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Cadmium application inhibited various growth and biochemical parameters in seedlings of five cultivars of
Brassica junciaL. with differentmagnitude atlower Cd supply, however, athigher metal applications the variation
in Cd toxicity ranged with minor differences. The seedling vigour index (SVI) was inhibited more severely in
Gangotri (62.25% over control) and least in Pusa Jai Kisan (8.95%) at 1.0 mM CdCl,. The SVI of all five
mustard cultivars, however, severely inhibited (84.29-91.80%) at 5.0 mM Cd. The root and shoot elongationin
7 days old seedlings were inhibited by 32.39-40.38 and 11.83-56.40% respectively at 1.0mM CdCl, whereas
the varietal differences in root and shoot elongation were 76.71-82.47 and 71.57-78.91 respectively at 5.0 mM
CdCl, The genotypic differences atlower Cd level were more pronounced in shoot elongation than thatin the root
elongation. The dry weight and moisture content of the seedlings, however, does not show much varietal differences
evenatlower Cd level, though the Cd toxicity increased at higher level of Cd application. The metal tolerance index
(MTI)and % phytotoxicity of 3 days old seedlings ranged between 43.30-98.37 and 1.63-56.70% respectively at
1.0 mM CdCl, for different mustard genotypes, whereas at5.0 mM CdCl, these factors ranged between 12.26-
20.92 and 80.08-87.74% respectively. The varietal differences of MTl and % phytotoxicity was, however, less
pronounced atall the metal levels when the seedling attained an age of 7 days. Asimilar trend of genotypic variation
was noticed in Cd accumulation in the seedlings atlower and higher levels of Cd supply to the seedlings. Amongst
some biochemical parameters e.g. photosynthetic pigments, carbohydrates and proteins in the leaves, the
photosynthetic pigments i.e. chlorophylls and carotenoids were decreased more drastically. The carbohydrate
content of leaves, however, was the least affected component. Our data indicate that the differential toxicity of
cadmium to Indian mustard genotypes was dependent on the level of contamination and growth phases.
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Introduction

Heavy metal contamination of soil and water is one of the
most serious environmental problem across the world due to their
toxicity to human, animals, plants and microbes (Singh et al., 1997;
Meagher, 2000; Chandra et al., 2009). Cadmium is released into
the biosphere naturally by volcanoes, weathering of rocks
(Mahmood et al., 2005) as well as anthropoegenically through
various urban/industrial wastes such as mining and metal refining
(Fialkowski et al., 2003; John et al., 2007; Pandey et al., 2007),
compost application (Ramos and Lo’pez-Acevedo, 2004), cadmium
rich phosphate fertilizers (Jiang et al., 2005) and waste water
irrigation (Chandra et al., 2009). Like other toxic metals, Cdis also
taken up by the plants and gets accumulated in various plant parts
as free metal which may adversely affect the plant growth and

metabolism (Choudhary and Singh, 2000; Hasan et al., 2009;
Sylwia et al., 2010). In case, plant tolerate high level of the metal
and get survived in the metal rich environment, it may enter into the
food chain and can cause serious health hazards to animals and
human (Munzuroglu and Geckil, 2002).

Cadmium decreases activities of various enzymes (Gouia
etal., 2003; Mishra et al., 2006; Khan et al., 2006 and 2007; Singh
et al., 2008) and interfere with general and membrane physiology
such as oxidative reactions and nitrogen metabolism( Hasan et al.,
2009). Indian mustard (Brassica juncia), a high biomass producing
plant, has been one of the most studied terrestrial plants for its
potentiality to extract heavy metals including Cd from sails, fly ash
and sediments (Singh et al., 2007; Qadir et al., 2004; Marchiol et
al., 2006; Gasic and Korban, 2007; Simnova et al., 2007; Tickoo et
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al., 2007; Nouairi and Ammar, 2009). However, most of the studies
indicate that Cd toxicity and Cd accumulation in Brassica juncia is
genotype dependent and different cultivars may have different level
of tolerance to the metal due to their different genetic potentials. Our
objective for this work was to examine, whether the differential
toxicity of Cd to different genotypes of Indian mustard is independent
to plant age or metal levels in the plant rhizosphere or these two
factors affect the tolerance potential of the plant.

Materials and Methods

The seeds of different cultivars of Indian Mustard (Brassica
juncia L.) i.e. Pusa Jai Kisan (PJK) and Pusa Bold (PB) were
obtained from National Seed Disposal Centre of Indian Agricultural
Research Institute (IARI), New Delhi. Three other cultivars of
Brassicajuncia L. i.e. Gangotri, PT-1001 and Kranti were collected
from seed disposal centre, Lucknow. The uniform and healthy seeds
were selected on the basis of their abundance, and germination
quality. The seeds were surface sterilized in 0.1 % (w/v) mercuric
chloride (HgCl,) for five minutes to avoid fungal/bacterial
contamination and then washed thoroughly by running tap water
and thereafter by distilled water (DW) and placed 30 seeds in
sterilized Petridishes (100 mm diameter) with double layer of filter
paper (Whatman No.1). The filter papers were moistened with 5ml
of solution of 0.0, 0.5, 1.0, 2.0, 3.0 and 5.0 mM Cadmium chloride
(CdCl,). The covered Petridishes were kept at 25°C +2°C for 7
days in a growth room. A photoperiod of 130-135  mol m?s* for 16
hrwas provided with incandescent tubes and day light bulbs to the
germinating seedlings. The seeds were considered germinated
once the radical emerged about 2 mm out from the seeds. The root
and shoot length of germinated seeds were measured 3 and 7
days after germination using a meter scale. Seedling Vigour Index
(SVI) was calculated according to Abdul-Baki and Anderson, 1973
by multiplying percentage of germination with radical length.

Percent phytotoxicity was calculated on 3¢ as well as 7"d
after germination using the formula of Chou et al. (1976):
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Radicle length of control - radicle length of test

Percent Phytotoxicity = x 100

Radicle length of control
Metal tolerance index was calculated on 3 as well as 7" d
after germination from the radicle length using the formula of Tumer
and Marshal, 1972.

Radicle length of seed in test
Metal Tolerance Index (MTI) = 100

Radicle length of seed in control

Six seedlings were taken out randomly from each petri dish
and theirfresh and dry weight (g) was measured. Fresh weight (g)
was measured on 7" d after germination using a digital balance.
Seedlings were dried in a hot air oven (80+1°C) for the determination
of dry weight. Moisture percentage was calculated by formula;

Fresh wt of seedlings- Dry wt of seedlings
Moisture % = x 100

Fresh wt of seedlings

The content of chlorophyll and carotenoid in leaf samples
were estimated using the method by Arnon (1949). The total protein
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Fig. 1: Effect of Cd on seedling vigour index (SVI) of different mustard
cultivars. Data are mean of 6 replicates with standard error
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Fig. 2: Effect of Cd on moisture content (%) of different mustard cultivars in 7 days old seedlings. Data are mean of 6 replicates with standard error. Different
letters indicate statistically significant differences between the treatments at p< 0.05
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Fig. 4: Effect of Cd on metal tolerance index (MTI) in 3 days [A]and in 7 days old seedlings [B] of different mustard cultivars. Data are mean of 6 replicates

with standard error

was estimated by the method of Lowry et al. (1951) while total sugar
was determined by the method Dubois et al. (1956).

The experiments were carried out in the complete
randomized design (CRD). One way analysis of variance (SPSS,
Statistical package and MS Excel) was done on all data to confirm
the viability of data followed by Duncan multiple range tests to
determine the significance difference among treatments.

Results and Discussion

Seedling vigour index (SVI): The cadmium stress adversely
affected seedling vigour index (SVI) in all the cultivars which
was decreased with increasing level of CdCl, in rhizosphere.
The SVI was found higher in the cultivar Pusa Jai Kisan at all
the concentrations of Cd and ranged from 29.27 t0 240.0 (0.5
mM), where as the cultivar Gangotri have the least seedling
vigour index, ranged from 20.44 to 159.11 (0.5 mM). The SVI
was highest in the cultivar gangotri in the absence of CdCl,,
whereas the metal resulted lowest SVI in the cultivar gangotri

(Fig. 1).

Seedling elongation: Seedling growth was recorded as the
elongation of root and shoot of the young seedlings of Indian mustard
during the application of CdCl,. The heavy metal decreased
elongation of roots and shoots as a function of increase in Cd supply
(Table 1). The decrease in the root length was 16-28% in the
different cultivars at 1.0 mM Cd supply, the cultivar Pusa Jai Kisan
showed minimum decrease. Asimilar variationin the effect of Cd on
root elongation was maintained up to 2.0 mM of Cd application.
However, such a varietal difference could not be observed at 3.0
and 5.0 mM in root length of 7 days old B. Juncia seedlings. A
similar trend was observed in shoot elongation, as the cultivar Pusa
Jai Kisan showed fairly high tolerance over the other four cultivars
up to 2.0 mM CdCl, application (Table 1). The metal caused high
toxicity at 3.0-5.0 mMto all the five cultivars. In all the cultivars, the
roots were found more sensitive to cadmium than shoots, which
correspond to higher content of cadmium in roots than that in the
shoots (Fig. 7). In plants, roots are the first organ which come in to
contact with the toxic metal and it usually accumulate a higher amount
of the metal than that in shoots (Kumar et al., 1993; Bharti and Singh
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Table - 1: Root and shoot elongation (cm) of different mustard cultivars during application of CdCl, (0-5.0 mM)

Root length (cm) of 7 days old seedlings

Conc. (mM)

PJK PB Gangotri PT-1001 Kranti
0.0 5.28240.134 (100) 5.88240.115(100) 4.62°+0.066 (100) 5.20°£0.222 (100) 4.43°+0.079(100)
05 4.44°+0.030(84.09) 4.25°+0.141(72.27) 3.62°+0.038 (78.35) 4.00°+0.098 (76.92) 3.37°+0.186 (76.07)
1.0 3.57°40.052 (67.61) 3.85°+0.064 (65.47) 2.94°+0.088 (63.63) 3.10°+0.084 (59.62) 2.87°+0.092 (64.79)
20 2.63°+0.049 (49.81) 248°+0.037 (42.17) 1.949+0.037 (41.99) 2.57°+0.048 (49.42) 1.52°40.052 (34.31)
30 1.91°+0.088 (36.17) 2.119+0.121(35.88) 1.67%+0.062 (36.15) 1.78°£0.107 (34.23) 1.249+0.061 (27.99)
5.0 1.23'£0.046 (23.29) 1.12°£0.083(19.05) 0.81°+0.032(17.53) 0.92'+0.109 (17.69) 0.84°+0.081(18.98)
cD 0.662 0.283 0.28 0.211 0.382

Shoot length (cm) of 7 days old seedlings

0.0 3.13°+0.119(100) 3.72°+0.065 (100) 3.272+0.082 (100) 4.45°+0.098 (100) 4.55°+0.079(100)
05 3.1320.067 (100) 3.22°+0.024 (86.56) 2.812+0.054 (85.93) 3.56°+0.079(80.00) 3.56°+0.058 (78.24)
1.0 2.76°+0.052 (88.17) 2.17°+0.093 (72.48) 2.31°40.125(70.64) 3.04°+0.109 (43.60) 2.02°+0.052 (44.39)
20 2.26°+0.080 (72.20) 1.80%+0.030 (48.39) 1.64°¢0.074 (50.15) 1.9494+0.052 (32.81) 1.89%0.050 (41.54)
30 1.21%+0.050 (38.65) 1.32°£0.078(35.48) 1.129+0.061 (34.25) 1.46°£0.041(32.81) 1.25%0.085 (27.47)
5.0 0.89°+0.041 (28 43) 0.93+0.034 (25.00) 0.73°+0.029 (22.32) 1.11%£0.072 (24.94) 0.96°+0.048 (21.09)
cD 0.215 0.266 0.386 0.309 0.394

Data are mean of 6 measurements with standard error. Values followed by different letters are significantly differences between the treatments at p<0.05,

values are parentheses are relative to control

Table - 2: Dry weight of 7 days old seedlings (g) of Indian mustard cultivars during application of CdCl, (0-5.0 mM)

Conc. (mM) PJK PB Gangotri PT-1001 Kranti

0.0 0.056°+0.005 (100) 0.0522+0.006 (100) 0.053°+0.003 (100) 0.059°+0.001(100) 0.0522+0.004 (100)
05 0.049°+0.001 (87.05) 0.049°+0.004 (93.59) 0.051°+0.002 (95.00) 0.054°+0.002 (91.01) 0.048°+0.006 (84.71)
1.0 0.047°£0.002 (83.92) 0.043°£0.001 (82.69) 0.046°£0.003 (86.79) 0.053°£0.002 (89.33) 0.046°+0.002 (81.18)
20 0.044°+0.003 (78.57) 0.039°+0.003 (75.64) 0.041°+0.002 (77.35) 0.046°+0.003 (77.96) 0.045%+0.001 (79.41)
30 0.043°+0.001 (76.78) 0.038°+0.002 (73.08) 0.039°+0.001 (73.78) 0.042°+0.003 (70.22) 0.041°£0.003 (72.35)
5.0 0.039'+0.001 (69.64) 0.035+0.002 (67.95) 0.035'+0.003 (66.94) 0.041+0.002 (69.29) 0.038+0.001 (67.29)
cD NS NS 0.002 0.011 NS

Data are mean of 6 measurements with standard error. Values followed by different letters are significantly differences between the treatments at p<0.05,

values are parentheses are relative to control, NS = Non significant

1993, 1994; Bharti et al., 1996; Simonova et al., 2007). The
reductionin germination and growth due to the cadmium stress may
result as a consequence of many biochemicals, physiological and
molecular changes in the plants. Cadmium toxicity in plants has
been reflected as stunted growth, leaf chlorosis and alterationin the
activity of key enzymes of various metabolic pathway (Bharti and
Singh, 1994; Di Toppi and Gabbrielli, 1999; Chaudhary and Singh,
2000; Sharma et al., 2010).These affects may be consequence of
inhibition of some primary physiological processes e.g. nitrogen
assimilation and other metabolic processes (Bharti and Singh, 1994;
Bharti et al., 1996). The higher reduction in root elongation than
that in shoots could be a result of more retention of cadmium in
roots (Sharma et al., 2010). Possibilities of the metal induced
phytochelatins in the shoot are also much more likely because of
a delayed supply of the metal to the organ (Grill et al., 2007;
Sylwia et al., 2010).

Biomass accumulation: The biomass accumulation (dry weight
and moisture content) represents overall growth of the plants.
Application of CdCl, (0.5 to 5.0 mM) to the germinating seedlings
reduced dry weight and moisture contentin B. juncia cultivars (Table 2).
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The total dry weight accumulation of the seedlings was comparatively
less affected by Cd in all the five cultivars of Indian mustard. The
maximum decrease in dry weight at 5.0 mM Cd application was less
than 35% whereas that in root and shoot length was up to 80 and
78% respectively atthe same metal application. Cadmium reduced
percent moisture content in 7 d old Indian mustard seedlings as a
function of the metal concentration (Fig. 2). The reduction in moisture
content was found least in the cultivar Pusa Jai Kisan, whereas, it
was maximum in cultivar Gangotri. Application/contamination of
cadmium to the plant rhizosphere reduces biomass accumulation in
terms of dry weight and fresh weight in many plants (Bharti and
Singh, 1994; Bharti et al., 1996; Chaudhary and Singh, 2000;
Correa et al., 2006; Simnova et al., 2007). Genotoxicity and
ecotoxicity of cadmium in animals have also been reported (Fowler,
2009; Adiele et al., 2010; Jihen et al., 2010; Lag et al., 2010). The
mechanism of cadmium toxicity is not completely understood yet,
however, as per the pertaining literature it can alter the uptake of
minerals by plants (Sharma and Dubey; 2006), can reduce soil
microbes and inhibit stomatal opening, transpiration photosynthesis
and nitrogen metabolismin plants (Bharti and Singh, 1994; Bharti et
al., 1996; Chaudhary and Singh, 2000; Shridhar et al., 2007).
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Cadmium in higher concentration damages root tip, reduce nutrient
and water uptake, impairs photosynthesis and inhibits growth of the
plants (Chaudhary and Singh, 2000; Jihen et al., 2010; Lag et al.,
2010). The basis of these dysfunctions is due to formation of metal
thiolate bond and alteration of cell wall and membrane permeability
by binding of nucleophylic groups (Stohs et al., 2000; Schutzendubel
et al., 2003).

Phytotoxicity and metal tolerance index (MTI): The
phytotoxicity and metal tolerance index, both are the parameters

which depend on the growth of the radical length of the seedlings.
The phytotoxicity was found increased in all the cultivars with
increased Cd supply (Fig. 3. A, B). The studies on these parameters
indicated that the varietal differences in Indian mustard during Cd
toxicity were higher not only at the lower metal levels but also at
early age of the seedlings. At 3 days the varietal differences in
response to Cadmium toxicity was higher as compared to that on 7"
days (Fig. 3. A, B). When the plants were grown up to seven days
in the metal stress, even the sensitive cultivars recover for the
growth and showed less varietal differences. The cultivar Pusa Jai
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differences between treatments at p<0.05

Kisan showed least phytotoxicity after three days as well as after
seven days of Cd treatment. It was least at all the concentrations of
Cd than the other cultivars. The phytotoxicity ranged from -3.27 to
84.08 (5.0 mM) in Pusa Jai Kisan, whereas it ranged from 33.33 to
87.74 (5.0 mM) in the cultivar Gangotri showing highest phytotoxicity.
The metal tolerance index was found in contrast to the phytotoxicity
for all the cultivars. The metal tolerance was highest in the cultivar
Pusa Jai Kisan whereas, it was lowest in the cultivar Gangotri (Fig.
4 A, B). The decrease in metal tolerance index and increase in
percent phytotoxicity with increase in Cd concentrations in the
rhizosphere has been reported recently in Cicer arientinum and
Phaseolus mungo (Kumar et al., 2009). Similar results was found
in Brassica juncia by nickel application (Bauddh and Singh, 2009).
Cadmium toxicity adversely affects germination of seeds, seedling
vigour, plant growth, and metabolism by limiting water transport to
growing tissues and leaves impairing transpiration rate, causing
ultra structural changes in cell organelles and altering activity of
enzymes of various metabolic pathways (Belimov et al., 2007;
Dinakar et al., 2008; Chen et al., 2010). Avoidance and tolerance
tometal ions in symplasm by complexation are the two mechanisms
reported for the tolerance to heavy metals in the plants (Rengel,
1997; Seregin and Ivano, 2001; Sharma and Dubey, 2006; Shi
and Cai, 2009).

Pigments, total sugar and total protein contents: Cadmium
decreased chlorophyll and carotenoids, total sugars and total
proteiniin 7 d old seedlings of all five cultivars of Indian mustard
(Fig. 5, 6and 7). The photosynthetic pigments; chl a, chl b and total
chl as well as carotenoids in the leaves of the seedlings were
very sensitive to the cadmium toxicity (Fig. 5. Aand B and Fig. 6
A,B,Cand D). Amongst the different pigments Chl a and carotenoids
were more sensitive to cadmium toxicity than Chl b. The
photosynthesis which is directly related to the plant productivity is
considered sensitive to most of the abiotic stresses. Cadmium
exposure have been reported to variably decrease the chlorophyll
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contents in Triticum aestivum (Latif, 2008), B. juncia (Ebbs and
Unchil, 2008) and cotton (Bachir et al., 2004). The reduction of
biomass by cadmium toxicity was considered as a direct
consequence of inhibition in chlorophyll biosynthesis and
photosynthesis (Padmaja et al., 1990; Hasan et al., 2009).

The carbohydrate content in the leaves of seedlings was
found slightly increase at lowest concentration of Cd (0.5 mM)
whereas, after 0.5 mM the carbohydrate was drastically reduced
with increase in the concentration of Cd (Fig. 6. C, D). Sugar
metabolism is adversely affected in the plants growing under the
stresses (Jha and Dubey, 2004). In many plant species, the
accumulation of soluble sugars has been observed in response to
various environmental stresses (Agarwal and Singh, 2003).
Reducing sugar formation in almond was found enhanced by
cadmium (Nada et al., 2007).

Bioaccumulation of Cd in seedlings of mustard cultivars:
The accumulation of Cd in to the seedlings was found increased
with increase the levels of Cd in the culture media in all the cultivars
(Fig. 7). The accumulation of Cd?*has been reported in the plants
grown in hydroponic, pot culture and under field conditions (Bharti
and Singh, 1994; Bharti et al., 1996; Chaudhary and Singh, 2000;
Aeri and Rana, 2002; Qadir et al., 2004; Benavides et al., 2005;
Zhang et al., 2010; Bradac et al., 2010; Liu et al., 2010; Sharma et
al., 2010). At the lower concentration the accumulation of Cd was
significantly different in the different cultivars; however, at the higher
concentrations the accumulation of Cd was in the close vicinity in all
the five cultivars studied. The cultivar PJK showed highest
accumulation of the metal. It is possible that more Cd induced
phytochelatins are synthesized in this cultivar which provide more
tolerance as well as higher metal accumulation in the vacuoles. It
has been recognised that metal accumulation capacity varies greatly
between different species and cultivars and is affected by various
abiotic conditions (Shi and Cai, 2009; Chandra et al., 2009; Selvam
and Wong, 2009).



Toxicity of cadmium to mustard genotypes

Acknowledgments

Rajeev Gandhi National Fellowship (RGNF) by UGC, New
Delhi to Kuldeep Bauddh has provided the financial support for this
work. Itis gratefully acknowledged.

References

Abdul-Baki, A.A. and J.D. Anderson: Relationship between decarboxylation
of glutamic acid and vigour in soyabean seeds. Crop Sci., 13,
222-226 (1973).

Adiele, R.C., D. Stevens and C. Kamunde: Reciprocal enhancement of
uptake and toxicity of cadmium and calcium in rainbow trout
(Oncorhynchus mykiss) liver mitochondria. Aqua. Toxicol., 96, 319-327
(2010).

Aeri, N.C. and D.K. Rana: Growth and cadmium uptake in barley under
cadmium stress. J. Environ. Biol., 4, 117-123 (2002).

Agarwal, M. and D. Singh: Physiological and biological and SO, singly and
in combination. Environ. Pollut., 121, 189-197 (2003).

Arnon, D.l.: Copper enzymes in violated chloroplast polyphenol oxidase in
Beta vulgaris. Plant physiology, 24, 1-15 (1949).

Ashour, E.H., R.A., El-Mergawi and S.M.A. Radwan: Efficacy of
Pseudomonas to phytoremediate nickel by Canola (Brassica napus).
J. Appl. Sci. Res., 2, 375-382 (2006).

Bachir, D.M.L., F.B. Fu, G.P. Zhang and H.X. Wu: Genotypic differences in
effect of cadmium on the development and mineral concentration of
cotton. Comm. Soil Sci. Plant. Anal., 35, 285-299 (2004).

Bauddh, K. and R.P. Singh: Genotypic differences in nickel (Ni) toxicity in
Indian mustard (Brassica juncia L.). Pollut. Res., 28, 699-704 (2009).

Belimov, A.A., V.I. Safronova, S.V. Demchinskaya and O.0. Dzyuba:
Intraspecific variability of cadmium tolerance in hydroponically grown
Indian mustard (Brassica juncia L.) seedlings. Acta Physiol. Plant.,
29, 473-478 (2007).

Benavides, M.P., S.M. Gallelo and M.L.Tomaro: Cadmium toxicity in
plants. Braz. J. Plant. Physiol., 17, 21-34 (2005).

Bharti, N. and R.P. Singh: Growth and nitrate reduction by Sesamum
indicum cv PB-1 respond differentially to lead. Phytochemistry, 33,
531-534 (1993).

Bharti, N. ans R.P. Singh: Antagonistic effect of NaCl to different heavy
metal toxicity regarding in vivo nitrate reductase activity and organic
nitrogen contents of roots and leaves of Sesamum indicum L cv PB-1.
Phytochemistry, 35,1157-1161 (1994).

Bharti, N., R.P. Singh and S.K. Sinha: Effect of CaCl, on heavy metal
induced alteration in growth and nitrate assimilation of Sesamum
indicum seedlings. Phytochemistry, 41,105-109 (1996).

Bradac, P., B. Wagner, D. Kistler, J. Traber, R. Behra and L. Sigg: Cadmium
speciation and accumulation in periphyton in a small stream with
dynamic concentration variations. Environ. Pollut., 158, 641-648
(2010).

Chandra, R., R.N. Bhargava, S. Yadav and D. Mohan: Accumulation and
distribution of toxic metals in Wheat (Triticum aestivum L.) and Indian
mustard (Brassica compestries L. ) irrigated with distillery and tannery
effluent. J. Haz. Mat., (2009).

Chaudhary, A and R.P. Singh: Cadmium induced changes in diamine
oxidage activity and polyamine label in Vigna radiate wilczek. J.
Plant Phyiol., 156, 704-710 (2000).

Chen, H.S., Q.Y. Huang, L.N. Liu, P.C. and W.L. Ming: Poultry manure
compost alleviates the phytotoxicity of soil cadmium: Infulence of
growth of pakchoi (Brassica chinensis L.). Pedosphere, 20, 63-70 (2010).

Chou, C.H. and H.J. Lin: Autointoxication mechanism of Oriza sativa L.
phytotoxic effects of decomposing rice residues in soil. J. Chem.
Ecol., 2, 353-367 (1976).

Correa, A.X.da R., L.R. Rorig, M.A. Verdinelli, S. Cotelle, J. Ferard and
C.M. Radestski: Cadmium phytotoxicity: Quantitative sensitivity
relationships between classical endpoints and antioxidative enzymes
biomarkers. Sci. Total Environ., 357, 120-127 (2006).

Di Toppi, L.S. and R. Gabrilli: Response to cadmium in higher plants.
Environ. Exp. Bot., 41, 105-130 (1999).

361

Dinakar, N., P.C. Nagajyothi, S. Suresh, Y. Udaykiran and T. Damodharam:
Phytotoxicity of cadmium on prtein, proline and antioxidant enzyme
activities in growing Arachis hypogaea L. seedlings. J. Environ.
Sci., 20, 199-206 (2008).

Dubois, M., K.A. Gilles, J.K. Hamilton, P.A. Rebers and F. Smith: Colorimetric
method for determination of sugars and related substances. Anal.
Chem., 28, 350-356 (1956).

Ebbs, S. and S. Unchil: Cadmium and zinc induced chlorosis in Indian
mustard (Brassica juncea (L.) Czern) involves preferential loss of
chlorophyll b. Photosynthetica, 46, 49-55 (2008).

Fialkowski, W., M. Klonowska-Olejnik, B.D. Smith and P.S. Rainbow:
Mayfly larvae Baetis rhodani and B. vernus as biomonitors of trace
metal pollution in streams of a catchment draining a zinc and lead
mining area of upper Silesia, Poland. Environ. Pollut., 122, 253-267
(2003).

Fowler, B.A.: Monitoring of human populations for early markers of Cd
toxicity: A review. Toxicol. Appl. Pharmacol, 238, 294-300 (2009)

Gasic, K. and S. Korban: Transgenic Indian mustard (Brassica juncia L.)
plants expressing an Arabodopsis Phytochelatin synthase (AtPCS1)
exhibit enhanced As and Cd tolerance. Plant. Mol. Biol., 64, 361-369
(2007).

Gouia, H., A. Suzuki, J, Brulfert and M.H. Ghorbal: Effects of cadmium on
the co-ordination of nitrogen and carbon metabolism in bean seedlings.
J. Plant Physiol., 160, 367-376 (2003).

Grill, E., S. Mishra, S. Srivastava and R.D. Tripathi: Role of phytochelatins
in remediation of heavy metals. In: Environmental bioremediation
technologies (Eds.: S.N. Singh, R.D. Tripathi). Springer. pp. 101-146
(2007).

Hasan, S.A., Q. Fariduddin, B. Ali, S. Hayat and A. Ahmad: Cadmium:
Toxicity and tolerance in plants. J. Environ. Biol., 30, 165-174
(2009).

Jha, A.B. and R.S. Dubey: Carbohydrate metabolism in growing ice
seedlings under arsenic toxicity. J. Plant Physiol., 161, 867-872
(2004).

Jiang, D., W. Fei-bo and Z. Guo-ping: Effects of cadmium on growth and
photosynthesis of tomato seedlings. J. Zhejiang Uni Sci., 6B, 974-980
(2005).

Jihen, E.H., H. Fatima, A. Nouha, T. Baati, M. Imed and K. Abdelhamid:
Cadmium retention increase: A probable key mechanism of the
protective effect of zinc on cadmium induced toxicity in the kidney.
Toxicology Letters, 196, 104-109 (2010).

John, R., P. Ahmad, K. Gadgil and S. Sharma: Antioxidative response of
Lemna polyrhiza L. to cadmium stress. J. Environ. Biol., 28, 583-589
(2007).

Khan, N.A., I. Ahmad, S. Singh and R. Nazar: Variation in growth,
photosynthesis and yield of five wheat cultivars exposed to cadmium
stress. World J. Agric. Sci., 2, 223-226 (2006).

Khan N.A., Samiullah, S. Singh and R. Nazar: Activities of antioxidative
enzymes, sulphur assimilation, photosynthetic activity and
growth of wheat (Triticum aestivum) cultivars differing in yield
potential under cadmium stress. J. Agron. Crop Sci., 193, 435-444
(2007).

Kumar, N., K. Bauddh, R. Singh, K. Anand, S.C. Barman and D.P. Singh:
Phytotoxicity of trace metals (Cu and Cd) to Gram (Cicer arientinum)
and Mung (Phaseolus mungo). J. Ecophysiol. Occup. Hlth., 9, 59-65
(2009).

Kumar, G., R.P. Singh and Sushila: Nitrate assimilation and biomass
production in Sesamum indicum L. seedlings in a lead enriched
environment. Water Air Soil Pollution, 66, 163-171 (1993).

Lag, M., D. Rodionov, J. Ovrevik, O. Bakke, P.E. Schwarze and M.
Refsne: Cadmium induced inflammatory responses in cells relevant
for lung toxicity. Expression and release of cytokines in fibroblasts,
epithelial cells and macrophages. Toxicol. Lett., 193, 252-260 (2010).

Latif, A.A.: Cadmium induced changes in pigment content, ion uptake,
proline content phosphoenolpyruvate carboxylase activity in
Triticul Aestivum seedlings. Australian J. Bas. Appl. Sci., 2, 57-62
(2008).

Journal of Environmental Biology o May 20110



362

Liu, X., K. Peng, A. Wang, C. Lian and Z. Shen: Cadmium accumulation
and distribution in populations of Phytolacca americana L. and the
role of transpiration. Chemosphere, 78, 1136-1141 (2010).

Lowry, O.H., N.J. Sosenbrough, A.L. Farr and R.J. Randall: Protein
measurement with folin phenol reagent. J. Biol. Chem., 193, 265-
205 (1951).

Mahmood, S., A. Hussain, Z. Saeed and M. Athar: Germination and seedling
growth of corn (Zea mays L.) under varying levels of copper and
zinc. Int. J. Environ. Sci. Tech., 2, 269-274 (2005).

Marchiol, L., S. Assolari, G. Fellet and G. Zerbi: Germination and seedling
growth of Indian mustard exposed to cadmium and chromium. Ifal.
J. Agron. Riv. Agron., 1, 45-49 (2006).

Meagher, R.B.: Phytoremediation of toxic elemental and organic pollutants.
C. Op. Plant Biol., 3, 153-162 (2000).

Mishra, S., S. Srivastava, R.D. Tripathi, R. Govindarajan, S.V. Kuriakose
and M.N.V. Prasad: Phytochelatin synthesis and response of
antioxidants during cadmium stress in Bacopa monniera. Plant
Physiol. Biochem., 44, 25-37 (2006).

Munzuroglu, O. and H. Geckil: Effects of metals on seed germination, root
elongation, and coleoptile and hypocotyl growth in Triticum aestivum and
Cucumis sativus, Arch. Environ. Contam. Toxicol., 43, 203-213 (2002).

Nada, E., B.A. Ferjani, R. Ali, B.R. Bechir, M. Amed and B. Makki:
Cadmium induced growth inhibition and alteration of biochemical
parameters in alomond seedlings grown in solution culture. Acta.
Plant Physiol., 29, 57-62 (2007).

Nouairi, I. and W. Ammar: Antioxidant defense system in leaves of Indian
mustard (Brassica juncia) and rape (Brassica napus) under cadmium
stress. Acta. Physiol. Plant., 31, 237-247 (2009).

Padmaja, K., D.D.K. Prasad and A.R.K. Prasad: Inhibition of chlorophyll
synthesis in Phaseolus valgaris seedlings by cadmium acetate.
Photosynthetica, 24, 399-405 (1990)

Pandey, S., K. Gupta and A.K. Mukharjee: Impact of cadmium and lead on
Catharanthus roseus- A phytoremediation study. J. Environ. Biol.,
28, 655-662 (2007).

Qadir, S., M.I. Qureshi, S. Javed and M.Z. Abdin: Genotypic variation in
phytoremediation potential of Brassica juncea cultivars exposed to
Cd stress. Plant Sci., 167, 1171-1181 (2004).

Ramos, M.C. and M. Lopez-Acevedo: Zinc levels in vineyard soils from
the Alt Penede's-Anoia region (NES pain) after compost application.
Adv. Environ. Res., 8, 687-696 (2004).

Rengel, Z.: Mechanism of plant resistance to aluminium and heavy metals.
In: Mechanism of environmental stress resistance in plants (Eds.:
A.S. Basra and R.K. Basra). Harwood Academic Publishers,
Amsterdam. pp. 241-276 (1997).

Schutzendubel, A., P. Schwanz, T. Teichmann, K. Gross, R. Lanenfeld-
Heyser, D.L. Godbold and A. Polle: Cadmium induced changes in
antioxidative systems, hydrogen peroxide content and differentiation
in scots pine roots. Plant Physiol., 127, 887-898 (2003).

Selvam, A. and J.W.C. Wong: Cadmium uptake potential of Brassica
napus cocropped with Brassica parachinensis and Zeas mays. J.

Journal of Environmental Biology o May 20110

Kuldeep Bauddh and Rana P. Singh

Haz. Mat., 167, 170-177 (2009).

Seregin, 1.V. and V.B. Ivaniov: Physiological aspects of cadmium and lead
toxic effects on higher plants. Russian J. Plant Physiol., 48, 606-630
(2001).

Sharma, A, M. Sainger, S. Dwivedi, S. Srivastava, R.D. Tripathi and R.P.
Singh: Genotype variation in Brassica juncea L., Czern. Cultivars
and growth, nitrate assimilation, antioxidants response and
phytoremediation potential during cadmium stress. J. Environ. Biol.,
31, 773-780 (2010).

Sharma, P. and R.S. Dubey. Cadmium uptake and its toxicity in higher
plants. /n: Cadmium toxicity and tolerance in plants (Eds.: N.A.
Khan Samiullah). Narosa, New Delhi. pp. 63-86 (2006).

Shi, G. and Q. Cai: Cadmium tolerance and accumulation in eight potential
energy crops. Biotech. Adv., 27, 555-561 (2009).

Simonova, E., M. Henselova, E. Masarovicova and J. Cohanova:
Comparison of tolerance of Brassica juncia and Vigna radiata to
cadmium. Biologia Platarum, 51, 488-492 (2007).

Singh, S., N.A. Anjum, N.A. Khan and R. Nazar: Metal-binding peptides
and antioxidant defense system in plants: Significance in cadmium
tolerance. In: Abiotic stress and plant responses (Eds.: N.A. Khan,
S. Singh). IK International, New Delhi. pp. 159-189 (2008).

Singh, R.P., S. Dabas, A. Choudhary and R. Maheshwari: Effect of lead on
nitrate reductase activity and alleviation of lead toxicity by inorganic
salts and 6-benzylaminopurine. Biol. Plant., 40, 339-404 (1997).

Singh, R.P., H.B. Singh, A. Sharma, S.M.H. Rizvi and P.K. Jaiwal:
Phytoremediation of heavy metals using Indian mustard. Brassica,
3, 33-41 2001. Singh R.P., G. Dhania, A. Sharma and P.K. Jaiwal:
Biotechnological approach to improve phytoremediation efficiency
for environmental contaminants. /n: Environmental bioremediation
technologies. (Eds.: Singh S.N., R.D. Tripathi). Springer. pp. 223-
258 (2007).

Sridhar, B.B.M., F.X. Han, S.V. Diehl, D.L. Monts and Y. Su: Effect of Zn
and Cd accumulation on structural and physiological characteristics
of barley plants. Braz. J. Plant Physiol., 19, 15-22, (2007).

Stohs, S.J., D. Bagachi, E. Hassoun and M. Bgachi: Oxidative mechanism
in the toxicity of chromium and cadmium ions. J. Environ. Pathol.
Toxicol. Oncol., 19, 201-213 (2000).

Sylwia, W., R. Annab, B. Ewab, C. Stephanc and A. D. Maria: The role of
subcellular distribution of cadmium and phytochelatins in the generation
of distinct phenotypes of AtPCS1- and CePCS3 expressing tobacco.
J. Plant Physiol., 167, 981-988 (2010).

Tickoo, S., V.K. Sindhu and H.B. Singh: Screening of Indian mustard (B.
juncia L. Czern and Coss). Genotypes for its cadmium accumulation
and tolerance. Physiol. Mol. Biol. Plant, 13, 37-46 (2007).

Turner, R.C. and C. Marshal: Accumulation of zinc by sub-cellular fraction
of root of Agrotis tennis Sibith in relation to zinc tolerance. New
Phytol., 71, 671-676 (1972).

Zhang, X., S. Zhang, X. Xu, T. Li, G. Gong, VY. Jia, Y. Li and L. Deng:
Tolerance and accumulation characteristics of cadmium in Amaranthus
hybridus L. J. Haz. Mat. (in press) (2010).



