

cellular mechanism behind its tolerance to As is not known. Nor there is any report regarding bioaccumulation potential of 

As by other species of Leucaena which are not fast-growing in Gangetic delta. These angles have been addressed in the 

present study by investigating the 1) bioaccumulation and translocation of As in two species of Leucaena plant parts, 2) 

changes in plant growth parameters, and 3) modulation of its antioxidant defense response under non-stressed as well as As 

treatments. Both field survey and pot experiment were conducted in parallel to assess the bioaccumulation potential of L. 

leucocephala and L. esculenta, while leaf samples from pot experiment were analyzed to reveal intrinsic biochemical 

mechanisms in its response to As treatment. 

MATERIALS AND METHODS 

Field Survey and Study Sites 

Plant samples including roots of Leucaena leucocephala and Leucaena esculenta were collected from both As-

contaminated and non-contaminated areas of Gangetic delta of West Bengal, India (Fig. 1). The state of West Bengal 

(88.50 ºE/24.24 ºN) in India now tops the list of soil As concentration (10-196 mg kg
-1

), and is followed by neighboring 

country Bangladesh (9.0-28 mg kg-1) among the 12 worst affected countries worldwide (Jaiswal, 2011). This state along 

with Bangladesh is an important constituent of lower Gangetic basin where As contamination in drinking water, soil and 

crops are far higher than WHO/FAO recommended limits (Bhattacharya, 2010; Jaiswal, 2011). Among the 19 districts of 

West Bengal, 9 districts, where cropping intensities are very high, are severely affected (more than 300 µg/L As 

concentrations in tube wells are categorized as severely affected) by As contamination (Pal et al., 2009). The collection of 

plant samples in As-prone areas included Kalyani (88.26 ºE/22.58 ºN), Chakdaha (88.31 ºE/23.05 ºN) of Nadia district, 

Berhampore (88.25 ºE/24.1 ºN) of Murshidabad district, Balagarh (88.27 ºE/23.06 ºN) of Hooghly district, Barasat (88.48 

ºE/22.72 ºN) of North 24 pgs, and Baruipur (88.26 ºE/22.21 ºN) of South 24 pgs. As-contaminated ground water has been 

extensively used in these areas for irrigation purposes (Norra et al., 2005; Bhattacharya et al., 2010). Haldia (88.06 

ºE/22.03 ºN) of East Midnapore and Uttarpara (88.35 ºE/22.67 ºN) of Hooghly district were taken as non-contaminated 

sites. The areas are in tropical climate zone with annual summer monsoon. The soil is characterized as top soil of 0-20 cm 

sampled from selected sites of Gangetic West Bengal, India (average rainfall of 1500-1700 mm, summer mean temperature 
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of 34.6 ºC, winter mean temperature of 16 ºC), clay-loam (clay 73.3-87.8%, sand 5.7-6.9%, silt 13.7-17.3%) soil, pH 6.3-

7.2 in soil: water ratio of 1:2.5, organic matter 5.17 g kg-1 soil, Kjeldahl N 750 mg kg-1 soil, P Olsen 20.18 mg kg-1 soil, 

available K 77.67 mg kg
-1

, available S 13.80 mg kg
-1

 (Saha and Ray, 2004). 

The collection was done during January-September 2011 in Gangetic West Bengal, covering an area of 22
2
 Km. 

Approximately 500 g of soils around the plants were collected from a depth of 10-15 cm with a garden spade. Plant 

samples were collected freshly from a selected plot (5 m
2
 areas) from the same site or, at least, as close as possible to the 

point where soil samples were collected. Ten sub-samples per sampling site were collected, and then, were aggregated into 

one sample for further treatment. Control (non-contaminated) sampling (n=10) was also performed. 

Pot Experimental Design and As Treatment 

Collected seeds of both species of Leucaena were surface sterilized in 1% mercuric chloride solution for 15 min 

followed by 70% ethanol wash for 5 min. Seeds were then washed thrice in sterile distilled water, taken in Petri dishes 

containing sterile half strength of Murashige and Skoog medium and allowed to germinate under 14 h photoperiod at 25 

ºC. Because of hard seed coat of Leucaena, the seeds were slightly cut at one end for mechanical scarification and were 

sown. Germinated seeds were immediately transplanted to earthen pots of equal sizes (45 cm in height and 40 cm in 

diameter) with six seedlings per pot. The soil was mixed, air-dried, and ground to a particle size of < 2 mm. Eight kg of air-

dried soil was put in each pot. Plants were grown in a clean soil (control) and a soil spiked with 100 mg As kg
−1

, added as 

Sodium arsenate (As, MW 312.01 g/mol; technical grade, purity 98.5 %, Sigma-Aldrich, Bangalore, India).  Each 

treatment had 4 replicates. The pots were arranged in a completely randomized way, and the plants were grown in a 

controlled environment (Temperature 27 ºC ± 2 ºC, relative humidity 70 % ± 3 %, photoperiod 14/10 h day/night, PPFD-

200 µmol m
-2

 s
-1

). The plants were thinned to 4 per pot three weeks later and to one plant per pot one month later. Sixty 

days after sowing, the plants were harvested and washed with deionized water. The plants were then separated into shoots 

and roots. Immediately after harvest, shoot and root length was determined. Stem and root diameter (mm), plant cover 

(cm), leaflet leaf
-1

, leaf area (cm
2
), leaf dry weight (g), root dry weight/shoot dry weight ratio, days to flowering, pods 

plant
-1

, 1000 seed weight (g) and seed yield plant
-1

 (g) were recorded at harvest. Dry weight (DW) was determined after 

drying shoots (leaves + stems + pods + seeds) and roots at 70 °C for 48 h. Periodic sampling was done during pre-

flowering, flowering and podding times to assess the trend in As concentration/accumulation in shoots of both the species. 

Sample Treatment and Digestion 

The soil samples were immediately sun-dried after collection and later dried in the hot air oven at 60 °C for 72 h.  

Dried samples were then grinded by cautiously disaggregating in a mortar and screened through 2.0-mm pore sized sieve to 

get homogenized representative powder sample. Finally, the samples were stored in airtight polyethylene bags at room 

temperature. The plant samples were washed thoroughly in As-free water to remove adhered soils and dusts, then rinsed in 

de-ionized water, immersed for 10 min in 10×10
−3

M KH2PO4 solution (pH 6.0) to remove external inorganic As from the 

root surface and blotted dry. The washing of the plant samples were finished as fast as possible to avoid any possible 

leakage of absorbed As (Huang et al., 2008). The leaves/leaflets were hand separated. Roots, stems, pods and seeds were 

then separated carefully, oven-dried at 105 °C for 24 h and were stored in airtight polyethylene bags at room temperature 

with proper labeling. 

Soil and plant (parts) samples were digested separately following heating block digestion procedure (Rahman and 

Naidu, 2009) with slight modifications. Of the sample, 0.5–1.0 g was taken into clean, dry digestion tubes, and 5 ml of 

concentrated HNO3 was added to it. The mixture was allowed to stand overnight under fume hood. In the following day, 
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the digestion tubes were placed on a heating block and heated at 60 °C for 2 h. The tubes were then allowed to cool at 

room temperature. About 2 ml of concentrated HClO4 was added to the plant samples. For the soil samples, 3 ml of 

concentrated H2SO4 was added in addition to 2 ml of concentrated HClO4. Then, the tubes were heated at 160 °C for about 

4–5 h. The heating was stopped when the dense white fume of HClO4 was emitted. The content was then cooled, diluted to 

25 ml with de-ionized water, and filtered through Whatman No. 41 filter papers and finally stored in polyethylene bottles. 

Prior to sample digestion, all glass goods were washed with 2% HNO3 followed by rinsing with de-ionized water and 

drying. 

Chemical Analysis of As  

The total As of samples was analyzed by flow injection hydride generation atomic absorption spectrophotometer 

(FI-HG-AAS, Perkin Elmer AAnalyst 400, lamp current 400 mA, wavelength 194 nm, with flow rate of 1.2 ml min-1 for 

HCl, of 2 ml min
-1

 for NaBH4, and 130 ml min
-1

 for carrier gas N2). For each sample of the digested soil and plant parts, 

four replicates were taken and the mean values were obtained on the basis of calculation of those replicates. All chemicals 

were of analytical grade, and distilled de-ionized water was used throughout the experiment. Standard Reference Materials 

(SRM) of tomato leaves (SRM 1573a) and of San Joaquin soil (SRM 2709a) from National Institute of Standards and 

Technology, USA were analyzed in the same procedure at the start, during and at the end of the measurements as part of 

the quality assurance/quality control protocol. The values (mg kg
-1

 DW) of As concentration in certified (0.112 ± 0.004 for 

dried tomato leaves and 17.7 ± 0.8 for San Joaquin soil) and my measured samples (0.117 ± 0.01 for tomato leaves and 

16.6 ± 0.11 for soil) were in good correlations (r = 0.89 for tomato leaves and r = 0.82 for soil, P < 0.05, n = 10). 

Assessment of Bioaccumulation of As  

The bioaccumulation factors (BFs) correspond to the concentration of the same metal present in the shoots 

divided by the concentration (mg kg-1 DW) of that metal in the soil. The bioconcentration factor (BCFs) were calculated by 

dividing root As concentration with soil As concentrations. 

 Transfer factors (TFs) were calculated from the metal concentration of As in aboveground parts divided by metal 

concentration in roots. Enrichment factors (EFs) were calculated by dividing As concentration in edible/usable part of a 

plant grown in As-contaminated soil with As concentration in edible/usable part of a plant grown in control soil (Singh et 

al., 2010). In this study, leaves, stems, pods and seeds together were considered as shoot, while stems with leaves were 

considered as usable part. 

Measurement of Photosynthetic Rate, Chlorophyll (chl) and Carotenoids Contents, and chl Stability 

Leaf photosynthetic rate was assayed following the methods of Coombs et al. (1985) using a portable 

photosynthesis system (LI-6400XT, LI-COR, Inc. USA). Chl and carotenoid contents were determined by the method of 

Lichtenthaler (1987). Leaf tissue (50 mg) was homogenized in 10 ml chilled acetone (80 %). 

 The homogenate was centrifuged at 4,000 g for 12 min. Absorbance of the supernatant was recorded at 663, 647 

and 470 nm for chl a, chl b and carotenoids, respectively. Chl stability was determined by chl stability index 

(Sivasubramaniam, 1992). Fresh leaves of 5 g were collected and divided into two lots, 2.5 g each. 

 One lot was stored in room temperature and the other lot was placed in empty test tube standing in boiling water 

bath for 1 h. Chl was extracted as described above, and absorbance was recorded at 660 nm. Stability index (%) was 

determined by dividing A660 of heated sample with A660 of unheated sample. 
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Estimation of leaf Ascorbic Acid and Glutathione Contents 

Reduced (AsA) and oxidized (DHA) ascorbate contents were determined, following Law et al. (1983).Reduced(GSH) 

and oxidized glutathione (GSSG) were determined with the enzyme recycling assay (Griffith, 1985).  

Antioxidant Enzyme Assays 

Fresh (leaves) tissue (250 mg) was homogenized in 1 ml of 50 mM potassium phosphate buffer (pH 7.8) 

containing 1 mM EDTA, 1 mM dithiotreitol and 2% (w/v) polyvinyl pyrrolidone (PVP) using a chilled mortar and pestle 

kept in an ice bath. The homogenate was centrifuged at 15,000 g at 4 °C for 30 min. Clear supernatant was used for 

enzyme assays. For measuring APX (ascorbate peroxidase) activity, the tissue was separately ground in homogenizing 

medium containing 2.0 mM AsA in addition to the other ingredients. All assays were done at 25 °C. Soluble protein 

content was determined according to Bradford (1976) using BSA as a standard.  

SOD (EC 1.15.1.1) activity was determined by nitro blue tetrazolium (NBT) photochemical assay following 

Beyer and Fridovich (1987). In this method 1 ml of solution containing 50 mM potassium phosphate buffer (pH 7.8), 9.9 

mM L-methionine, 57 µM NBT, 0.025% triton-X-100 was added into small glass tubes, followed by 20 µl of enzyme 

extract. Reaction was started by adding 10 µl of riboflavin solution (0.044 mg ml
-1

) and placing the tubes in an aluminium 

foil-lined box having two 20-W fluorescent lamps for 7 min. After illumination, the absorbance of solution was measured 

at 560 nm. SOD activity was expressed as U (unit) mg
−1

 protein. One unit of SOD was equal to that amount which causes a 

50% decrease of SOD-inhibited NBT reduction. APX (EC 1.11.1.11) activity was assayed following Nakano and Asada 

(1981). Three milliliters of the reaction mixture contained 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM EDTA, 

0.5 mM AsA, 0.1 mM H2O2 and 0.1 ml enzyme extract. The hydrogen peroxide-dependent oxidation of AsA was followed 

by a decrease in the absorbance at 290 nm (ε = 2.8mM
−1

 cm
−1

).  

APX activity was expressed as nmol AsA oxidized min−1 mg−1 protein. GR (EC 1.6.4.2) activity was determined 

by monitoring the glutathione dependant oxidation of NADPH, as described by Carlberg and Mannervik (1985). In a 

cuvette, 0.75 ml 0.2 M potassium phosphate buffer (pH 7.0) containing 2 mM EDTA, 75 µl NADPH (2 mM), and 75 µl 

oxidized glutathione (20 mM) were mixed. Reaction was initiated by adding 0.1 ml enzyme extract to the cuvette and the 

decrease in absorbance at 340 nm was monitored for 2 min. GR specific activity was expressed as nmol NADPH oxidized 

min
−1

 mg
−1

 protein. CAT (EC 1.11.1.6) extraction was performed in a 50 mM Tris-HCl buffer. The enzyme activity was 

assayed by measuring the reduction of H2O2 at 240 nm (ε = 39.4 mM
-1

 cm
-1

) at 25 °C (Chance and Maehly, 1955). DHAR 

(EC 1.8.5.1) activity was measured following the protocol of Nakano and Asada (1981). The complete reaction mixture 

contained 50 mM potassium phosphate buffer (pH 7.0), 2.5 mM GSH, 0.2 mM DHA and 0.1 mM EDTA in a final volume 

of 1 ml. Reaction was started by addition of suitable aliquots of enzyme extract and the increase in absorbance was 

recorded at 30 s intervals for 3 min at 265 nm. Enzyme activity was expressed as µmol AsA formed min
-1

 mg
-1

 protein. 

GSTs (EC 2.5.1.18) activity was assayed in a reaction mixture containing 50 mM phosphate buffer, pH 7.5, 1 mM 1-

chloro-2,4-dinitrobenzene (CDNB) and the elute equivalent to 100 µg of protein. The reaction was initiated by the addition 

of 1 mM GSH (Sigma-Aldrich), and formation of S- (2,4- dinitrophenyl) glutathione was monitored as an increase in 

absorbance at 334 nm to calculate the GST specific activity (Li et al., 1995). 

Determination of H2O2 Content, Lipid Peroxidation Level and Electrolyte Leakage 

Leaf H2O2 content was estimated following the methods of Wang et al. (2007). Fresh tissue of 0.1 g was powdered 

and blended with 3 ml acetone for 30 min at 4 °C. Then the sample was filtered through eight layers of gauze cloth. After 

addition of 0.15 g active carbon, the sample was centrifuged twice at 3,000 g for 20 min at 4 °C, then 0.2 ml 20% TiCl4 in 
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HCl and 0.2 ml ammonia was added to 1 ml of the supernatant. After reaction, the compound was centrifuged at 3,000 g 

for 10 min, the supernatant was discarded and the pellet was dissolved in 3 ml of 1 M H2SO4. H2O2 content was measured 

from the absorbance at 410 nm using a standard curve. Lipid peroxidation rates were determined by measuring the 

malondialdehyde (MDA) equivalents following the method of Hodges et al. (1999). About 0.5 g of fresh tissue was 

homogenized in a mortar with 80% ethanol. The homogenate was centrifuged at 3,000 g for 12 min at 4 °C. The pellet was 

extracted twice with the same solvent. The supernatants were pooled and 1 ml of this sample was added to a test tube with 

an equal volume of either the solution comprised of 20% TCA and 0.01% butylated hydroxy toluene (BHT) or solution of 

20% TCA, 0.01% BHT and 0.65% TBA. Samples were heated at 95 °C for 25 min and cooled to room temperature. 

Absorbance was measured at 450, 532 and 600 nm. Level of lipid peroxides was calculated following Hodges et al. (1999) 

and expressed as nmol MDA g
-1

 fresh weight. Electrolyte leakage (EL %) was assayed by measuring the ions leaching 

from tissue into deionised water (Dionisio-Sese and Tobita, 1998). 

Statistical Analysis 

The results presented are the mean values ± standard errors of at least four replicates. Multiple comparisons of 

means were performed by ANOVA (SPSS Inc. v. 10), and the means were separated by Duncan’s multiple range test 

considering significant differences at P < 0.05. 

RESULTS AND DISCUSSIONS  

Bioaccumulation of As and Changes in Growth Habits 

The bioaccumulation potential of As in two different species of Leucaena, L. leucocephala and L. esculenta, was 

studied in genotypes collected from their natural environments, and also under controlled environmental conditions in pot 

experiment. Results in table 1 and 2 show significant differences between the plant parts and also between two species 

regarding the accumulation of As. For L. leucocephala, stems accumulated highest (56.18 %) portions of total As in shoots, 

and it was closely followed by pods (37.57 %) and distantly by leaves (2.9 %). Lowest accumulation was observed in roots 

(Table 1).  

This trend was uniformly observed in all the samples collected from eight study sites, although As concentrations 

in plant parts differed significantly among the study sites for both species (Table 1).  Higher As level in shoots (considering 

stems, leaves, pods and seeds) of L. leucocephala than that in soil was observed in all the eight study sites, resulting in 

significant increase in BFs (Table 1). The BFs values ranged between 5.38 (Chakdaha) and 6.89 (Baruipur) in As-prone 

zones (Table 1).  

Significantly, the two high BFs values of 56.20 and 65.31 were observed in Uttarpara and Haldia, respectively, 

the two sites where soil As level was detected as much lower than the rest six locations (Table 1). This suggests potential 

of L. leucocephala plants to extract soil As, even it is present in very low amount. Low BCFs (mean 0.09) and high TFs 

(mean 63.22) were measured in samples from all the eight study sites but compared to As-contaminated six sites, BCFs 

were slightly higher in Uttarpara and Haldia (Table 1). 

 Low BCFs led to increase in TFs values and vice versa. These outcomes along with uniformly high EFs in all the 

samples indicate efficient up-ward translocation of substantial portions of As to shoots in L. leucocephala plants. By 

contrast, As concentration was the highest in roots (73.17 %) of L. esculenta plants, and it was followed by leaves (18.8 

%), pods (4.76 %), stems (1.27 %) and seeds (2.0 %) in shoot portions of plant. This led to decline in BFs and TFs values 

below 1 but pushed BCFs above 1 in different magnitudes (Table 1), indicating failure of L. esculenta plants to transfer As 
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from roots to its aboveground tissues. This fact was further substantiated by low EFs in usable parts of L. esculenta plants 

(Table 1).  

In pot experiment under controlled environment for 60 d growth periods, significant changes were observed in 

growth parameters and pattern of As accumulation between control and treated conditions and also between two species of 

Leucaena. Results in table 2 show the marked enhancement of shoot and root length, their dry weights, stem diameters, 

leaf area and numbers, and yield components in L. leucocephala plants, grown in soil spiked with 100 mg As Kg
-1

. 

Compared to control, all these parameters decreased significantly in As-treated L. esculenta plants (Table 2). The As 

addition significantly enhanced the detectable amount of soil As over control sets, and the shoots of L. leucocephala 

accumulated As more than 300-fold higher than control and nearly 65-fold higher than that in roots (Table 2).  

This resulted in marked increase of BFs, TFs and EFs but decline in BCFs values for As accumulation in L. 

leucocephala plants. On the other hand, As-treated L. esculenta plants accumulated As predominantly (98.68 %) in roots 

which was nearly 300-fold higher than that in control. Shoots contained only meager amount. The BFs and TFs plummeted 

to significantly low levels while BCFs increased above 2.0 (Table 2).  

Both the field study and pot experiment uniformly indicate that L. leucocephala and L. esculenta plants have the 

capacity to extract soil As, but the former has far better potential to accumulate As in the above ground parts, particularly 

in stems and pods than the latter. Considering the known standard of As accumulation in several ferns, L. leucocephala, 

however, cannot be regarded as As hyperaccumulators, although many of the features like higher accumulation in shoot, 

absence of vegetative injury in above ground parts, efficient uptake and upward translocation of As even at low soil As 

concentration and tolerance to As satisfy the parameters.  

The parallel confirmation of this capacity in two different experimental conditions (field and controlled 

environment) is extremely important because in ferns accumulation potential of As greatly differed in greenhouse 

experiment from natural field conditions (Wei and Chen, 2006). Accumulation of As in shoots of present L. leucocephala 

indicates efficient translocation of soil As via roots, while high accumulation in pods suggests effective distribution and 

translocation of As from vegetative parts to reproductive regions in the aboveground portions. Increase in stem diameter in 

treated condition may help efficient translocation. High level of BFs and TFs substantiated these facts, confirming effective 

bioaccumulation of As in L. leucocephala plants.  

The result has immense significance as many plants avoid As-toxicity by limiting As-transport to shoot and 

increasing As accumulation in the root system (Rahman and Naidu, 2009). Quite remarkably, the growth and seed yields of 

L. leucocephala plants under As exposure improved significantly from its control level even though it accumulated 

maximum amount of As in shoots, strongly indicating high tolerance of the plant to As-toxicity and increase in 

reproductive potential of the plant. It confirms the notion that (hyper)tolerance to As is found in all naturally evolved As-

(hyper)accumulators (Zhao et al., 2009). Many researchers observed increase in yield under As treatment but at low doses, 

especially in the tolerant crops (Norra et al., 2005; Rahman and Naidu, 2009).  

In the present experiment, L. leucocephala grew well at comparatively high soil As, presumably, better utilizing 

the soil phosphate and through efficient compartmentalization of soil As, as speculated earlier (Carbonell-Barrachina et 

al.,1999). This plant spreads exclusively through seed dispersal. Thus, high seed yield as observed under As treatment may 

increase its invasive potential to a considerable magnitude.  

Completely opposite scenario was encountered in As-treated L. esculenta. Huge accumulation of As in roots and 

its low concentration in shoots suggests low potential of this tree in As translocation, as evidenced by values of BFs and 
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TFs below 1. Furthermore, the decline in dry weights and poor seed yield indicate As-sensitivity of the plants. This may be 

one of the reasons for lower frequency of L. esculenta plants in As-prone zones than L. leucocephala, as reported earlier 

(Talukdar and Talukdar, 2012b). Compared to ferns, only few reports are available regarding bioremediation/revegetation 

potential of leguminous shrubs/tree in metal contaminated areas (Dias et al., 2010). The revealing of bioaccumulation 

potential for the first time in two different species of Leucaena, thus, assumes significance in this regard.  

As Accumulation at Different Growth Stages  

Figure 2 depicts the trend in accumulation of As in two different species of Leucaena from vegetative to 

reproductive stage in pot experiment. In L. leucocephala shoots, maximum accumulation (69% of total accumulated As) 

occurred during pre-flowering vegetative stage while rest amount accumulated from flowering to podding periods. After 

initial rise of As level up to flowering, a stationary phase appeared during flowering periods after which a second pick up 

appeared during onset of podding.  

The result indicates non-uniform uptake and accumulation of As across growth stages. Higher accumulation of As 

in shoots of L. leucocephala coincides with vigorous vegetative growth. Presumably, nutrient transport to pods which 

usually act as a powerful sink co-transferred and distributed substantial amount of As from other portions of shoot, 

particularly from leaves to pods.  

Although shoots of L. esculenta accumulated low amount of As, unlike L. leucocephala seedlings it followed the 

uniformity in As accumulation during pre-flowering, flowering and podding periods (Fig. 2). Further study, however, is 

needed to decipher the exact reasons behind differential trends in As accumulation in two species of Leucaena at different 

growth stages. Genotypic differences in accumulation of As was also observed in edible legume, lentil (Talukdar, 2013) 

Physiological and Antioxidant Defense Responses of Leucaena Species to As Exposure 

In order to ascertain the possible reasons behind the remarkable tolerance of L. leucocephala and sensitivity of L. 

esculenta to As-treatment, photosynthetic rate, pigment composition, chl stability index and responses of antioxidant 

defense molecules were studied. Leaf photosynthetic rate, pigment content and chl stability index were quite normal in L. 

leucocephala, but decreased significantly in L. esculenta plants under As exposure (Table 3).  

As is known to decrease photosynthesis by interfering with synthesis, structure and functions of both chlorophylls 

and carotenoids during onset of oxidative stress (Mascher et al., 2002; Talukdar, 2012c). Normal level of photosynthetic 

pigments in the present L. leucocephala plants presumably ensured good photosynthesis which consequently was 

instrumental in maintenance and promoting high growth even under elevated As exposure. Reduction of chl a content led 

to decline in chl a: chl b ratio in L. esculenta plants, which along with significantly low carotenoid content and reduced 

pigment stability might jeopardize the rate of photosynthesis and ultimately affected normal growth of plants under As 

treatment. 

The redox state of AsA and GSH depends on their reduced and oxidized forms, the ratio of which is perturbed 

during exposure to diverse types of stresses (Noctor and Foyer, 1998; Talukdar, 2011b, 2012b). AsA level increased in 

leaves of As-treated L. leucocephala plants by about 2-fold over control, while level of dehydroascorbate (DHA), the 

oxidized form of ascorbate, was remained unchanged under As exposure (Fig. 3A). This led to an increase in AsA redox 

(AsA/ AsA+DHA) in L. leucocephala leaves (Fig. 3B). Both AsA content and its redox state, however, declined 

significantly in leaves of As-treated L. esculenta plants (Figs. 3 A, B). On the other hand, total GSH content remained 
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unchanged in both species under As exposure but its redox state (GSH/(GSH+GSSG) increased significantly in L. 

leucocephala species and decreased  in L. esculenta seedlings under As exposure (Figs. 3 A, B).  

Significant increase in GSH redox state in As-treated L. leucocephala plants was mainly due to decrease in GSSG 

content. GSSG level, however, increased in L. esculenta plants rendering decrease in GSH redox state. High foliar GSH 

level might help L. leucocephala seedlings to accumulate As in its aboveground parts, as also observed in Pteris vittata 

(Wei et al., 2010), and along with elevated AsA level may accelerate uptake and transport of As by strengthening root 

growth through rapid cell cycle progression. Role of this thiol antioxidant in promoting root growth for metal accumulation 

and tolerance has been reported in different mutants/genotypes of Arabidopsis, Cicer, Lathyrus, and in other plants (Gupta 

et al., 2008; Talukdar, 2012a,b). 

Synchronized action of antioxidant enzymes is required for successful scavenging of free radicals (Noctor and 

Foyer, 1998; Kumar and Reddy, 2012). The changes in activities of all six antioxidative enzymes, including SOD, APX, 

GR, CAT, DHAR, and GSTs in two species of Leucaena under As treatment, are shown in figure 4. Barring activity of 

CAT which was remained normal under As treatment, activities of rest five enzymes increased significantly over control in 

As-treated L. leucocephala leaves (Figs. 4 A, B). The increase was 2.5-fold for SOD, 3-fold for APX and DHAR, and 4-

fold for both GR and GSTs. 

 Increased SOD activity indicates excess generation of superoxide radicals under As exposure. The resultant 

H2O2, a predominant ROS and signaling molecule, is readily scavenged by APX and CAT. The H2O2 level was quite 

normal in As-treated L. leucocephala plants (Fig. 5). Presumably, elevated activity of APX and quite normal level of CAT 

prevented excess H2O2 accumulation even under high As exposure. However, APX exclusively requires AsA as its co-

factor during scavenging of excess H2O2 and thus, continuously oxidizes AsA within AsA-GSH cycle (Nakano and Asada, 

1981).  

The redox balance of AsA is then maintained by the activity of DHAR which efficiently recycled AsA from its 

oxidized forms but in doing so it oxidizes GSH to GSSG. Within AsA-GSH cycle, GR regenerates GSH by reducing 

GSSG through a NADPH-dependent reaction (Noctor and Foyer, 1998). High DHAR and GR activities in the present L. 

leucocephala plants subjected to As treatment thus ensured steady supply of AsA and GSH respectively which, in turn, 

readily used by elevated level of APX to scavenge excess H2O2.  

The regeneration of AsA is extremely important as several APX isoforms become non-functional in presence of 

rising level of H2O2 during AsA deficiency and low AsA redox state (Nakano and Asada, 1981). Obviously, effective 

regeneration of AsA in the present L. leucocephala plants kept AsA redox at normal level, preventing H2O2-mediated 

down-regulation of APX activity under high As exposure, as also observed in an AsA-deficient mutant of a crop legume, 

Lathyrus sativus (Talukdar, 2012a). The GSTs have the capacity to conjugate metal/metalloid ions and to deposit them in 

vacuoles, but the enzyme exclusively requires GSH as its substrate to function efficiently (Li et al., 1995).  

High GSH level in L. leucocephala plants, thus, ensured elevated GSTs activity during As treatment and 

consequently, efficient vacuolar sequestration of As. The majority of As (60–90% of the total As) in the fronds of Pteris 

species was reportedly stored in the vacuoles, which is considered a key mechanism of As detoxification in the 

hyperaccumulator ferns (Zhao et al., 2010).  

The efficient scavenging of ROS in the present L. leucocephala plants eventually prevented As-induced 

membrane damage in the form of lipid peroxidation and membrane leakage, as was evident from low level of MDA 

content and EL% (Fig. 5). Rising MDA content and concomitant increase in EL% are often considered as marks of 
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oxidative stress in plants (Talukdar, 2011b; Kumar and Reddy, 2012). Certainly, this was not experienced by L. 

leucocephala plants which ultimately ensured normal to even improved photosynthesis, growth characteristics and seed 

yield at high concentration of As. The result has immense significance as the plants accumulated As mainly in shoots, and 

As has the capacity to inflict oxidative damage to plants. 

Completely reverse situation, however, was encountered in As-treated L. esculenta seedlings. Foliar SOD level 

increased by 4-fold, but activities of APX, CAT, DHAR, GR and GSTs declined significantly by about 3-7-fold in relation 

to control (Figs. 4 A, B). This unbalanced action not only generated excess H2O2 but also lowered redox state of both AsA 

and GSH (Figs. 3B, 5). This indicated severe disturbances in antioxidant defense system in L. esculenta due to As 

exposure. Consequently, this led to increased level of membrane lipid peroxidation and electrolyte leakage (Fig. 5). This 

marked the onset of As-induced oxidative stress which ultimately impeded photosynthesis, plant growth and seed yield in 

L. esculenta plants. 

 High antioxidant activities of L. leucocephala compared with L. esculenta during As exposure, thus, manifested 

better accumulation potential of As in case of former, confirming the earlier reports that compared with the non-

hyperaccumulator, As-hyperaccumulators possessed a higher antioxidant capacity and also maintained a lower level of 

ROS (Srivastava et al., 2005). Better growth and higher seed yield potential of L. leucocephala plants than those of 

L.esculenta seedlings under As treatment, as revealed in the present investigation, may be one of the prime reasons for 

rapid establishment of the former in the As-contaminated zones. 

CONCLUSIONS 

Present investigation for the first time revealed that L. leucocephala plants can uptake, transport and accumulate 

substantial amount of soil As in its aboveground parts far more efficiently than those in L. esculenta.  

The plants exhibited  remarkable tolerance to As treatment by modulating its antioxidant defense in favor of 

normal to even better growth and seed yield as compared to control, effectively preventing As-induced oxidative damage. 

By contrast, L. esculenta plants accumulated As mostly in its roots, and could not transport it in shoots. Failure to keep the 

antioxidant defense even in normal level during As exposure triggered As-induced oxidative stress in L. esculenta 

seedlings, inhibiting growth and seed yield to a significant extent.  

The good bioaccumulation potential of As in the aboveground parts of L. leucocephala plants may be used as an 

effective phytoremediation process in As-contaminated soils throughout the tropics, but at the same time it must be noted 

that the plants can invade polluted and contaminated native ecosystems more aggressively than non-contaminated areas 

due to its extremely high tolerance to toxic metals/metalloids, as revealed in the present investigation. 

 A balanced approach between bioremediation potential and the plant production ability of Leucaena species 

mediated through high growth must be taken to make this leguminous tree an effective environment friendly bioresource 

material for a large number of people inhabiting in As-prone areas. 
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APPENDICES 

Table 1: Arsenic (As) Concentrations (mg kg-1) and Bioaccumulation (bioaccumulation factors- BFs, Bioconcentration Factors-

BCFs, Transfer Factors-TFs, and Enrichment Factors -EFs) of Leucaena leucocephala and L. esculenta Collected from eight 

Different Study Sites of Gangetic West Bengal, India 

                                                                             Study sitesA
 

ParametersB Kalyani Chakdaha Haringhata Berhampore Barasat Baruipur Haldia Uttarpara Mean (n = 92)C 

(n =10) (n =12) (n =15) (n =15) (n =10) (n =10) (n =10) (n =10) 
 

Soil As 10.19 ± 0.11 b 22.65 ± 0.16 b 23.56 ±0.10 b 30.89 ± 0.16 a 29.01 ± 0.05 a 34.56 ± 

0.09 a 

0.11± 

0.08 c 

0.22 ± 

0.10 c 

18.91± 0.09 b 

Leucaena leucocephala    

Roots As 1.43 ± 0.11 c 2.91 ± 0.06 b 1.67 ± 0.18 c 3.39 ± 0.05 a  1.94 ± 0.11 c 1.98 ± 

0.12 c 

0.44 

±0.01 d 

0.46 ± 

0.03 d 

1.88 ± 0.08 c d' 

Stem As 41.11± 0.07 d 67.56 ± 0.15 c 59.88 ± 0.18 c 120.11± 0.18 a 82.67 ± 0.20 b 163.67 ± 

0.2 a 

2.56± 

0.06 e 

5.88 ± 

0.12 e 

67.88 ±0.10c a' 

Leaf As 3.99 ± 0.01 b 5.67 ± 0.05 a 4.17 ± 0.02 b 4.05 ± 0.02 b 5.12 ± 0.03 a 4.17 ± 

0.01 b 

0.19 ± 

0.01 c 

0.67 ± 

0.01 c 

3.51 ± 0.03 b c' 

Pod As 19.87 ± 0.08 c 45.87 ± 0.06 b 78.11± 0.12 a 75.45 ± 0.16 a 67.93 ± 0.13 a 67.87 ± 

0.09 a 

3.75 ± 

0.02 d 

5.77 ± 

0.01 d 

45.39 ± 0.12bb'  

Seed As 1.45 ± 0.03 c 2.67 ± 0.07 b 3.33 ± 0.08 a 2.98 ± 0.10 a 3.33 ± 0.09 a 2.89 ± 

0.08 b 

0.67 ± 

0.03 d 

0.04 ± 

0.00 d 

2.17 ± 0.07 b d' 

BFs (shoot 

As/soil As) 

6.49 ± 0.09 b 5.38 ± 0.10 c 6.21 ± 0.11 b 6.61 ± 0.12 b 5.51 ± 0.09 c 6.89 ± 

0.10 b 

65.31± 

0.11 a 

56.20 ± 

0.08 a 

6.31 ± 0.03 b 

BCFs (Root 

As/ soil As) 

0.14 ± 0.03 c 0.13 ± 0.05 c 0.07 ± 0.02 c 0.12 ± 0.05 c 0.07 ± 0.02 c 0.06 ± 

0.02 c 

4.02 ± 

0.09 a 

2.11 ± 

0.09 b 

0.09 ± 0.01 c 

TFs (shoot 

As/root As) 

46.45 ± 0.09 b 41.87 ± 0.11 b 87.20 ± 0.17 a 60.01 ± 0.08 a 81.98 ± 0.16 a >100.0 a 16.31± 

0.09 c 

26.91 ± 

0.11 c 

63.22 ± 0.10 a 

Stems + 

leaves As (C) 

1.01 ± 0.01 b 0.96 ± 0.002 b 1.31± 0.02 a 1.11 ± 0.01 b 0.67 ± 0.04 1.43± 

0.05 a 

0.01± 

0.00 c 

0.05 ± 

0.01 c 

0.82 ± 0.08 b 

EFs  44.55± 0.10 c 76.28± 0.09 c 48.98 ± 0.11 c 112.07 ± 0.08 b 131.02± 0.09 b 117.37± 

0.06 b 

275.0± 

0.17 a 

131.0 ± 

0.09 b 

117.03± 0.07 b 

Leucaena esculenta   

Roots As 65.47 ± 0.12 a 72.56 ± 0.11 a 31.87 ± 0.13 b 31.11 ± 0.14 b 46.67 ± 0.11 b 38.95 ± 

0.12 b 

0.78 ± 

0.07 c 

1.67 ± 

0.09 c 

36.47± 0.07 b a' 

Stem As 0.08 ± 0.02 c 0.78 ± 0.06 b 1.89 ± 0.08 a 1.89 ± 0.09 a 0.17 ± 0.02 c 0.17 ± 

0.03 c 

0.00 ± 

0.00 d 

0.00 ± 

0.00 d 

0.63 ± 0.07 b d' 

Leaf As 3.34 ± 0.08 b 6.05 ± 0.07 b 14.87± 0.12 a 18.78 ± 0.11 a 6.23 ± 0.05 b 25.56 ± 

0.17 a 

0.03 ± 

0.01 c 

0.07 ± 

0.02 c 

9.37 ± 0.08 b b' 

Pod As 3.13 ± 0.06 b 5.67 ± 0.05 a 0.78 ± 0.02 d 2.17 ± 0.04 c 3.25 ± 0.07 b 3.87 ± 

0.03 b 

0.01 ± 

0.00 e 

0.08 ± 

0.01 e 

2.37 ± 0.07 c c' 

Seed As 0.67 ± 0.02 c 1.03 ± 0.06 b 2.05 ± 0.02 a 1.17 ± 0.08 b 0.67 ± 0.01 c 2.76 ± 

0.07 a 

0.00 ± 

0.00 d 

0.02 ± 

0.01 d 

1.00 ± 0.07 b d' 

BFs (shoot 

As/soil As) 

0.71 ± 0.02 a 0.60 ± 0.03 a 0.83 ± 0.07 a 0.78 ± 0.02 a 0.36 ± 0.03 b 0.93 ± 

0.06 a 

0.36 ± 

0.01 b 

0.77 ± 

0.01 a 

0.68 ± 0.02 a 

BCFs (Root 

As/ soil As) 

6.42 ± 0.10 a 3.21 ± 0.07 b 1.36 ± 0.02 c 1.01 ± 0.05 c 1.61 ± 0.08 c 1.13 ± 

0.09 c 

7.11 ± 

0.09 a 

7.61 ± 

0.08 a 

1.91 ± 0.10 c 

TFs (shoot 

As/root As) 

0.11 ± 0.01 c 0.19 ± 0.02 c 0.61 ± 0.03 a  0.77 ± 0.03 a 0.22 ± 0.04 c 0.83 ± 

0.08 a 

0.05 ± 

0.01 d 

0.11 ± 

0.01 c 

0.35 ± 0.03 b 

Stems + 

leaves As (C) 

0.33 ± 0.01 b 0.39 ± 0.01 b 0.33± 0.02 b 0.51 ± 0.01 b 0.77 ± 0.04 a 0.43 ± 

0.05 b 

0.009± 

0.01 e 

0.04 ± 

0.01 c 

0.82 ± 0.08 a 

EFs 10.37 ± 0.04 a 17.08 ± 0.08 a 29.58 ± 0.08 a 20.92 ± 0.10 a 4.42 ± 0.07 b 5.73 ± 

0.09 b 

0.009± 

0.01 d 

1.75 ± 

0.05 c 

11.28  ± 0.08 a 
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A-
data are means ± SE of at least four replicates/sampling (n = 10-15), means followed by the same superscript 

letters are not significantly different at P < 0.05 by Duncan’s Multiple Range Test. B- Stems + leaves As (C)-As 

concentration in non-contaminated (control) locations (n = 10), EFs denotes the As concentration in the usable part (stems 

with leaves) of plants grown in As-contaminated areas / As concentration in the same parts of plants grown in non-

contaminated (control) areas. 
C-

mean of all samples in total of 8 study sites, means followed by the same superscript letters 

with apostrophe are not significantly different at P < 0.05 by Duncan’s Multiple Range Test for mean As concentrations 

among roots, stems, leaves, pods and seeds 

Table 2: Changes in Growth Traits and Arsenic (As) Accumulation Potentials (Bioaccumulation Factors- BFs, 

Bioconcentration Factors-BCFs, Transfer Factors-TFs, and Enrichment Factors -EFs) of 60 d Old (after Sowing) 

Leucaena leucocephala and L. esculenta in Pot Experiment under Control (0 mg kg
-1

 As added) and as-Treated   

(100 mg kg
-1

 added to Pot Soil) Conditions 

 

Growth Traits 
A
 

L. leucocephala L. esculenta 

Control As-Treated Control As-Treated 

Shoot length (cm) 27.11 ± 1.23
 b
 49.67 ± 1.09

 a
 23.33 ± 0.89

 b
 19.67 ± 1.29

 c
 

Root length (cm) 20.32 ± 1.11 b 37.90 ± 1.30 a 20.34 ± 1.56 b 22.09 ± 1.92 b 

Stem diameter 2.89 ± 0.09
 b

 7.87 ± 0.11
 a
 3.03 ± 0.08

 b
 2.99 ± 0.09

 b
 

Root diameter (mm) 0.36 ± 0.10 a  0.39 ± 0.16 b 0.35 ± 0.19 b 0.61 ± 0.28 a 

Plant cover (cm) 46.32 ± 3.23 a 43.76 ± 7.88 a 34.78 ± 6.23 a 20.11 ± 1.23 b 

Leaflets leaf
-1

 26.65 ± 4.79
 b
 39.58 ± 3.02

 a
 26.92 ± 3.23

 b
 11.18 ± 1.25

 c
 

Leaf area (cm2) 175.34 ± 20.2 b 268.8 ± 18.6 a 158.9 ± 31.9 b 118.5 ± 23.0 c 

Root DW pl
-1

(g) 0.28 ± 0.09
 c
 0.47 ± 0.17

 a
 0.25 ± 0.11

 c
 0.38 ± 0.13

 b
 

Shoot DW pl
-1

 (g) 0.78 ± 1.90
 b

 2.34 ± 1.45
 a
 0.73 ± 2.00

 b
 0.57 ± 1.11

 c
 

Leaf DW (g) 0.30 ± 0.05
 b

 0.49 ± 0.03
 a
 0.27 ± 0.06

 b
 0.12 ± 0.12

 c
 

Root DW: Shoot DW 0.41 ± 0.21
 b

 0.21 ± 0.11
 c
 0.34 ± 0.19

 b
 0.67 ± 0.18

 a
 

Days to flowering 18.6 ± 3.65
 b

 24.7 ± 6.89
 a
 23.8 ± 5.67

 a
 25.1 ± 6.76

 a
 

Pods Pl
-1

 80.9 ± 10.6
 b

 132.5 ± 12
 a
 95.8 ± 11

 b
 77.7 ± 10.7

 c
 

Seeds pod
-1

 20.8 ± 1.31
 b

 36.9 ± 1.65
 a
 18.5 ± 1.87

 b
 7.56 ± 0.34

 d
 

Seed yield pl
-1

 (g) 160.6 ± 0.29
 b
 343.1± 0.36

 a
 149.8 ± 0.09

 c
 68.9 ± 0.19

 d
 

1000 seed weight (g) 159.7 ± 0.11
 b
 211.9 ± 0.20

 a
 129.4 ± 0.19

 c
 57.7 ± 0.15

 d
 

Soil As (mg kg
-1

) 1.06 ± 0.05
 b

 117.6 ± 0.18
 a
 1.07 ± 0.08

 b
 119.7 ± 0.20

 a
 

Root As (mg kg
-1

) 0.03 ± 0.06
 d

 7.89 ± 0.05
 b

 0.96 ± 0.02
 c
 289.3 ± 0.19

 a
 

Shoot As (mg kg
-1

) 2.11 ± 0.12
 c
  676.8 ± 0.24

 a
 0.56 ± 0.09

 d
 3.88 ± 0.13

 b
 

BFs (shoot As/soil As) 1.99 ± 0.15 b 5.79 ± 0.23 a 0.51 ± 0.05 c 0.03 ± 0.11 d 

BCFs (Root As/ soil As) 0.028 ± 0.17
 d
 0.07 ± 0.03

 c
 0.90 ± 0.16

 b
 2.42 ± 0.13

 a
 

TFs (shoot As/root As) 70.33 ± 0.17
 b
 85.80 ± 0.21

 a
 0.58 ± 0.07

 c
 0.01 ± 0.03

 d
 

EFs 
B
 312.80 ± 0.33

a
 6.93 ± 0.14

b
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Table 3: Pigment Content, chl Stability Index  and Photosynthetic Rate in leaves of 60 d Old (after Sowing) 

Leucaena leucocephala and L. esculenta Seedlings in Pot Experiment under Control (0 mg kg
-1

 as Added) and As-

Treated (100 mg kg
-1

 Added to Pot Soil) Conditions 

Traits 
L. leucocephala L. esculenta 

Control As-Treated Control As-Treated 

Chlorophyll a (mg g
-1

 fresh weight) 1.50 ± 0.21
 a
 1.48 ± 0.18

 a
 1.41 ± 0.22

 a
 0.89 ± 0.11

 b
 

Chlorophyll b (mg g-1 fresh weight) 0.58 ± 0.12 a 0.60 ± 0.09 a 0.61 ± 0.18 a 0.56 ± 0.20 a 

Chl a/b ratio 2.60 ± 0.23
 a
 2.51 ± 0.25

 a
 2.31 ± 0.19

 a
 1.59 ± 0.11

 b
 

Chlorophyll stability index % 74.41 ± 0.27
 a
 73.89 ± 0.30

 a
 63.67 ± 0.19

 a
 41.78 ± 0.10

 b
 

Carotenoids (mg g-1 fresh weight) 1.31 ± 0.16 a 1.33 ± 0.13 a 1.22 ± 0.10 a 0.79 ± 0.08 b 

Photosynthetic rate (µmolCO2 m
–2

 s
-1

) 19.41 ± 0.11
 a
 18.32 ± 0.12

 a
 17.60 ± 0.15

 a
 7.79 ± 0.21

 a
 

 

 Data are means ± SE of at least four replicates, means followed by the same superscript letters are not 

significantly different at P < 0.05 by Duncan’s Multiple Range Test 

 

Figure 1: Study Area Showing the Eight Sample Sites (from North, Berhampore, Balagarh, Chakdaha, Kalyani, 

Barasat, Uttarpara, Baruipur, and Haldia) in the State of West Bengal, India 

 

 

Figure 2: Changes in Arsenic (As) Concentrations (mg Kg
-1

) in Shoots of Leucaena Leucocephala and L. Esculenta 

from the Days After Sowing in Pot Soil, Mean Values ± Standard Errors of at Least Four Replicates, F-Onset of 

Flowering, P-Onset of Podding Period 
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Figure 3: Alterations in (A) Content of Foliar Ascorbate (Asa), Dehydroascorbate (DHA), Reduced Glutathione 

(GSH) and its Oxidized Form (GSSG) and in (B) Redox State of Asa (Asa/ Asa+DHA) and GSH (GSH/GSH+GSSG) 

in Leucaena Leucocephala and L. Esculenta under Control (0) and Treated (100 Mg As Kg
-1

) Conditions. Data are 

Means ± Standard Errors of at Least Four Replicates, and with Same Lower Case Letter are not Significantly 

Different at P < 0.05 by Duncan’s Multiple Range Test 

Figure 4: Changes in Foliar Activities of (A) Superoxide Dismutase [SOD, U (Unit) mg
−1

 Protein], Ascorbate 

Peroxidase (APX, Nmol Asa Oxidized min
−1

 mg
−1

 Protein), Glutathione Reductase (GR, Nmol NADPH Oxidized 

min−1 mg−1 Protein), and Catalase (CAT, Nmol H2O2 min-1 mg-1 Protein), and of (B) Dehydroascorbate Reductase 

(DHAR, µmol Asa Formed min
-1

 mg
-1

 Protein) and Glutathione-S-Transferase (Gsts, Units min
-1

 mg
-1

 Protein) in 

Leucaena Leucocephala and L. Esculenta Under Control (0) And Treated (100 Mg As Kg
-1

) Conditions. Data are 

Means ± Standard Errors of at Least Four Replicates, and With Same Lower Case Letters are not Significantly 

Different at P < 0.05 By Duncan’s Multiple Range Test 

 

Figure 5: Changes in H2O2, Malondealdehyde (MDA) and Membrane Electrolyte Leakage (EL%) in Leaves of 

Leucaena Leucocephala and L. Esculenta under Control (0) and Treated (100 Mg As Kg
-1

) Conditions. Data are 

Means ± Standard Errors of at Least Four Replicates, and with Same Lower Case Letters are not Significantly 

Different at P < 0.05 By Duncan’s Multiple Range Test




