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Abstract This study, based on a greenhouse pot culture ex-
periment conducted with 15-day-old rapeseed (Brassica
campestris L. cv. Pusa Gold; family Brassicaceae) and moong
bean (Vigna radiata L. Wilczek cv. Pusa Ratna; family
Fabaceae) plants treated with cadmium (Cd) concentrations
(0, 50, and 100 mg kg−1 soil), investigates their potential for
Cd accumulation and tolerance, and dissects the underlying
basic physiological/biochemical mechanisms. In both species,
plant dry mass decreased, while Cd concentration of both root
and shoot increased with increase in soil Cd. Roots harbored a
higher amount of Cd (vs. shoot) in B. campestris, while the
reverse applied to V. radiata. By comparison, root Cd concen-
tration was higher inB. campestris than inV. radiata. The high
Cd concentrations in B. campestris roots and V. radiata shoots
led to significant elevation in oxidative indices, as measured in
terms of electrolyte leakage, H2O2 content, and lipid peroxi-
dation. Both plants displayed differential adaptation strategies
to counteract the Cd burden-caused anomalies in their roots
and shoots. In B. campestris, increasing Cd burden led to a
significantly decreased reduced glutathione (GSH) content but
a significant increase in activities of GSH reductase (GR),
GSH peroxidase (GPX), and GSH sulfotransferase (GST).
However, in V. radiata, increasing Cd burden caused signifi-
cant increase in GSH content and GR activity, but a significant
decline in activities of GPX and GST. Cross talks on Cd

burden of tissues and the adapted Cd tolerance strategies
against Cd burden-accrued toxicity indicated that
B. campestris and V. radiata are good Cd stabilizer and Cd
extractor, respectively, wherein a fine tuning among the major
components (GR, GPX, GST, GSH) of the GSH redox system
helped the plants to counteract differentially the Cd load-
induced anomalies in tissues. On the whole, the
physiological/biochemical characterization of the
B. campestris and V. radiata responses to varying Cd concen-
trations can be of great help in elaborating the innovative
plant-based remediation technologies for metal/metalloid-
contaminated sites.
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Introduction

Cadmium (Cd), ranked as # 7 among the top 20 toxins (Yang
et al. 2004), is classified as a human carcinogen; food crops
constitute the main source of Cd intake by humans (IARC
1993; Satarug et al. 2002; UNEP 2008). At global scale, Cd
content in surface soils lies in the range of 0.07 to 1.1 mg kg−1

soil, whereas values above 0.5 mg kg−1 usually reflect the
anthropogenic Cd inputs (WHO 2007). Although 100 mg
Cd kg−1 soil is considered as the regulatory limit of Cd in
agricultural soils (Salt et al. 1995), this threshold is rising
gradually due to agricultural application of phosphate fertil-
izers and municipal sewage sludge for soil amendment (Sanita
di Toppi and Gabbrielli 1999; Polle and Schützendübel 2003;
DalCorso et al. 2010; Gill et al. 2012). Despite its physiolog-
ical function being unknown, Cd is readily taken up by crop
plants to toxic levels. Given this, Cd-contaminated
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agricultural soil as well as the subsequent food chain deserves
special attention (Satarug et al. 2002; Gill and Tuteja 2011).

Development of strategies to clean sustainably the
metal-contaminated agricultural soils has long been a chal-
lenge before the global scientific community. In this perspec-
tive, the plant- and associated microbe-mediated
phytoremediation/bioremediation has been accepted as a
preferable, effective, environment-friendly, and low-cost
cleanup option (Ali et al. 2013). Phytoextraction and
phy tos t ab i l i z a t i on a re among the mos t use fu l
phytoremediation techniques for metal/metalloid removal
and stabilization in polluted soils. These are controlled by
several plant-associated factors, including (a) high metal
accumulation and its subsequent translocation from roots to
harvestable organs (such as shoots), and (b) high metal
accumulation by roots but least translocation of the
accumulated metals to the above ground plant parts, which
modulate the efficiency of plants for metal/metalloid
extraction and stabilization, respectively. In turn, the plant
capacity to tolerate high metal/metalloid burdens caused
by phytoextraction or phytostabilization decides the success
of the metal/metalloid remediation system (Clemens et al.
2002; Ali et al. 2013).

Most plants are sensitive to Cd concentrations in the range
of 5–10 μg g−1 leaf dry weight (White and Brown 2010), but
Cd hyperaccumulators can tolerate Cd concentrations of even
100 μg Cd g−1 leaf dry weight (Verbruggen et al. 2009). In
order to tolerate the potential impact of metals/metalloids in
roots or in the aerial organs, plants undergo several
physiological/biochemical changes so as to manage a balance
between metal/metalloid-accrued elevated generation of oxi-
dants (reactive oxygen species, ROS) and their antioxidants-
assisted metabolism (Gill and Tuteja 2010; Anjum et al.
2012ab). The ROS, if not completely metabolized, may cause
membrane integrity weakening, elevated electrolyte leakage
(EL), oxidation of proteins (producing reactive carbonyls,
RCs) and membrane lipids (lipid peroxidation, LPO; produc-
ing thiobarbituric acid reactive substances, TBARS), and
cell/plant death (Anjum et al. 2008a, b; 2013a). However,
plants are endowed with an efficient antioxidant defense sys-
tem, comprising both enzymatic (glutathione reductase, GR;
glutathione peroxidase, GPX; glutathione sulfotransferase,
GST; catalase, CAT; ascorbate peroxidase, APX) and non-
enzymatic (reduced glutathione, GSH, and ascorbate, AsA
pools) components, which control, directly or indirectly, the
ROS-accrued potential anomalies (Polle and Schützendübel
2003; Anjum et al. 2010, 2012ab, 2013a; Gill and Tuteja
2010; Gill et al. 2013). Thus, the choice of plant species with
a capacity to manage successfully a fine tuning between the
metal/metalloid-led enhanced ROS and their metabolism
through enzymatic and non-enzymatic antioxidants is of
prime importance in a metal/metalloid phytoextraction/
stabilization program.

Field-crop plants offer a reliable alternative to
hyperaccumulators and can be used in remediating the
metal/metalloid-contaminated soils in order tomanage the risk
of a long-term pollutant dispersion (Vamerali et al. 2010). In
this perspective, a number of members of Brassicaceae are
well known to hyperaccumulate/remediate metals/metalloids,
including Cd (Anjum et al. 2012c), whereas those of Fabaceae
(Leguminosae) are least explored for their large-scale use in
phytoremediation technology (Zaidi et al. 2012). Considering
the previous scenario, it was hypothesized that the difference
in Cd tolerance and stabilization/extraction potential of plants
from different families (such asBrassica campestrisL., family
Brassicaceae; Vigna radiata L. Wilczek, family Fabaceae/
Leguminosae) can be modula ted different ly by
physiological/biochemical mechanisms prevalent in these
plants under Cd stress.

Based on B. campestris (cv. Pusa Gold) and V. radiata (cv.
Pusa Ratna), the present study was undertaken (i) to determine
the shoot and root Cd burden and analyze the oxidative stress
(measured as H2O2, LPO, and EL); and (ii) to cross talk the
organ-specific Cd burden and oxidative stress status with the
modulation of GSH-based (GSH pool, GSSG, GPX, GST, and
GR) defense components.

Materials and methods

Plant material, growth conditions, and treatments

Seeds of B. campestris cv. Pusa Gold and V. radiata cv. Pusa
Ratna were sown in 40-cm-diameter earthen pots filled with
10 kg soil (texture, sandy loam; pH, 7.8; electrical conductiv-
ity, 3.8; organic carbon, 0.43 %; available K and S, 70 and
5 mg kg−1 soil, respectively). N, P, and K were applied at the
rate of 120, 30, and 80 mg kg−1 soil, respectively, in the form
of urea, single super phosphate, and muriate of potash.
Subsequently, the soil was thoroughly mixed with Cd (50
and 100 mg Cd kg−1 soil; in the form of CdCl2). The soil with
nutrients and Cd was left to stabilize for 24 h before seeds
were sown. The treatments were arranged in a randomized
block design and each treatment was replicated three times.
After seedling emergence, three plants per pot were main-
tained and irrigated when needed. The pots were kept in
naturally illuminated greenhouse {photosynthetically active
radiation (PAR) of 960 μmol/m2/s; day/night temperature of
25/20±4 °C; relative humidity of 70±5 %}. All measure-
ments were obtained from 15-day-old seedlings.

Plant dry mass

The seedlings were carefully uprooted and separated into root
and shoot, which were subsequently weighed and dried in a
hot air oven at 65 °C for 48 h. The dry mass was determined,
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using a digital balance, by unitary method and expressed in
gram dry weight.

Cd determination in root and shoot

Cadmium concentration in root and shoot was determined as
per the method described previously (Anjum et al. 2008a),
using the atomic absorption spectrophotometer (AAS, ZEEnit
65, Analytik Jena, Germany).

Oxidative stress indices

The root and shoot H2O2, LPO, and EL levels were consid-
ered as indices of oxidative stress. H2O2 content was deter-
mined following the method of Loreto and Velikova (2001).
EL was assessed as described by Anjum et al. (2013a).
TBARS content, showing the status of membrane-lipid per-
oxidation in fresh roots and shoots, was determined as per the
method adopted and described by Anjum et al. (2013a).

Antioxidant assays

Supernatants were obtained by homogenizing the fresh root
and shoot tissues for antioxidant (enzymatic and non-
enzymatic) assays, following the method as adopted and
described by Anjum et al. (2013a). The method based on
GSH-dependent oxidation of NADPH was followed for the
determination of GR activity (Foyer and Halliwell 1976).
Oxidation of NADPH was monitored at 340 nm for 3 min,
using H2O2 as substrate, for GPX activity estimation, whereas
GST activity was determined by measuring, at 340 nm for
3 min, the increase in absorbance due to the formation of
conjugate 1-chloro-2,4-dinitrobenzene (CDNB), following
the methods adopted and described by Anjum et al. (2013a).
As to the non-enzymatic antioxidant assay, the reduced (GSH)
and oxidized glutathione (GSSG) contents in root and shoot
were determined by the method of Anderson (1985).

Results

Significant changes in plant dry mass and Cd burden and in
the response of oxidative stress indices and antioxidant (en-
zymatic and non-enzymatic) components in roots and shoots
of B. campestris and V. radiate are described below.
Additionally, significant differences in these parameters be-
tween the two model plants have been highlighted.

Plant dry mass and Cd accumulation

Irrespective of the plant species, Cd application led to a
significant decrease in plant dry mass (vs. control). With
50 mg Cd kg−1 soil, the dry mass of both B. campestris and

V. radiata exhibited≈1.4-fold decrease. Approximately 2.7-
and 2.2-fold decreases were perceptible in B. campestris and
V. radiate, respectively, with 100 mgCd kg−1 soil (Fig. 1). Cd-
exposed plant roots and shoots accumulated higher levels of
Cd (vs. control) in both the plants. The B. campestris roots
displayed a significantly higher Cd accumulation with both 50
and 100 mgCd kg−1 in comparison toV. radiata roots.With 50
and 100 mg Cd kg−1 soil, it was 2.7- and 2.3-fold higher,
respectively. On the contrary, B. campestris shoots displayed a
significantly lower (about 2½- and 2.0-fold lower) Cd accu-
mulation with both 50 and 100 mg Cd kg−1, as compared with
V. radiata shoots (Table 1).

Oxidative stress indices

A significant increase in the extent of oxidative stress was
perceptible in roots and shoot of both the test plants with
increase in Cd concentration applied (vs. control). The percent
EL and the contents of H2O2 and TBARS displayed signifi-
cant increase in comparison with the control; the maxima
occurred with 100 mg Cd kg−1, followed by 50 mg Cd kg−1.
In B. campestris, the EL, H2O2, and TBARS levels in roots
were 2.2-, 2.3-, and 1.6-fold higher, respectively, than in the
shoot, with 100 mg Cd kg−1 soil treatment. In V. radiata, on
the contrary, the roots exhibited 1.6-, 1.3-, and 1.3-fold lower
levels of EL, H2O2, and TBARS, respectively, than in the
shoot. By comparison, with the highest level of Cd treatment,
B. campestris roots exhibited 2.3-, 1.7-, and 1.5-fold higher
elevation in EL, H2O2, and TBARS, respectively, than in
V. radiata roots. Likewise, B. campestris shoot evinced a
1.6-, 1.8-, and 1.4-fold higher enhancement of EL, H2O2,
and TBARS levels, respectively, than in V. radiata shoot, with
the highest Cd stress applied (Fig. 2a–f).
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Fig. 1 Plant dry mass (mg per ten plants) of B. campestris cv. Pusa Gold
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Enzymatic and non-enzymatic antioxidants

The enzymatic antioxidants, namely GR, GPX, and GST,
exhibited differential response to Cd treatments in roots and
shoot of the test plants. In B. campestris, increase in Cd level

significantly increased the GR, GPX, and GSTactivity in both
the plant parts, with reference to the control. Compared to
roots, the shoot displayed 2.6- and≈3.0-fold higher activity of
GPX and GST, respectively, and a 2-fold lower activity of GR,
with 100 mg Cd kg−1 soil. In V. radiata roots and shoot, on the

Table 1 Cadmium content (μg kg−1 dry weight) in the root and shoot of B. campestris and V. radiata exposed to cadmium levels (0, 50, and
100 mg kg−1 soil). Values represent the means of five replicates (±standard deviation) from each of three independent experiments

Cadmium levels (mg Cd kg−1 soil) Cadmium content (μg kg−1 dry weight)

Root Shoot

B. campestris V. radiata B. campestris V. radiata

0 0.002±0.0001 0.002±0.0001 n.d. 0.0002±0.00001

50 3.6±0.2a 1.3±0.3ac 0.4±0.02a 1.0±0.04ac

100 6.0±0.2ab 2.6±0.2abc 0.8±0.05a 1.5±0.07abc

n.d. not detected
a Significantly different vs. 0 (within same plant)
b Significantly different vs. 100 (within same plant)
c Significantly different vs. B. campestris (between plants)
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contrary, increase in Cd level decreased the GPX and GST
activity, whereas significantly elevated the GR activity with
reference to the control. The impact was significantly greater
with 100 mg than with 50 mg Cd kg−1 soil. With 100 mg
Cd kg−1soil, V. radiata shoot displayed a 1.5-fold enhance-
ment in the activities of GR and GPX, whereas GST activity
displayed≈0.8-fold decrease in comparison to roots. By com-
parison, B. campestris roots had a 2.2-fold lower GR activity
than V. radiata roots, whereas GPX and GST activities were
6.8- and 24.0-fold higher, with the highest level of Cd treat-
ment. In B. compestris shoots, activities of GPX and GST
were 1.8- and 11.5-fold higher, respectively, while GR activity
was 1.6-fold lower than inV. radiata shoot, with the same level
of Cd application (Fig. 3a–f).

As to the non-enzymatic antioxidant, with increase in Cd
level, B. campestris roots and shoot exhibited significant
decrease in the reduced GSH content; whereas in V. radiata
roots and shoot, it increased significantly, with reference to the
control. Regarding the GSH oxidation, the roots and shoot of
both the plants displayed significant increases in GSSG

content (vs. control) under the influence of Cd. In
B. campestris, the GSH and GSSG contents of roots revealed
a 1.5-fold decline and 2.0-fold increase (vs. shoot), respec-
tively. Similar comparison in V. radiata displayed 1.0-fold
increase and 2.0-fold decline in the root GSH and GSSG
contents (vs. shoot), respectively. Comparison between the
100 mg Cd-exposed B. campestris and V. radiata indicated
that B. campestris roots carried 6-fold lower GSH content (vs.
V. radiata root), whereas the shoot exhibited 3.5-fold decline
vs. V. radiata shoot. Similarly, the GSSG content depicted 1.8-
fold decline in roots and 2.2-fold increase in shoot, as com-
pared with that in V. radiata, under the impact of 100 mg
Cd kg−1 soil (Fig. 4a–d).

Discussion

This is the first report giving a comparative account of accu-
mulation, allocation, and impact of Cd on modulation of the
toxicity and tolerance indices in plants from Brassicaceae
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(B. campestris) and Fabaceae (V. radiata). Cd-contaminated
growth conditions have been reported to retard plant growth
significantly in terms of fresh or dry plant mass (reviewed by
Irfan et al. 2013). Our observations on the Cd treatment (100>
50 mg Cd kg−1 soil), showing a significant decrease in plant
dry mass of both B. campestris and V. radiata, endorse some
earlier works on B. campestris (Anjum et al. 2008ab),
Brassica juncea (Mohamed et al. 2012), and V. radiata
(Wahid et al. 2007; Anjum et al. 2008c). Despite its non-
essential physiological role, Cd is taken up by plants to
varying extent. Exhibition of a 3-fold higher Cd accumulation
capacity of B. campestris roots (vs. V. radiata roots) is indic-
ative of a unique Cd stabilization potential of this plant.
Nevertheless, compared to B. campestris shoot, a 2-fold
higher Cd allocation in V. radiata shoot has displayed the Cd
extraction potential of this species. Plants have many endog-
enous biochemical/physiological properties that render them
capable to tolerate/counteract impacts of metal/metalloid bur-
den, thus making them ideal agents for cleanup of contami-
nated sites (reviewed by Maestri et al. 2010; Irfan et al. 2013).
Despite this fact, a comparative assessment of the physiology/
biochemistry of Cd tolerance of B. campestris and V. radiata
has not yet been done.

The Cd load in plant organs can impair important
physiological/biochemical processes by inducing oxidative
stress due to imbalance between generation and metabolism
of ROS in these organs (Anjum et al. 2010, 2012a, b; 2013a).
Although Cd is a non-redox activemetal, its phytotoxicity as a

result of Cd-accrued induction of oxidative stress is extensive-
ly reported (Gill and Tuteja 2010; Cuypers et al. 2012; Anjum
et al. 2012a, b; 2013a). Thus, a higher oxidative stress (in
terms of H2O2 and its consequences (such as EL, H2O2, and
TBARS) in B. campestris roots and V. radiata shoot are a
natural outcome of high Cd burdens. We studied the status of
homeostasis between ROS and its metabolism in the Cd-
burdened roots and shoot of both B. campestris and
V. radiata and found a differential tuning among the major
components of their GSH redox system (i.e., GR, GPX, GST,
and GSH), which control the enhanced H2O2 and its conse-
quences (Gill and Tuteja 2010; Anjum et al. 2012a, b, 2013a,
b, 2014). The maintenance of low oxidative stress and
damage to membrane and its lipids in the highest Cd-
exhibiting B. campestris roots was possible as a result of
the balanced tuning between the GSH pool and its
regenerating (GR) as well as consuming (GPX and GST)
enzymes. The roots adopted the strategy of accelerating
such enzymes as GPX and GST for efficiently metabolizing
high Cd-mediated H2O2 levels and controlling the H2O2-
accrued consequences like EL and LPO. Therefore, the
decreased GSH pool and increased GSSG level can be
considered as an outcome of the previous processes, where
GR activity in B. campestris roots (despite being 2.2-fold
lower than in V. radiata roots) seems to be efficient for
counteracting the Cd-mediated enhanced H2O2 and its conse-
quences (such as EL and LPO). In contrast, the highest
Cd burden-exhibiting V. radiata shoot displayed a failure of
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the GPX- and GST-mediated H2O2-scavenging system de-
spite the occurrence of 1.6-fold higher GSH-regenerating
enzyme (GR) and 3.5-fold higher content of GSH (vs.
B. campestris shoot) with 100 mg Cd kg−1 soil (Fig. 5).
Thus, the possible role of H2O2-scavenging system other
than GSH-based system is envisaged in high Cd burden-
exhibiting V. radiata shoot. Our observations on the
efficiency of the GSH redox system components for
counteracting the Cd-caused anomalies (H2O2, EL, LPO)
substantiate a number of earlier studies on metal/metalloid-
exposed plants (reviewed by Gill and Tuteja 2010; Maestri
et al. 2010; Anjum et al. 2012a, b; Anjum et al. 2013a).

Conclusions

The organ-wise analysis of Cd burdens led us to conclude that
B. campestris and V. radiata are good stabilizer and extractor
of Cd, respectively. In addition, the cross talks on Cd burdens
of organs and the adapted Cd tolerance strategies against the
consequent toxicity indicate that the major components (GR,
GPX, GST, and GSH) of the GSH redox system differentially
modulate the Cd accumulation, toxicity, and tolerance in the
test plants. Nevertheless, despite a higher Cd burden in roots
of B. campestris and shoots of V. radiata, a better tuning
among GR, GST, and GPX activities presumably allowed
these plants to tolerate the Cd burden-caused anomalies at
plant level. In short, the outcome of the physiological/
biochemical characterization of the B. campestris and
V. radiata responses to Cd stress reveals the adaptive potential
of these plants to Cd-contaminated conditions, which in turn
can be significant in elaborating the innovative plant-based
remediation technologies for metal/metalloid-contaminated
sites.
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