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ABSTRACT

The study was undertaken to assess the suitability of Brassica juncea L. cv. ‘PBR-91" for phytoremediation of multi-heavy element
contaminated soils. Growth and heavy metal uptake potential of B. juncea seedlings were determined in binary combinations of Cr(VI)
with Mn, Ni, Co, Cu and Zn at concentrations varying up to 100 mg/l. Multiple regression interaction models revealed that all the metals,
whether applied singly or in combinations, inhibited the growth of seedlings. In a single metal treatment, Cr(VI) (100 mg/l) decreased the
germination percentage, root length, shoot length and dry weight to the maximum extent. The interactive effects of binary combinations
of Cr(VI) with other metals were generally mutually antagonistic and decreased the toxicity of each other on seedling growth. The
maximum uptake was recorded for 100 mg/l each of Zn and Mn, being 0.531 and 0.445 mg/g dw, respectively. The lowest heavy metal
uptake was observed for Ni (0.135 mg/g dw) at a concentration of 100 mg/l. Multiple regression interaction models also revealed that the
interaction between Cr and the other metals in binary combinations decreased the uptake of Cr by seedlings. This study established that

Zn and Mn significantly reduce the deleterious effects of Cr(VI) on seedling growth in B. juncea.

Keywords: antagonism, binary interactions, Co, Cu, Mn, Ni, Zn
Abbreviations: ANOVA, analysis of variance

INTRODUCTION

Soil contamination by heavy metals is one of the most
serious ecological problems all over the world. Although
trace elements are required in microquantities to sustain
metabolic activities in organisms, these prove to be lethal
beyond certain limits. A high concentration of these metals
in the environment results in their incorporation, and
subsequent biomagnification at higher trophic levels, which
adversely affect the behavioral, structural and functional
activities of living organisms (Garbisu and Alkorta 2001;
Prasad 2004; Lone et al. 2008). Phytoremediation is one of
the most promising green technologies, which involves the
use of plants to scavenge toxicants (inorganic and organic)
from contaminated environments (Raskin et al. 1997
Dickinson et al. 2009). Phytoremediation research gained
momentum after the discovery of several metal hyperac-
cumulator plants (Reeves and Baker 1999; Cunnigham and
Ow 1996). Over the past decade, researchers have sought to
perfect the remediation techniques by carefully selecting
suitable plants which can sequester more than one metal in
appreciable amounts (Lai and Chen 2009). Biotechnology
also has been successfully employed to manipulate metal
uptake and tolerance properties in various species of hyper-
accumulators (Lasat 2000; Reisinger et al. 2008; Dowling
and Doty 2009). Particular importance has been given to
Brassica species, because of their relation to wild mustards
having high biomass production capability (Dushenkov et
al. 1995; Kumar et al. 1995; Blaylock et al. 2000).

Among all the members of Brassicaceae, B. juncea
emerged out as a suitable candidate for phytoremediation.
Dushenkov et al. (1997) reported that B. juncea is effective,
particularly in sorbing divalent cations of toxic metals from
soil solutions. It is reported that although B. juncea is not a
hyperaccumulator, it has demonstrated high tolerance to

several heavy metals (Lasat 2000). It has been shown to be
effective in phytoextraction of Zn, particularly after EDTA
amendments (Ebbs and Kochian 1998). Also that B. juncea
is being tolerant to heavy metals, came from the experi-
ments by Shahandeh and Hossner (2000) who screened a
series of crops for phytoextraction. Thirty-six plant species
of different agronomic importance, size, dry matter produc-
tion, and tolerance to heavy metals were evaluated for
Cr(IlT) and Cr(VI) uptake and accumulation as influenced
by rate, form, source, and chelate application to a Cr-con-
taminated soil and it was found that Indian mustard (B.
Jjuncea cv. ‘426308”) accumulated more Cr than other agri-
cultural plant species. Simnova et al. (2007) reported higher
tolerance of B. juncea to Cd than V. radiata in terms of
effects of different concentrations of Cd on Hill reaction,
and the contents of chlorophyll and carotenoids. Turan and
Esringii (2007) examined the positive effects of EDTA
amendments on metal accumulation and uptake in B. juncea.
At 12 mM/kg EDTA, shoot and root uptake of Cu, Cd, Pb,
and Zn uptake was observed to be four fold higher than the
control. Shiyab et al. (2008) demonstrated B. juncea as a
potential candidate for phytofilteration of contaminated
water and phytostabilization of mercury contaminated soils
by inducing an efficient metabolic defence system (especi-
ally catalase) to scavenge H,0,. Ghodoke ef al. (2009)
examined the potential of B. juncea in the treatment of tex-
tile effluents. It showed up to 79% discoloration of textile
effluent, and also significant induction of intracellular lac-
case (266%), indicating its crucial role in degradation of
textile effluent. Further, it has been widely used as a model
system to investigate the physiology and biochemistry of
metal uptake and accumulation in plants. Various studies
have been performed on B. juncea to investigate the modu-
lation of antioxidative defence system, and generation of
phytochelatins and metallothioneins under metal stress con-
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ditions (Nouairi et al. 2008; Seth et al. 2008; Ansari et al.
2009; Khan et al. 2009).

Siedlecka et al. (1995) revealed that during the uptake
of heavy metals by plants, there are various interactions
among different metal ions. Since 70% of all metal-conta-
minated sites involve two or more metals, a thorough study
of metal interactions is necessary to streamline the tech-
nique of phytoremediation. Metal interactions may be ad-
ditive, synergistic or antagonistic, and may influence the
rate of uptake, transfer and accumulation during phytoreme-
diation (Martin-Prevel er al. 1987). Because of the real
problem faced by plants, it is more widely recognized that
examining the effects of heavy metals in various combina-
tions is more representative than single metal studies (Cha-
oui et al. 1997). Because of their high degree of complexity,
higher plants are not very often used in such experiments.
Algal models were used by Rasko and Rachlin (1977),
Taylor and Stadt (1990) and others to study the interactions
of multiple heavy metals in terms of their action. However,
with growing interest in the field of phytoremediation,
several researchers focused on metal-metal interactions in
higher plants. Coughtrey and Martin (1978) explored the
tolerance of Holcus lanatus to Pb, Zn and Cd in factorial
combinations and revealed the greater tolerance of this
plant to Cd than to Pb or Zn. Miles and Parker (1979) stu-
died heavy metal interactions in Andropogon scoparius and
Rudbeckia hirta grown on soils from urban and rural sites
with heavy metal additions in all combinations of Cd, Zn Pb
and Cu. Luo and Rimmer (1994) examined metal interac-
tions affecting the growth of spring barley grown in a soil in
which Cd, Cu, Pb and Zn were added singly or in combina-
tions. The most consistent effect on plant growth was found
to be that of Zn-Cu interaction. Fargasova and Beinrohr
(1997) studied bioaccumulation and interactions of V, Ni,
Mo, Mn and Cu in under- and above-ground parts of Sinap-
sis alba. It was reported that all individual metals except Cu,
were accumulated more in the above ground parts than in
the roots. In metal combinations, V was inhibited by Ni, Mn
and Cu; accumulation of Ni by Cu, Mo by V, Mn and Cu
and Mn by Cu. Sharma et al. (1999) investigated combina-
tional toxicology of Cu, Zn and Cd in binary mixtures on
root growth in Silene vulgaris, and found non-additive (Cu/
Zn, Cu/Cd) or antagonistic (Zn/Cd) responses with respect
to root growth inhibition under slightly toxic concentrations,
whereas synergistic response was observed at higher con-
centrations. Chen ef al. (2003) performed a rapid ecotoxico-
logical assessment of heavy metal contaminated soils (Cu,
Pb, Cd and Zn) using canonical analysis. An et al. (2004)
studied the combined effects of Cu, Cd and Pb on Cucumis
sativum growth and bioaccumulation, and showed all the
three interactions: additive, synergistic and antagonistic by
binary combinations of Cu+Cd, Cu+Pb and Cd+Pb. How-
ever, ternary combinations of Cu+Cd+Pb produced antago-
nistic response for the plant growth.

On the basis of toxicant concentrations that induce 50%
inhibition of root length of Lepidium sativum and plant
amount of Spirodela polyrrhiza (EC50 values), Montvydi-
ené and Marciulioniené (2004), concluded that the metals
most toxic to these plants were Cu, Cr and Cd, whereas the
metals least toxic were Zn and Mn. Tea et al. (2007) per-
formed toxicity assessment of heavy metal mixture on
Lemna minor using wastewater discharged from an electro-
plating unit, in terms of relative growth rate with respect to
dry to fresh weight ratio, frond area and guaiacol peroxi-
dase (GPX) activity. Guo et al. (2007) documented various
physiological changes in two varieties of barley plants
under combined toxicity of Al, Cu and Cd, with respect to
plant growth, metal accumulation, protein and sugar content,
SOD and POD activities. Binary metal combinations of
Al+Cd and Al+Cu, produced synergistic responses for the
growth of barley seedlings, whereas, ternary combination
produced different types of interactions in the two varieties.
Cu and Fe homeostasis, and putative interactions between
the metals at different levels in Arabidopsis were tho-
roughly investigated by Puig ef al. (2007). Tappero et al.

(2007) studied metal cotolerance in Alyssum murale using
Ni, Co and Zn, and reported hyperaccumulation of Ni and
Co (>1000 pg /g dw) and negligible effect of elevated Co
and Zn on Ni accumulation. Abou-Shanab et al. (2007)
studied phytoremediation potential of various crops and
wild plants for multimetal contaminated sites, and reported
Conyza discoridis as the best species for phytoremediation
of Zn, Cu and Pb. Kalavrouziotis et al. (2008) explored the
interrelationships between heavy metals, macro- and micro-
nutrients, and properties of a soil cultivated with Brassica
oleracea, under the effect of treated municipal waste water.
One of the metal-metal interactions most widely studied is
Cd-Zn interaction (Aravind and Prasad 2005; Papoyan et al.
2007; Bunluesin et al. 2007; Ebbs and Uchil 2008). Joint
effects of As and Cd on growth and metal accumulation in
different plants were also studied by various researchers
(Liu et al. 2007; Xiao et al. 2008; Sun et al. 2009).

It is now well established that the presence of two or
more metals in contaminated sites significantly affects the
uptake and accumulation pattern of heavy metals in plants.
The degree of influence varies for different metals, and Cr
is considered to be a highly toxic element. Davies et al.
(2002) reported that Cr is toxic to higher plants at 100 pM
kg' dw. In nature, Cr exits in two different stable oxidation
states, Cr(III) and Cr(VI). Both the oxidized forms, how-
ever, have the capacity to form complexes with other spe-
cies (NRC 1999). The hexavalent form of Cr is a biologic-
ally toxic state, and to date there is no evidence indicating
its potential role in biological systems, as it causes severe
damage to plants and animals (O’ Brien et a/. 2003; Panda
and Choudhury 2005; Wise et al. 2008; Raghunathan et al.
2009). Further, it was reported that Cr interferes and influ-
ences the behaviour of various essential and non-essential
elements such as Ca, Mg, S, N, P, K, Cu, Mn, Mo, etc.
(Turner and Rust 1971; Wallace et al. 1982; Baddappa and
Bopaiah 1989; Morel et al. 1996) during the uptake and
transport in plants. These metal interactions may have posi-
tive or negative effect on the growth and metal accumula-
tion potential, which can be further exploited for enhancing
the phytoremediation potential of plants growing on multi-
elemental contaminated sites. B. juncea is a confirmed
phytoremediator which can grow effectively on multiele-
mental contaminated soils (Abou-Shanab ez al. 2007; Saras-
wat and Rai 2009) and is capable of accumulating consi-
derable amounts of Cr (Mei et al. 2002; Ghosh and Singh
2005; Hsiao et al. 2007; Diwan et al. 2008).

The present study was designed to assess the interactive
effects of Cr(VI) in binary combinations with other heavy
metals, on the growth and Cr uptake of B. juncea seedlings
with a view to determine the suitability of using this plant
for phytoremediation of Cr(VI) in multi-heavy metal conta-
minated sites.

MATERIALS AND METHODS

Certified seeds of B. juncea L. cv. ‘PBR-91” were procured from
Punjab Agricultural University, Ludhiana, India. This cultivar was
chosen from among the several commercial varieties of B. juncea,
viz., PBR-97, PBR-91, Laha-101 and Pusa Agrani, since it shows
stability for most of the important yield contributing characters
under the prevailing conditions in the area of study. The seeds
were surface sterilized with 0.1% HgCl, solution, washed and
rinsed thoroughly with distilled water. These seeds were then cul-
tured in Petri dishes containing different concentrations of heavy
metals, singly or in binary combinations.

(i) Single metal treatments — 0, 25, 50 and 100 mg/l of each
metal (Cr, Zn, Mn, Ni, Co and Cu).

(i1) Binary treatments — Cr (VI) treatments in combination
with other metals at 0, 25, 50 and 100 mg/1.

Fifty surface-sterilized seeds were germinated on Whatman
No. 1 filter paper, lined inside 9 cm diameter sterilized Petri dishes
containing 5 ml of aqueous solutions of heavy metals either singly
or in binary mixtures. Solutions were prepared using AR grade,
K,CrO,;, MnSO4H,0, NiSO,6H,0, CoCl,6H,0, CuSO,5H,0
and ZnSO,7H,0. All chemicals were procured from Sigma-
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Table 1 Interaction in terms of B regression coefficients.

Variables Interaction
Xy X5 Xi X
B regression coefficients

ﬁl ﬁ 2 ﬁ 3

+ + + Synergistic

- - - Synergistic

+ + - Antagonistic

- - + Antagonistic

+ - + Mixed: X antagonistic to X, but
X, synergistic to X;

+ - - Mixed: X; synergistic to X, but
X, antagonistic to X

+/- +/- 0 Additive

Aldrich. Sterilized seeds grown in double distilled water served as
the control. For the initial 7 days of the growth period, Petri plates
were kept at 25 + 0.5°C and a 16-h photoperiod at 1700 Lux. The
rate of germination was recorded daily for 7 days, and root and
shoot lengths were measured. Thereafter, harvested seedlings were
washed thoroughly with double distilled water and kept in oven
for 48 h at 80°C, and the dry weights were recorded.

The dried seedlings of different treatments were ground and
digested in H,SO,:-HNO;3:HCIO, (1:5:1) digestion mixture (Allen
1976). The samples were diluted with double-distilled water and
filtered. The concentrations of Zn, Mn, Ni, Co, Cu and Cr were
determined using an atomic absorption spectrophotometer (Model
6200, Shimadzu, Japan).

All the analyses were carried out in triplicate, and the data
was analyzed for descriptive statistics, ANOVA, Tukey’s multiple
comparison test, multiple regression and correlation, and f-reg-
ression coefficients (Sokal and Rholf 1981; Bailey 1995). The
interaction model used for binary combinations was

Y=a+ b1X1 + b2X2 + b3X1X2

where, Y is the studied parameter, X; and X, are metals in binary
combinations, b; and b, are partial regression coefficients due to
the effects of X; and X, respectively, and bs is the partial regres-
sion coefficient due to interaction between X; and X,. Unitless -
regression coefficients were computed to determine the relative ef-
fects of X; (B;) and X, (B,) and the interaction between X; and X,
(B3) on the dependent variable (Y). B-coefficients were computed
as follows:

P =b(Sx1/Sy),

where Syx; and Sy are the standard deviations of X; and Y res-
pectively. Metal interaction was interpreted as described in Table
1. Self coded software developed in MS-Excel was used.

RESULTS

There was reduction in germination percentage at higher
metal concentrations in the culture medium (Fig. 1). Maxi-
mum reduction was observed for Cr(VI) at 100 mg/l. How-
ever, the presence of Zn and Mn, even at higher concentra-
tions, resulted in seed germination up to 85%. In binary
combinations, the addition of Zn and Mn ameliorated the
toxicity of Cr(VI) as observed with an increase in the
germination percentage at all the combinations of Cr(VI)
having Zn and Mn. In the Cr+Mn combination, the germi-
nation percentage significantly increased from 45 to 56% at
Cr100+Mn25 mg/l and in the Zn+Cr combination, the
increase observed was up to 28% compared to the control at
Cr100+Zn25 mg/l. Two-way ANOVA for germination per-
centage of B. juncea seeds for Cr(VI) and other metals in
binary combinations (Table 2) shows statistically signifi-
cant differences among mean germination percentage val-
ues on treatment with both metals. The interaction between
Cr(VI) and Mn was also found to be significant.

There was a progressive decrease in the shoot and root
length of the seedlings as metal concentration increased
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Fig. 1 Germination percentage of B. juncea (mean + SD) grown in
binary combinations of Cr(VI) with other heavy metals.

(Figs. 2, 3). The IC;s, values calculated on the basis of root
length inhibition are given in Table 3. Cr(VI) was found to
be the most toxic metal. Root growth was drastically re-
duced to the minimum value of 0.14 cm as compared to the
control. The effects of metals on shoot growth were almost
similar to those on root growth. The percentage change in
root length of B. juncea seedling growth in binary combina-
tions of Cr(VI) with other metals is given in Table 4. There
was an increase in the root length in Cr(VI) solutions con-
taining Mn and Zn. For solutions containing 25 and 50 mg/1
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Table 2 Two-way ANOVA and honestly significant difference (HSD) using Tukey’s multiple comparison test for germination percentage and dry weight
of B. juncea seedlings grown in binary combinations of Cr (VI) and other metals. The first metal in the binary combination is the treatment, and the

second the dose.

Germination percentage

Dry weight (mg/seedling)

Cr+Mn
Source of variation df SS MSS F-ratio HSD df SS MSS F-ratio HSD
Treatment 3 73324 24441 102.4%* 19.6 3 232 7.7 24.0* 2.2
Dose 3 21454 715.1 30.0* 3 53 1.8 5.5%
Treatment x Dose 9 877.1 97.5 4.1* 9 5.6 0.6 1.9
Error 16 382.0 23.9 16 52 0.3
Total 31 10736.9 31 39.3

Cr+Ni
Treatment 3 12577 4192.3 108.2* 24.9 3 313 104 43.1* 1.3
Dose 3 3580 1193.3 30.8* 3 16.9 5.6 23.3*%
Treatment x Dose 9 463 51.4 1.3 9 1.1 0.1 0.5
Error 16 620 38.8 16 39 0.2
Total 31 17240 31 53.2

Cr+Co
Treatment 3 15656.4 5218.8 190.6* 20.9 3 24.2 8.1 31.4% 2.2
Dose 3 3759.4 1253.1 45.8%* 3 12.0 4.0 15.6*
Treatment x Dose 9 472.1 52.5 1.9 9 1.2 0.1 0.5
Error 16 438.0 27.4 16 4.1 0.3
Total 31 20325.9 31 41.6

Cr+Cu
Treatment 3 12738.4 4246.1 80.5* 29.1 3 14.7 4.9 24.7* 1.3
Dose 3 3109.4 1036.5 19.6* 3 7.9 2.6 13.3*
Treatment x Dose 9 267.1 29.7 0.6 9 2.1 0.2 1.2
Error 16 844.0 52.8 16 32 0.2
Total 31 16958.9 31 27.8

Cr+Zn
Treatment 3 6994.0 2331.3 97.1* 19.6 3 39.9 13.3 28.0%* 2.2
Dose 3 1188.0 396.0 16.5* 3 3.8 1.3 2.7%
Treatment x Dose 9 386.0 429 1.8 9 6.7 0.7 1.6
Error 16 384.0 24.0 16 7.6 0.5
Total 31 8952.0 31 58.0

Root length (cm) Shoot length (cm)

Cr+Mn
Source of variation df SS MSS F-ratio HSD df SS MSS F-ratio HSD
Treatment 3 739.4 246.5 1205.5%* 0.5 3 31.7 10.6 156.5% 0.5
Dose 3 258.7 86.2 421.8* 3 43 14 21.0*
Treatment x Dose 9 217.6 24.2 118.2* 9 10.2 1.1 16.8*
Error 144 29.4 0.2 144 9.7 0.1
Total 159 1245.1 159 56.0

Cr+Ni
Treatment 3 386.4 128.8 1814.1* 0.5 3 443 14.8 229.2%* 0.5
Dose 3 149.2 49.7 700.4* 3 19.9 6.6 103.2*
Treatment x Dose 9 355.1 39.5 555.7* 9 7.8 0.9 13.5%
Error 144 10.2 0.1 144 9.3 0.1
Total 159 900.9 159 81.3

Cr+Co
Treatment 3 767.7 2559 2666.6* 0.5 3 47.6 15.9 147.1%* 0.5
Dose 3 103.7 34.6 360.1* 3 16.7 5.6 51.6%
Treatment x Dose 9 230.4 25.6 266.8* 9 6.8 0.8 7.0*%
Error 144 13.8 0.1 144 15.5 0.1
Total 159 1115.5 159 86.7

Cr+Cu
Treatment 3 201.9 67.3 821.8* 0.5 3 22.1 7.4 92.7* 0.5
Dose 3 191.9 64.0 781.0%* 3 27.4 9.1 114.6*
Treatment x Dose 9 464.9 51.7 630.7* 9 14.0 1.6 19.5%*
Error 144 11.8 0.1 144 11.5 0.1
Total 159 870.5 159 74.9

Cr+Zn
Treatment 3 791.4 263.8 982.3* 0.8 3 37.2 12.4 138.6* 0.5
Dose 3 130.4 43.5 161.9* 3 3.5 1.2 13.1%
Treatment x Dose 9 280.7 31.2 116.1* 9 8.8 1.0 10.9*
Error 144 38.7 0.3 144 12.9 0.1
Total 159 1241.2 159 62.3
*p<0.05.

of Cr(VI), root length was enhanced most with 50 mg/l Zn,
and for solutions containing 100 mg/l Cr(VI), 25 mg/l Mn
was effective. Multiple regression analyses (Table 5) re-
vealed significant correlations among both metal ions in all

binary combinations. Although all the metal ions exerted a
negative influence on seedling growth as indicated by their
negative P-regression coefficients, their interactive effects
were positive in nature, implying thereby that in binary
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Fig. 2 Root length of B. juncea (mean = SD) seedlings grown in binary
combinations of Cr(VI) with other heavy metals.

combinations of Cr(VI) with Mn, Ni, Co, Cu and Zn, these
ions showed antagonistic behavior by mutually decreasing
each other’s toxicity. 2-way ANOVA for root and shoot
growth of B. juncea seedlings for Cr(VI) and other metals
in binary combinations (Table 2) shows that there are sta-
tistically significant differences among mean root lengths
and shoot lengths for the treatments i.e. Cr(VI), and doses,
i.e. other metals. The interactions between Cr(VI) and the
other metals in all binary treatments were also found to be
significant.

The dry weights of the seedlings decreased considerably
except for Zn and Mn, with an increase in the concentration
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Fig. 3 Shoot lengths of B. juncea (mean + SD) seedlings grown in
binary combinations of Cr(VI) with other heavy metals.

of heavy metals (Fig. 4). At 25 mg/l, Cr, Co, Ni and Cu
reduced the biomass of seedlings by 39, 16, 22 and 15%,
respectively. Cr(VI) inflicted the maximum negative effects
on seedlings. Further, the results depicted that in binary
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Table 3 ICs, values of different heavy metals calculated on the basis of
inhibition of root length of B. juncea seedlings.

Metals 1Csy (mg/1)
Cr 0.524
Mn 73.739
Ni 28.881
Co 47.803
Cu 0.563
Zn 77.882

Table 4 Percentage change in root lengths of B. juncea seedlings grown
in binary combinations of Cr(VI) with other heavy metals, with respect
to Cr(VI) controls.

Metal conc. Cr(VI) in solution (mg/1)
(mg/1™) 0 25 50 100
% change with respect to control
Control (0) 0 0 0 0
Mn Cr+Mn
25 -18.7 280.3 373.8 2057.1
50 -26.5 296.2 3125 2207.1
100 -61.1 40.1 36.3 707.1
Ni Cr+Ni
25 -66.3 -3.7 -15.9 50.0
50 -76.2 219 -19.3 -14.2
100 -92.4 -44.6 -52.2 7.1
Co Cr+Co
25 -394 37 -5.6 -7.1
50 -58.5 272 -12.5 -7.1
100 -77.1 -46.2 -35.2 2214
Cu Cr+Cu
25 -83.7 -11.3 -18.1 -14.2
50 -93. -58.3 -37.5 -7.1
100 -97.7 -54.5 -48.8 -21.4
Zn Cr+Zn
25 -12.1 303.0 3329 1607.1
50 -26.8 331.8 3954 1350.0
100 -58.1 2174 198.8 1335.7

combinations with Zn and Mn, the seedlings’ biomass was
higher than that of seedlings cultured in Cr(VI) alone. Re-
sults of the multiple regression interaction model (Table 4)
showed that except for Zn, all other metal ions exhibited a
deleterious effect on the dry weight of seedlings. However,
these metal ions in binary combinations showed a signifi-
cant antagonistic interaction among themselves by mutually
decreasing each other’s toxicity, thereby showing a positive
effect on the dry weight, except for (Cr+Ni), in which the
interactive effect was negative on the dry weight. This sug-
gests a synergism between the two metal ions. 2-way
ANOVA for the dry weight of B. juncea seedlings for
Cr(VI) and other metals in binary combinations (Table 5)
shows that there are statistically significant differences
among mean dry weight values for treatments of Cr(VI) and
doses (other metals) in all binary combinations.

The results of uptake analysis (Fig. 5, Table 6) indicate
that the uptake of each metal was directly proportional to its
concentration in the medium. B. juncea seedlings showed
maximum uptake of Zn ions, followed by Mn. At 100 mg/1
of Zn and Mn, uptake was found to be 0.531 and 0.445
mg/g dw, respectively. On the other hand, the metal that
accumulated the least was Ni (0.135 mg/gdw) followed by
Cr (0.180 mg/gdw). Co and Cu showed moderate accumu-
lation of 0.224 and 0.235 mg/g dw, respectively at a metal
concentration of 100 mg/1.

Uptake analysis of seedlings grown in the binary treat-
ments revealed that the presence of Zn and Mn strongly in-
hibited the uptake of Cr in seedlings, and vice versa. At the
highest Cr(VI) treatment of 100 mg/l, addition of even low
doses of Mn (25 mg/l) and Zn (25 mg/l), greatly inhibited
the uptake of Cr by 66 and 60%, respectively. Similar pat-
terns were also observed in other binary combinations of
(Cr+Ni) and (Cr+Cu), where Ni and Cu ions inhibited the
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Fig. 4 Dry weight (mg/seedling) of B. juncea (mean + SD) seedlings
grown in binary combinations of Cr(VI) with other heavy metals.

uptake of Cr (Table 7). However, Co facilitated the uptake
of Cr, but the overall interactive effect of the (Cr+Co) com-
bination on Cr uptake was also negative. Multiple regres-
sion interaction model (Table 8) showed a significant cor-
relation among both metal ions for the uptake of Cr in these
binary combinations. -regression coefficients for Zn, Mn,
Ni and Cu were negative, and the interactive effects of these
combinations on the uptake of Cr(VI) were also negative.
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Table 5 Multiple regression with interaction models for different parameters (Y) of B. juncea in binary combinations of Cr (X, mg/l) and other metals (X5,
mg/l).

Metal Multiple regression equation r B regression coefficients
B1 B2 Interaction (f;)

Germination percentage

Mn Y =87.90-0.38 X;- 0.18 X+ 1.5x10* X, X, 0.8432* -0.78 -0.37 0.02

Ni Y =80.34 - 0.47 X;- 0.26 X, - 3.6x10° X, X, 0.8702* -0.76 -0.42 4.2 %107

Co Y =75.54-0.51 X;-0.14 X,- 7.5x10* X, X, 0.8342* -0.75 -0.20 -0.08

Cu Y =77.74-0.44 X, - 0.21 X5-3.4x10°X, X, 0.8109* -0.73 -0.36 4.1x10*

Zn Y =89.10-0.40 X; - 0.11 X+ 7.9x10* XX, 0.8393* -0.90 -0.24 0.13
Root length (cm)

Mn Y =7.58-0.07 X;-0.04 X,+ 5.0x10" X, X, 0.7308* -0.95 -0.51 0.54

Ni Y =5.32-0.06 X, - 0.05 X+ 6.7x10* X, X, 0.7573* -1.00 -0.82 0.75

Co Y =5.98-0.07 X, - 0.05 X+ 6.0x10* X, X, 0.7789* -1.01 -0.66 0.78

Cu Y =4.69 -0.05 X, - 0.05 X+ 7.0x10* X, X, 0.6898* -0.88 -0.85 0.69

Zn Y =7.68-0.08 X;-0.03 X;+ 6.0x10* X, X, 0.7911%* -1.07 -0.37 0.54
Shoot length (cm)

Mn Y =2.64-0.02X,-0.01 X,+ 1.3x10" XX, 0.8262* -1.15 -0.41 0.65

Ni Y =2.65-0.02X,-0.01 X,+ 1.1x10" XX, 0.9235* -1.01 -0.78 0.45

Co Y =2.51-0.02X,-0.01 Xo+ 1.1x10*X,X, 0.8909* -1.01 -0.73 0.45

Cu Y =2.60-0.02 X,-0.02 X+ 1.7x10* X, X, 0.9470%* -1.02 -1.08 0.71

Zn Y =2.82-0.02X,-3.4x10°X,+ 1.3x10* XX, 0.8900%* -1.19 -0.26 0.60
Dry weight (mg/seedling)

Mn Y=7.73-0.03X,-0.01 X;+ 1.8x10*X,X; 0.8051* -1.05 -0.29 0.46

Ni Y =6.62-0.02 X;-0.02 X,-2x10° X; X, 0.9342* -0.72 -0.49 -0.04

Co Y =6.90 -0.03 X;-0.02 X+ 5.5x10° X; X, 0.9700%* -0.88 -0.64 0.63

Cu Y =6.88-0.02 X, - 0.02 X+ 1x10* X, X, 0.9203* -0.90 -0.73 0.30

Zn Y =2.77-0.02 X,-3.4x10° X, + 1.3x10°* X, X, 0.9070* -1.21 -0.22 0.61

*p <0.05.

Table 6 Two-way ANOVA and honestly significant difference (HSD) using Tukey’s multiple comparison test for metal uptake in B. juncea seedlings
grown in binary combinations of Cr (VI) and other metals.

Mn+Cr Cr+Mn
Cr uptake Mn uptake
Source of variation df SS MSS F-ratio HSD SS MSS F-ratio HSD
Treatment 3 0.020 0.007 11.128* 0.097 0.130 0.043 26.101%* 0.159
Dose 2 0.001 0.000 0.553 0.019 0.010 5.759*
Treatment x Dose 6 0.007 0.001 1.985 0.031 0.005 3.092%
Error 12 0.007 0.001 0.020 0.002
Total 23 0.035 0.201
Ni+Cr Cr+Ni
Cr uptake Ni uptake
Treatment 3 0.021 0.007 3.516* 0.173 0.007 0.002 3.813* 0.097
Dose 2 0.013 0.007 3.338* 0.011 0.005 9.296*
Treatment x Dose 6 0.006 0.001 0.537 0.000 0.000 0.092
Error 12 0.024 0.002 0.007 0.001
Total 23 0.064 0.024
Co+Cr Cr+Co
Cr uptake Co uptake
Treatment 3 0.011 0.004 7.595% 0.089 0.037 0.012 19.500%* 0.097
Dose 2 0.004 0.002 3.570%* 0.002 0.001 1.848
Treatment x Dose 6 0.006 0.001 1.915 0.012 0.002 3.069*
Error 12 0.006 0.000 0.008 0.001
Total 23 0.026 0.058
Cu+Cr Cr+Cu
Cr uptake Cu uptake
Treatment 3 0.028 0.009 28.159* 0.069 0.030 0.010 24.290%* 0.079
Dose 2 0.002 0.001 2.596 0.029 0.014 35.343*
Treatment x Dose 6 0.006 0.001 2.877 0.007 0.001 2.781
Error 12 0.004 0.000 0.005 0.000
Total 23 0.039 0.070
Zn+Cr Cr+Zn
Cr uptake Zn uptake
*Treatment 3 0.021 0.007 28.666* 0.056 0.167 0.056 30.502 0.168
Dose 2 0.001 0.001 2.927 0.068 0.034 18.614*
Treatment x Dose 6 0.007 0.001 4.646* 0.048 0.008 4.359*
Error 12 0.003 2.4E-04 0.022 0.002
Total 23 0.032 0.304

The first metal in the binary combination is the treatment, and the second the dose
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Fig. 5 Uptake of metals (mg/g dw) in 7-day-old seedlings of B. juncea grown in binary combinations of Cr(VI) with other heavy metals.
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Table 7 Percentage change in uptake of different metals in B. juncea
seedlings grown in binary combinations of Cr(VI) with other heavy
metals with respect to the controls.

Metal conc Cr+Mn
(mg/l)
Cr uptake (mg/g dw)
Control Mn (25 mg/l) Mn (50 mg/l) Mn (100 mg/l)
Cr25 0 -19.0 -27.0 -40.0
Cr 50 0 -29.4 -41.2 -49.6
Cr 100 0 -66.7 -62.2 -68.3
Mn uptake (mg/g dw)
Control Cr 25 mg/l) Cr (50 mg/l) Cr (100 mg/l)
Mn 25 0 -26.3 -32.1 -35.7
Mn 50 0 -43.2 -48.6 -54.7
Mn 100 0 -56.9 -60.7 -66.3
Cr+Ni
Cr uptake (mg/g dw)
Control Ni (25 mg/l)  Ni (50 mg/l) Ni (100 mg/l)
Cr25 0 -39.0 -49.0 -50.0
Cr 50 0 -19.3 -31.1 -49.6
Cr 100 0 -19.4 -31.7 -76.1
Ni uptake (mg/g dw)
Control Cr 25 mg/l) Cr (50 mg/l) Cr (100 mg/1)
Ni 25 0 -19.4 -35.5 -44.1
Ni 50 0 -12.6 -26.7 -393
Ni 100 0 -5.2 -133 -28.1
Cr+Co
Cr uptake (mg/g dw)
Control Co (25 mg/l) Co (50 mg/l) Co (100 mg/1)
Cr25 0 -16.0 -27.0 -28.0
Cr 50 0 -18.5 -18.5 =252
Cr 100 0 -42.2 -43.3 -66.7
Co uptake (mg/g dw)
Control Cr 25 mg/l) Cr (50 mg/l) Cr (100 mg/1)
Co 25 0 -24.5 -32.7 -32.7
Co 50 0 -49.4 -51.9 -52.5
Co 100 0 -62.1 -65.2 -71.7
Cr+Cu
Cr uptake (mg/g dw)
Control Cu(25mg/l) Cu (50 mg/l) Cu (100 mg/l)
Cr25 0 -20.0 -38.0 -57.0
Cr 50 0 -28.6 -42.9 -62.2
Cr 100 0 -52.8 -60.0 -83.3
Cu uptake (mg/g dw)
Control Cr 25 mg/l) Cr (50 mg/l) Cr (100 mg/1)
Cu25 0 -6.2 -32.1 -60.5
Cu 50 0 -35.1 -43.5 -54.8
Cu 100 0 -42.6 -48.1 -62.6
Cr+Zn
Cr uptake (mg/g dw)
Control Zn 25mg/l) Zn (50 mg/l)  Zn (100 mg/l)
Cr25 0 -17.0 -24.0 -40.0
Cr 50 0 -44.5 -58.8 -49.6
Cr 100 0 -60.0 =717 -66.1
Zn uptake (mg/g dw)
Control Cr 25 mg/l) Cr (50 mg/l) Cr (100 mg/l)
Zn 25 0 -33.5 -41.2 -48.9
Zn 50 0 -43.0 -44.6 -51.6
Zn 100 0 -59.1 -62.0 -79.7
DISCUSSION

The main aim of the present investigation was to find out
the binary combinations of Cr(VI) with five other metals,
viz. Mn, Ni, Co, Cu and Zn, which could be best suited for
the growth of B. juncea in multielemental contaminated
sites and enhance the metal accumulation potential of this
plant. Since seed germination is the first physiological pro-
cess affected by Cr and other metals, the ability of a seed to
germinate in a medium containing Cr is indicative of its
level of tolerance to this metal (Peralta ef al. 2001). Since
the transition from an inert quiescent seed to a vital meta-
bolizing system is a very vulnerable phase which can seri-
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ously impair the functionality of any phytoremediator, it is
important to study the influence of heavy metals on seeds.
A low concentration of Cr(VI) (25 mg/l) significantly
reduced the germination percentage by 52% as compared to
the control. Parr and Taylor (1982) reported that high levels
of hexavalent Cr in the soil reduced the germination in bush
beans up to 48%. Peralta et al. (2001) found that 40 mg/1 of
Cr(VI) reduced the ability of Medicago sativa seeds to
germinate and grow in the contaminated medium by 23%.
Zeid (2001) attributed the reduced germination of seeds
under Cr stress either to the depressive effect of Cr on the
activity of amylases, or its enhancing the activity of pro-
tease, and on the subsequent transport of sugars to the
embryo axis. In the present study Zn and Mn counteracted
the effects of Cr(VI), showing an improvement of germina-
tion by 17% in the case of (Cr25+Zn25) mg/l. All other
metal ions, Cu, Co and Ni, in combination with Cr(VI),
exerted a more negative influence on seed germination (Fig.
1). A decrease in root growth is also a well documented
effect by toxic heavy metals. Root length is more affected
by Cr(VI) than by any other heavy metal (Breckle 1991;
Prasad et al. 2001; Tang et al. 2001). Chen et al. (2001)
reported that total root length and weight were affected by
20 mg/l Cr(VI) kg soil as K,Cr,0,. The general response
of decreased root growth due to Cr toxicity could be due to
the inhibition of root cell division or the cell cycle. At a
very high concentration of Cr(VI), reduction in root growth
could be due to the direct contact of seedlings with Cr(VI)
ions causing a collapse and subsequent inability of the roots
to absorb water from the medium due to plasmolysis in root
cells (Bassi et al. 1990; McGrath 1995). Liu et al. (2009)
reported the storage of Cr in the cell wall of the roots of the
Leersia hexandra. Also, the adverse effects of Cr on plant
height and shoot growth have been reported by Rout et al.
(1997). The reduction in shoot growth may be mainly due
to reduced root growth and consequently less nutrients and
water transport to the aerial parts of the plant, having a
direct impact on cellular metabolism of shoots contributing
to a reduction in seedling length. Our finding that the root
and shoot growth of B. juncea seedlings decrease drastically
with increasing concentrations of Cr(VI) are in accordance
with Peralta et al. (2001) who reported a concentration
dependant inhibition of root growth at 20 and 40 ppm of
Cr(V]) in Medicago sativa plants grown on solid medium.
Ghosh and Singh (2005) also demonstrated that the growth
of B. juncea is highly affected with increase in chromium
concentration in the soil. Shanker ef al. (2005) reported that
Cr stress can induce 3 possible types of metabolic modifica-
tions in plants (a) alteration in the production of pigments,
such as chlorophyll and anthocyanin; (b) increased produc-
tion of metabolities (glutathione, ascorbic acid); and (c)
changes in metabolic production of new biochemically
related metabolites that may induce resistance to Cr stress
such as phytochelatins, metallothioenins and histidine. The
investigators studied the mechanism of action of Cr in
biological systems, and established that the Halliwell-Asada
pathway is the key pathway, whereby Cr toxicity and
tolerance is mediated. Cr-DNA interaction is one of the well
established mechanisms of action of Cr in causing apotopsis
and carcinogenesis. Elbekai and EIl-Kadi (2007) while
studying as to how heavy metals alter the carcinogenicity of
AhR ligands demonstrated that As(ii), Cd(II) and Cr(VI)
increase Cyplal m RNA levels in Hepa lclc7 cells at the
transcriptional and post transcriptional levels. Cr(VI) medi-
ates Fenton-like reactions and produces ROS, which are
responsible for all the toxicity and genotoxicity caused by
the metal. Goupil et al. (2009) studied the expression of
stress related genes in tomato plants exposed to Cr and As
and reported greater tolerance of tomato plants to As due to
the induced production of stress proteins as compared to Cr.
However Cr tolerance was also observed in various hyper-
accumulator species. Sinha ef al. (2008) reported increased
level of antioxidants in B. juncea under Cr stress that leads
to Cr tolerance. Shanker et al. (2004) suggested differential
response to AA and H,0, signaling by Cr(III) and Cr(VI) in
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Table 8 Multiple regression interaction models for metal uptake in B. juncea seedlings grown in binary combinations of Cr (X, mg/l) and other metals

(X, mg/l).
Treat-ments Uptake of metals (mg/g dw) (Y) r B-regression coefficients
Multiple regression equation with interaction B B2 Interaction (§;)
Cr+Mn Y(Cr)=0.081 +5.3x10* X, - 1.6x10* X, - 8.2x10° X, X, 0.7626* 0.485 -0.172 -0.676
Y(Mn) =0.166 + 1.9x10° X, - 2.4x10* X, - 2.3x10° X, X, 0.8018* 0.675 -0.103 -0.738
Cr+Ni Y(Cr) =0.050 + 1.3x10° X, - 4.5x10”° X, - 1.3x10° X, X, 0.9765* 0.992 -0.040 -0.868
Y(Ni) = 0.085 + 5.7x10* X, - 4.7x10* X, - 5.2x107 X, X, 0.9106* 0.659 -0.641 0.054
Cr+Co Y(Cr) = 0.071 + 8.7x10™ X, + 1.4x10™* X, - 1.1x10° X, X, 0.8959* 0.924 0.175 -1.095
Y(Co) = 0.076 + 9.9x10* X, + 8.1x10° X, - 1.6x10° X, X, 0.8011%* 0.673 0.065 -0.951
Cr+Cu Y(Cr) = 0.076 + 7.4x10™ X, - 2.4x10* X, - 1.1x10”° X, X, 0.9251* 0.602 -0.234 -0.785
Y(Cu) =0.057 + 1.5x107 X, - 2.8x10* X, - 1.0x107° X, X, 0.9173* 0.901 -0.200 -0.553
Cr+Zn Y(Cr) =0.077 + 5.4x10* X, - 1.3x10* X, - 7.8x10° X, X, 0.6888 0.479 -0.135 -0.623
Y(Zn) = 0.123 +2.9x10° X, - 1.9x10% X, - 2.7x10° X, X, 0.8224* 0.825 -0.066 -0.689
*p < 0.05.

Vigna radiata. Karuppanapandian et al. (2008) also repor-
ted Cr induced accumulation of peroxide content, stimu-
lation of antioxidative enzymes and lipid peroxidation in V.
radiata.

Since the main prerequisite for higher yield in phyto-
remediator plants is an increase in biomass production in
terms of dry matter, toxicity to B. juncea by Cr is a major
hurdle in its phytoremediation potential. Our observation
confirms the reports of Han ef al. (2004) that B. juncea is
not a good candidate for phytoremediation of soils when Cr
is the major pollutant. However, the results of the present
investigation showed that supplementation of Zn or Mn to
the growth medium helps in overcoming the toxic effects of
Cr(VI) and enhance seedling biomass. Aravind and Prasad
(2005) reported that antioxidative properties of Zn play an
important role in counteracting Cd toxicity in Ceratophyl-
lum demersum. Mn is also widely recognized as an anti-
dote to elevated uptake of some heavy metals. Baszynski et
al. (1980) reported the protective role of elevated Mn con-
tent in plants against Cd toxicity towards photosynthetic
apparatus. Roy and Bera (2002) reported amelioration of
mercury toxicity by Mn in case of mung bean seedlings as
in combined solutions; mercury uptake was mostly pre-
vented in the presence of 10 ppm of Mn. Moreover Mn is
an important component of stress combating antioxidative
enzyme, SOD which can ameliorate the toxic effects of
heavy metals (Narang et al. 2008). Data regarding the
uptake of different ions in the seedlings (applied singly or in
combination) indicated that the uptake of one ion directly or
indirectly influences the uptake of other ion from a binary
mixture. All the metal ions demonstrated a concentration-
dependent increase in the uptake potential. It is generally
held that the uptake of nutrients by plants is a metabolically
regulated process (Salisbury and Ross 1995). Much of the
information required to understand the behavior of metal
pollutants in plants can be extrapolated from the extensive
database available for nutrient species. Although uptake
mechanism can be shown to be quite specific for individual
ions, competition with respect to absorption can be shown
for a group of closely related anions or cations. It was re-
ported that sulphite, thiosulphate, and chromate competi-
tively retard sulphate uptake and behave as analogs of sul-
phate. Ghosh and Singh (2005) also showed that the domi-
nant forms of Cr in contaminated soils are Cr207’2 and
CrOy4 oxyanions that are actively transported to the cells by
the sulphate transport system. It was also reported that Cr,
due to its structural similarity with some essential elements,
possibly affects mineral nutrition of plants in a complex
way.

The interactions of Cr with uptake and accumulation of
other nutrients have received maximum attention by resear-
chers, as both the Cr species, Cr(Ill) and Cr(VI), interfere
with the uptake of several other ionically similar elements
like Fe and S. As Cr is highly toxic and nonessential ele-
ment to the plants, plants lack a specific mechanism for its
uptake. Therefore, the uptake of this metal occurs through
carriers used for the uptake of essential metals for plant
metabolism (Shanker et al. 2005). The pathway of Cr(VI)
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transport is active transport involving carriers of essential
anions such as sulphate (Cerventes et al. 2001). Cr due to
its structural similarity with some essential elements can
affect mineral nutrition of plants in a complex way (Shan-
ker et al. 2005). It is found that Cr(III) and Cr(VI) are taken
up by different mechanisms (Zaccheo et al. 1985), and both
the species can interfere with the uptake of various other
ionically similar elements (Skeffington et al. 1976). Cr(VI)
is reported to be actively taken up, in contrast to Cr(III)
which is passively taken up and retained by cation exchan-
gers (Shanker et al. 2004). Barcelo et al. (1985) described
the inhibition of P, Zn, Cu and Fe translocation within bean
plants. It was further found that in soluble Mn fractions,
critical effects on the uptake of Mn, Cu, Zn, Fe and Al were
influenced by Cr (Ottabbong 1989). The results of the pre-
sent investigation where Cr(VI) was applied in combination
with Co, Ni, Cu, Zn and Mn also showed that the uptake of
all these ions was inhibited by Cr(VI). However, Turner and
Rust (1971) reported that in soybean plants, Cr decreased
the concentrations of Ca, Mg, P, B and Cu but Fe, Mn and
Zn remain unaffected. Our results where Zn and Mn uptake
was diminished in the presence of Cr(VI) indicate that the
ion interaction mechanism may be species-specific. More-
over, Cr(VI) uptake was also decreased in the presence of
Zn, Mn, Ni, Co and Cu. The competitive interaction be-
tween Cr and Cu, where these inhibit the uptake of each
other in B. juncea seedlings has been reported by Morel et
al. (1995) in tomato seedlings. The present study finds sup-
port from Sharma and Pant (1994) in which Mn and Cu
concentrations in maize plants decreased with increasing Cr
levels in the medium.

The interaction of dissolved metals with cell mem-
branes can affect the transport, chemistry, bioaccumulation,
and relative toxicity of metals. The reactions of metal ions
with various surface functional groups such as sulphydryl,
amino, carboxyl hydroxide, oxide, efc. are numerous and
difficult to quantify individually, thereby complicating the
development of a general relationship between the aqueous
chemistry of metals, their interaction among themselves and
subsequently their toxicological properties. It is therefore
concluded from the study that B. juncea is very sensitive to
variations in metal concentrations in binary mixtures, but is
capable of high metal enrichment. At 100 mg/l of Zn and
Mn, uptake was found to be 0.531 and 0.445 mg/g dw, res-
pectively in the seedlings The proposed models can be used
to predict the interactive effects of metal ions in the metal
accumulation process. The present study specifically high-
lights the role of Zn and Mn in ameliorating the toxicity of
Cr(V]) in B. juncea seedlings. By the addition of even low
concentration of Mn (25 mg/l) and Zn (25 mg/l) to Cr(VI)
(100 mg/1), uptake of Cr was reduced by 66 and 60%, res-
pectively. Multiple regression interaction models showed
that the interactive effects of binary combinations of Cr+Zn
and Cr+Mn are positive on all the growth parameters stu-
died, by mutually decreasing the toxicity of each other,
thereby implying antagonistic interaction of these metal
ions with Cr(VI). Zn, Mn, Ni and Cu inhibit the uptake of
Cr.



Interactive effects of Cr(VI) with heavy metals. Kaur ez al.

ACKNOWLEDGEMENTS

Thanks are due to the Head of Department of Botanical & Envi-
ronmental Sciences, Guru Nanak Dev University, Amritsar for
providing research facilities.

REFERENCES

Abou-Shanab R, Ghanem N, Ghanem K, Al-Kolaibe A (2007) Phytoreme-
diation potential of crop and wild plants for multimetal contaminated soils.
Research Journal of Agricultural and Biological Sciences 35, 370-396

Allen SE, Grimshaw HM, Pakinson JA, Quarmby C, Roberts JD (1976)
Chemical analysis. In: Chapman SB (Ed) Methods in Plant Ecology, Black-
well Scientific Publishers, Oxford, pp 424-426

An Y, Kim Y, Kwon T, Jeong S (2004) Combined toxicity of Cu, Cd and Pb
upon Cucumis sativus growth and bioaccumulation. Science of the Total
Environment 326, 85-93

Ansari KH, Ahmed A, Umar S, Iqgbal M (2009) Mercury induced changes in
growth variables and antioxidative enzyme activities in Indian mustard. Jour-
nal of Plant Interactions 4, 131-136

Aravind P, Prasad MNV (2005) Cd-Zn interactions in a hydroponic system
using C. demersum L.: Adaptive ecophysiology, biochemistry and molecular
toxicology. Brazilian Journal of Plant Physiology 17, 3-20

Bailey NTJ (1995) Statistical Methods in Biology, Cambridge University Press,
Cambridge, 255 pp

Barcel6 J, Poschenriender C, Ruano A, Gunse B (1985) Leaf water potential
in Cr(VI) treated bean plants (Phaseolus vulgaris L). Plant Physiology 17
(Suppl.), 163-164

Bassi M, Corradi MG, Realini M (1990) Effects of chromium (VI) on two
fresh water plants, Lemna minor and Pistia stratiotes. 1. Morphological ob-
servations. Cytobios 62,27-38

Baszynski M, Buczek JT, Wajda L, Krol M, Wolinska D, Krupa Z, Tuken-
dorf A (1980) Photosynthetic activities of cadmium-treated tomato plants.
Physiologia Plantarum 48, 365-370

Biddappa CC, Bopaiah MG (1989) Effect of heavy metals on the distribution
of P, K, Ca, Mg and micronutrients in the cellular constituents of coconut leaf.
Journal of Plantation Crops 17, 1-9

Blaylock MJ, Huang JW (2000) Phytoextraction of metals. In: Raskin I,
Ensley BD (Eds) Phytoremediation of Toxic Metals: Using Plants to Clean-
Up the Environment, John Wiley & Sons, Inc., New York, pp 53-70

Breckle SW (1991) Growth under stress: heavy metals. In: Waisel Y, Eshel A,
Kafkafi U (Eds) Plant Root: The Hidden Half, NY, USA7, Marcel Dekker, pp
351-373

Bunluesin S, Pokethitiyook P, Lanza GR, Tyson JF, Kruatrachue M, Xing
B, Upatham S (2007) Influences of Cd and Zn interaction and humic acid on
metal accumulation in C. demersum. Water, Air, and Soil Pollution 180, 225-
235

Cervantes C, Campos-Garcia J, Devars S, Gutierrez-Corona F, Loza-
Tavera H, Torres-Guzman JC, Moreno-Sanchez R (2001) Interactions of
chromium with microorganisms and plants. FEMS Microbiology Review 25,
335-347

Chaoui A, Ghorbal MH, El Ferjani (1997) Effects of Cd-Zn interactions on
hydroponically grown bean (Phaseolus vulgaris L.). Plant Science 126, 21-
28

Chen NC, Kanazawa S, Horiguchi T, Chen NC (2001) Effect of chromium on
some enzyme activities in the wheat rhizosphere. Soil Microorganisms 55, 3-
10

Chen S, Zhou Q, Sun T, Li P (2003) Rapid ecotoxicolgical assessment of

heavy metal combined polluted soil using canonical analysis. Journal of

Environmental Sciences 15, 854-858

Coughtrey PJ, Martin MH (1978) Tolerance of Holcus lanatus to Pb, Zn and
Cd in factorial combinations. New Phytologist 81, 147-154

Cunningham SD, Ow DW (1996) Promises and prospects of phytoremediation.
Plant Physiology 110, 715-719

Davies FT, Puryear JD, Newton RJ, Grossi JAS (2001) Mycorrhizal fungi
enhance accumulation and tolerance of chromium in sunflower (Helianthus
annuus). Journal of Plant Physiology 158, 777-786

Dickinson NM, Baker AJM, Doronila A, Laidlaw S, Reeves RD (2009)
Phytoremediation of inorganics: Realism and synergies. International Jour-
nal of Phytoremediation 11, 97-114

Diwan H, Ahmed A, Igbal M (2008) Genotypic variation in the phytoremedia-
tion potential of Indian mustard for chromium. Environmental Management
41, 734-736

Dowling DN, Doty SL (2009) Improving phytoremediation through biotechno-
logy. Current Opinion in Biotechnology 20, 204-206

Dushenkov S, Vasudev D, Kaplunik Y, Gleba D, Fleisher D, Ting KC,
Ensley B (1995) Phytoremediation: a noval approach to an old problem. In:
Wise DL (Ed) Global Environmental Biotechnology, Elesvier Science B.V.,
Amsterdam, pp 563-572

Dushenkov S, Vasudev D, Kapulnik Y, Gleba D, Fleisher D, Ting KC, Ensley
B (1997) Removal of uranium from water using terrestrial plants. Environ-
mental Science and Technology 31, 3468-3474

26

Ebbs S, Uchil S (2008) Cadmium and zinc induced chlorosis in Indian mustard
involves preferential loss of chlorophyll b. Photosynthetica 46, 49-55

Ebbs SD, Kochian LV (1998) Phytoextraction of zinc by oat (4vena sativa),
barley (Hordeum vulgare), and Indian mustard (Brassica juncea). Environ-
mental Science and Technology 32, 802-806

Elbekai RH, El-Kadi AOS (2007) Transcriptional activation and posttranscrip-
tional modification of Cyplal by arsenite, cadmium, and chromium. Zoxi-
cology Letters 172, 106-119

FargaSova A, Beinrohr E (1998) Metal-metal interactions in accumulation of V,
Ni, Mo, Mn and Cu in under and above ground parts of Sinapsis alba. Che-
mosphere 36, 1305-1317

Garbisu C, Alkorta I (2001) Phytoextraction: A cost-effective plant-based
technology for the removal of metals. Bioresource Technology 5, 25-83

Ghodake GS, Talke AA, Jadhav JP, Govindwar SP (2009) Potential of Bras-
sica juncea in order to treat textile-effluent-contaminated sites. International
Journal of Phytoremediation 11, 297-312

Ghosh M, Singh SP (2005) Comparative uptake and phytoextration study of
soil induced chromium by accumulator and high biomass weed species.
Applied Ecology and Environmental Research 3, 67-79

Goupil P, Dalila S, Ezzedine F, Olivier F, Adnane H, Gérard L (2009) Ex-
pression of stress-related genes in tomato plants exposed to arsenic and chro-
mium in nutrient solution. Journal of Plant Physiology 166, 1446-1452

Guo TR, Zhang GP, Zhang YH (2007) Physiological changes in barley plants
under combined toxicity of aluminum, copper and cadmium. Colloids and
Surfaces 57, 182-188

Han FX, Sridhar BBM, Monts DL, Su Y (2004) Phyto-availability and toxi-
city of trivalent and hexavalent chromium to Brassica juncea. New Phyto-
logist 162, 489-499

Hsiao KH, Kao PH, Hseu ZY (2007) Effects of chelators on chromium and
nickel uptake by Brassica juncea on serpentine-mine tailings for phytoextrac-
tion. Journal of Hazardous Materials 148, 366-376

Kalavrouziotis 1K, Koukoulakis PH, Robolas P, Papadopoulos AH, Panta-
zis V (2008) Interrelationshopis between heavy metals macro and micronutri-
ents, and properties of a soil cultivated with B. oleracea, under the effect of
treated municipal waste water. Water, Air, and Soil Pollution 190, 309-321

Karuppanapandian T, Sinha PB, Haniya K, Manoharan K (2008) Chro-
mium-induced accumulation of peroxide content, stimulation of antioxidative
enzymes and lipid peroxidation in green gram (Vigna radiata L. cv. Wilczek)
leaves. African Journal of Biotechnology 8, 475-479

Khan I, Ahmad A, Igbal M (2009) Modulation of antioxidant defence system
for arsenic detoxification in Indian mustard. Ecotoxicology and Environmen-
tal Safety 72, 626-634

Kumar PBAN, Dushenkov V, Motto H, Raskin I (1995) Phytoextraction: The
use of plants to remove heavy metals from soils. Environmental Science and
Technology 29, 1232-1238

Lai H, Chen Z (2009) In-situ selection of suitable plants for the phytoreme-
diation of multi-metals-contaminated sites in central Taiwan. Infernational
Journal of Phytoremediation 11, 235-250

Lasat MM (2000) Phytoextraction of metals from contaminated soil: A review
of plant/soil/metal interaction and assessment of pertinent agronomic issues.
Journal of Hazardous Substance Research 2, 5-24

Liu J, Duan CQ, Zhang XH, Zhu YN, Hu C (2009) Subcellular distribution
of chromium in accumulating plant Leersia hexandra Swartz. Plant and Soil
322, 187-195

Liu XL, Zhang SZ, Shan XQ, Christie P (2007) Combined toxicity of Cd and
As to wheet seedlings and plant uptake and antioxidative enzyme responses
to Cd and As co-contamination. Ecotoxicology and Environmental Safety 68,
305-313

Lone MI, He Z, Stoffella PJ, Yang X (2008) Progress and perspectives of
phytoremediation. Journal of Zhejiang University 9, 210-220

Luo Y, Rimmer DL (1994) Zn-Cu interaction affecting plant growth on a metal
contaminated soil. Environmental Pollution 88, 79-83

Martin-Prevel P, Gagnard J, Gautier P (1987) Plant Analysis: A Guide to the
Nutrient Requirements of Temperate and Tropical Crops, Lavoisier Pub-
lishing Inc., New York, 722 pp

McGrath SP (1995) Chromium and nickel. In Alloway BJ (Ed) Heavy Metals
in Soils, Chapman and Hall, London, UK, pp 139-155

Mei B, Puryear JD, Newton RJ (2002) Assessment of Cr tolerance and
accumulation in selected plant species. Plant Soil 247, 223-231

Miles LJ, Parker GR (1979) Heavy metal interactions in A. scoparius and R.
hirta grown on soil from urban and rural sites with heavy metal additions.
Journal of Environmental Quality 8, 443-449

Montvydiené D, Marciulioniené D (2004) Assessment of toxic interactions of
heavy metals in a multicomponent mixture using L. sativum and S. polyrrhiza.
Environmental Toxicology 19, 351-358

Moral R, Gomez I, Pedreno JN, Mataix J (1996) Absorption of Cr and effects
on micronutrient content in tomato plant (Lycopersicum esculentum M).
Agrochimica 40, 132-138

Moral R, Pedreno JN, Gomez I, Mataix J (1995) Effects of chromium on the
nutrient element content and morphology of tomato. Journal of Plant Nut-
rition 18, 815-822

Narang U, Thukral AK, Bhardwaj R, Garg SK (2008) Role of antioxidative
defence system in Eichhornia crassipes (Mart.) Solms during phytoremedia-



Terrestrial and Aquatic Environmental Toxicology 3 (1), 16-27 ©2009 Global Science Books

tion of mercury. Canadian Journal of Pure and Applied Sciences 2, 537-545

Nouairi I, Ammar WB, Youssef NB, Miled DDB, Ghorbal MH, Zarrouk M
(2008) Antioxidative defence system in leaves of Indian mustard and rape
under cadmium stress. Acta Physiologiae Plantarum 31, 237-247

NRC (1999) Metals and radionuclides: technologies for characterization, reme-
diation, and containment. In: Groundwater and Soil Cleanup: Improving
Management of Persistent Contaminants, National Academy Press, Washing-
ton, DC, pp 72-128

O’Brien TJ, Ceryak S, Patierno SR (2003) Complexities of chromium car-
cinogenesis: role of cellular response, repair and recovery mechanisms Muta-
tion Research 533, 3-36

Ottabbong E (1989) Chemistry of Cr in some Swedish soil: IV. Influence of
CrO, and KHPO, on uptake and translocation of Mn, Cu, Zn, Fe and Al by
rye grass (Lolium perenne). Acta Agriculturae Scandinavica 39, 149-157

Panda SK, Choudhury S (2005) Chromium stress in plants. Brazilian Journal
of Plant Physiology 17, 95-102

Papoyan A, Pifieros M, Kochian LV (2007) Plant Cd and Zn status effects on
root and shoot heavy metal accumulation in 7. caerulescens. New Phytologist
175, 51-58

Parr PD, Taylor JR (1982) Germination and growth effects of hexavalent
chromium in Orocol TL (a corrosion inhibitor) on Phaseolus vulgaris. Envi-
ronment International 7, 197-202

Peralta JR, Gardea Torresdey JL, Tiemann KJ, Gomez E, Arteaga S,
Rascon E (2001) Uptake and effects of five heavy metals on seed germina-
tion and plant growth in alfalfa (Medicago sativa). Bulletin of Environmental
Contamination and Toxicology 66, 727-734

Prasad MNV (2004) Phytoremediation of metals and radionuclides in the envi-
ronment: the case for natural hyperaccumulators, metal transporters, soil-
amending chelators and transgenic plants. In: Heavy Metal Stress in Plants:
From Biomlecules to Ecosystems (2™ Edn), Springer-Verlag, Heidelberg, pp
345-392

Prasad MNYV, Greger M, Landberg T (2001) Acacia nilotica L. bark removes
toxic elements from solution: Corroboration from toxicity bioassay using
Salix viminalis L. in hydroponic system. International Journal of Phytoreme-
diation 3, 289-300

Puig S, Andrés-Colas N, Gracia-Molina A, Peiiaarrubia L (2007) Cu and Fe
homeostatis in Arabidopsis: responses to metal deficiencies, interactions and
biotechnological applications. Plant Cell Environment 30, 271-290

Raghunathan VK, Tettey JN, Ellis EM, Grant MH (2009) Comparative chro-
nic in vitro toxicity of hexavalent chromium to osteoblasts and monocytes.
Journal of Biomedical Materials Research Part A 88, 543-550

Raskin I, Smith RD, Salt DE (1997) Phytoremediation of metals: using plants
to remove pollutants from the environment. Current Opinion in Biotechno-
logy 5, 75-82

Reeves RD, Baker AJM (1999) Metal-accumulating plants. In: Raskin H, Ens-
ley BD (Eds) Phytoremediation of Toxic Metals: Using Plants to Clean up
the Environment, John Wiley & Sons Inc., London, pp 133-229

Reisinger S, Schiavon M, Terry N, Pilon-Smits EA (2008) Heavy metal toler-
ance and accumulation in Indian mustard (Brassica juncea L.) expressing
bacterial gamma-glutamylcysteine synthetase or glutathione synthetase. Inter-
national Journal of Phytoremediation 10, 440-454

Rosko JJ, Rachlin JW (1977) Effect of Cd, Hg, Zn and Pb on cell division,
growth and chlorophyll a content of the chlorophyte, Chlorella vulgaris. Bul-
letin of the Torrey Botanical Club 104, 226-233

Rout GR, Samantaray S, Das P (1997) Differential chromium tolerance
among eight mungbean cultivars grown in nutrient culture. Journal of Plant
Nutrition 20, 473-483

Roy SB, Bera AK (2002) Amelioration of mercurial toxicity by manganese. L.
A case study in mung bean seedling. Journal of Environmental Biology 23,
321-323

Salisbury FB, Ross CW (1995) Mineral nutrition. In: Plant Physiology, CBS
Publishers, Delhi, pp 99

Saraswat S, Rai JPN (2009) Phytoextraction potential of six plant species
grown in multicontaminated soil. Chemistry and Ecology 25, 1-11

Schiavon M, Pilon-Smits EAH, Wirtz M, Hell R, Malagoli M (2008) Interac-
tions between Cr and sulphur metabolism in B. juncea. Journal of Environ-
mental Quality 37, 1536-1545

Seth CS, Chaturvedi PK, Misra V (2008) The role of phytochelatins and anti-
oxidants in tolerance to Cd accumulation in Brassica juncea. Ecotoxicology
and Environmental Safety 71, 76-85

27

Shahandeh H, Hossner LR (2000) Plant screening for chromium phytoreme-
diation. International Journal of Phytoremediation 2, 31-51

Shanker AK, Cervantes C, Loza-Tavera H, Avudainayagam S (2005) Chro-
mium toxicity in plants. Environment International 31, 739-753

Shanker AK, Djanaguiraman M, Sudhagar R, Chandrashekar CN, Path-
manabhan G (2004) Differential antioxidative response of ascorbate gluta-
thione pathway enzymes and metabolites to chromium speciation stress in
green gram (Vigna radiata (L) R Wilczek, cv CO4) roots. Plant Science 166,
1035-1043

Sharma DC, Pant RC (1994) Chromium uptake and its effects on certain plant
nutrients in maize (Zea mays L. cv Ganga 5). Journal of Environmental Sci-
ence and Health 29, 941-948

Sharma SS, Schat H, Voojis R, Heerwaardhan LMYV (1999) Combinational
toxicology of Cu, Zn and Cd in binary mixtures: concentration dependant
antagonistic, nonadditive, and synergistic effects on root growth in S. vui-
garis. Environmental Toxicology and Chemistry 18, 348-355

Shiyab S, Chen J, Han FX, Monts DL, Matta FB, Gu M, Su Y (2008) Phyto-
toxicity of mercury in Indian mustard (Brassica juncea L.). Ecotoxicology
and Environmental Safety 72, 619-625

Siedlecka A (1995) Some aspects of interactions between heavy metals and
plant mineral nutrients. Acta Societatis Botanicorum Poloniae 64, 265-272

Simonova E, Henselova M, Masarovicova E, Kohanova J (2007) Compari-
son of tolerance of Brassica juncea and Vigna radiata to cadmium. Biologia
Plantarum 51, 488-492

Sinha S, Singh S, Mallick S, Sinam G (2008) Role of antioxidants in Cr toler-
ance of three crop plants: Metal accumulation in seeds. Ecotoxicology and
Environmental Safety 72, 1111-1121

Skeffington RA, Shewry PR, Peterson PJ (1976) Chromium uptake and trans-
port in barley seedlings (Hordeum vulgare L.). Planta 132, 209-214

Sokal RR, Rolf, FJ (1981) Biometry: The Principles and Practice of Statistics
in Biological Research, WH Freeman and Co., San Francisco, 859 pp

Sun YB, Zhou QX, Liu WT, An J, Xu ZQ, Wang L (2009) Joint effects of As
and Cd on plant growth and metal bioaccumulation: a potential Cd-hyper-
accumulator and As-excluder Bidens pilosa L. Journal of Hazardous Mate-
rials 165, 1023-1028

Tang SR, Wilke BM, Brooks RR (2001) Heavy-metal uptake by metal tolerant
Elsholtzia haichowensis and Commelina communis from China. Communica-
tions in Soil Science and Plant Analysis 32, 895-905

Tappero R, Peltier E, Grife M, Heide K, Ginder-Vogel M, Livi KJT, Rivers
ML, Marcus MA, Chaney RL, Sparks DL (2007) Hyperaccumulator 4/ys-
sum murale relies on a different metal storage mechanism for cobalt than for
nickel. New Phytologist 175, 641-654

Taylor GJ, Stadt KJ (1990) Interactive effects of Cd, Cu, Mn, Ni and Zn on
the root growth of wheat in solution. In: Van Beusichem ML (Ed) Plant Nut-
rition — Physiology and Applications, Kluwer Academic Publishers, Dor-
drecht, pp 317-322

Tea H, Zeljka V, Visnja O, Mirta T, Branka P (2007) Toxicity assessment by
heavy metal mixtures by L. minor L. The Science of Total Environment 384,
229-238

Turan M, Esringii A (2007) Phytoremediation based on canola (Brassica
napus and Indian mustard (Brassica juncea L.) planted on spiked soil by ali-
quot amount of Cd, Cu, Pb, and Zn. Plant Soil Environment 53, 7-15

Turner MA, Rust RH (1971) Effects of chromium on growth and mineral nut-
rition of soybeans. Soil Science Society of America Proceedings 35, 755-758

Wallace A (1982) Additive, protective, and synergistic effects on plants with
excess trace elements. Soil Science 133, 319-323

Wise JP, Wise SS, Kraus S, Shaffiey F, Grau M, Chen TL, Perkins C,
Thompson WD, Zheng T, Zhang Y, Romano T, O’Hara T (2008) Hexa-
valent chromium is cytotoxic and genotoxic to the North Atlantic right whale
(Eubalaena glacialis) lung and testes fibroblasts. Mutation Research/Genetic
Toxicology and Environmental Mutagenesis 650, 30-38

Xiao X, Chen T, An Z, Lei M, Huang Z, Liao X, Liu Y (2008) Potential of P.
vitatta L. for phytoremediation of sites co-contaminated with Cd and As: The
tolerance and accumulation. Journal of Environmental Sciences 20, 62-67

Zaccheo P, Genevini PL, Cocucci S (1985) Chromium ions toxicity on the
membrane transport mechanism in segments of maize seedling roots. Journal
of Plant Nutrition 5, 1217-1227

Zeid IM (2001) Responses of Phaseolus vulgaris to chromium and cobalt treat-
ments. Biologia Plantarum 44, 111-115



