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a b s t r a c t

Cadmium uptake potential of Brassica napus cocropped with B. parachinensis or Zea mays plants in split
pot (allow the solutes to pass but prevent the interaction of roots between compartments) experiments
was evaluated. Plants were grown in split pots filled with soil spiked at 0, 3, 6, 12, 25 and 50 mg Cd/kg soil.
Biomass and Cd uptake were detemined after 6 weeks, and rhizospheric soil solutions, extracted using soil
probes, were analyzed for pH and water soluble Cd at weekly intervals. Cadmium treatments affected the
eywords:
ocropping
yperaccumulation
hytoextraction
hytoremediation

biomass. Cadmium concentration in the shoots of B. napus was higher when cocropped with B. parachi-
nensis and significantly higher with Z. mays; however, the biomass was negatively affected implying the
higher nutrient apportionment to the crop plants than B. napus. Concentration of Cd in B. napus was
higher in shoots than in roots as revealed by shoot/root Cd quotient and was always >1; the quotient for
B. parachinensis was ∼1 and that of Z. mays was <1, indicating the potential of Brassicaceae members to
translocate the Cd to aboveground tissue. Results indicate the feasibility of cocropping method to clean
the Cd contaminated soils.
. Introduction

Mining, manufacturing and the use of synthetic products, and
and application of industrial or domestic sludge can result in cad-

ium (Cd) contamination of urban and agricultural soils [1]. In
hina, the average content of Cd in soil is 0.097 mg/kg and in soils
f a wastewater irrigation zone, the content of Cd even reached
.16 mg/kg [2]. Further, reports suggest that more than 10,000 ha of
rable lands in China are contaminated with Cd [3,4]. Remediation
f these agricultural fields is essential to prevent the movement of
d through the food chain to human. Conventional soil and crop
anagement methods such as increasing the soil pH, draining wet

oils and applying phosphate can help prevent the uptake of heavy
etals by plants, leaving them in the soil and the soil becomes the

ink of these toxic metals in due course of time. Phytoextraction
sing hyperaccumulator plants has been proposed as a promis-

ng, environmental friendly, low-cost technology for decreasing the
eavy-metal contents of contaminated soils and has emerged as an
lternative to the engineering-based methods [5,6].
Metal hyperaccumulator plants can grow in soils containing high
oncentration of metals and can accumulate heavy metals at high
oncentrations in their shoots [5]. For a Cd hyperaccumulator, the
hreshold foliar concentration of Cd has been defined in the litera-
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ture as 0.01% [7]. Unfortunately, most hyperaccumulators are poor
yielding, slow growing and rare. For these reasons, research is focus-
ing on heavy metal tolerant, high-biomass and fast-growing plants.
Many cultivated Brassica species are potentially useful candidates
for phytoremediation [8,9]. Earlier reports suggests that Brassica
napus can be a useful candidate for phytoextraction of Cd due to
its high above ground biomass, faster growth and high Cd uptake
[10–13].

Stopping the regular crop and entering into the phytoremedia-
tion program would affect the economy and will not be welcomed
by the farmers. In that case, the planting of a hyperaccumula-
tor along with the regular crop (cocropping) will be an alternate
option. Earlier, it has been shown that cocropping a hyperaccumu-
lating Thlaspi caerulescens effectively depleted the plant available
Zn from the soil and increased the growth and decreased the Zn
uptake of a Zn-sensitive Thlaspi arvense [14]. It is interesting to note
that such an enhancement in biomass was not observed when their
roots were not allowed to mingle. This indicates that the changes
in rhizosphere of hyperaccumulator plant facilitated the growth of
sensitive species. The obvious change might be the depletion of
available Zn by the hyperaccumulator and making them unavail-
able to the sensitive plant. The efficient removal of bioavailable and

phytotoxic metals from soil solution by a hyperaccumulator might
aid the establishment of other co-planted less tolerant species. This
might enhance the efficiency and revegetation of contaminated
soils with less tolerant species, referred by Whiting et al. [14] as
‘phytoprotection’.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jwcwong@hkbu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2008.12.103
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Table 1
Selected physico-chemical properties of soil used in the study.

Parameter Value

pH 5.201 ± 0.043a

Total organic C (%) 0.643 ± 0.021
Total N (%) 0.009 ± 0.001
Total P (%) 0.037 ± 0.004
Cd (mg/kg) 0.343 ± 0.004
Cu (mg/kg) 3.392 ± 0.140
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Analyses were performed in triplicate samples and the mean
values with standard error were presented. The data were subjected
to one-way analysis of variance (ANOVA) and Duncan’s multiple
range test using SPSS, ver.11.5 software.
n (mg/kg) 4.778 ± 0.116
i (mg/kg) 0.546 ± 0.063

a mean ± S.E. (n = 3).

Understanding the possible interactions between the cocropped
lants will improve the application of this technique to major agri-
ultural crops. Hence it is essential to characterize the cocropping
ystem from the perspective of phytoextraction of metals. Since
eports on cocropping are very scarce [14–17], information from
onoculture experiments can be applied and tested in a cocrop-

ing system. The availability of heavy metals to plants and, thus
heir toxicity depends on complex rhizospheric reactions involving
ot only exchange processes between soil and plants but also micro-
ial activities. Hence the processes occur in the rhizosphere of the
lants, especially in a cocropping system with a hyperaccumulator
nd a crop plant, deserve to be elucidated.

In the present study, the cocropping of the Cd-hyperaccumulator
rassica napus (rapeseed plant) [18] with Brassica parachinensis
false pak choi) or Zea mays (maize), was investigated. It is designed
o test whether the cocropping of a hyperaccumulator with a crop
lant increases the uptake of Cd in the hyperaccumulator plant.
ocropped crop plants were selected based on the commercial
alue. Brassica parachinensis, also belong to the crucifer family, is
ne of the important leafy vegetables in the South China. Zea mays
s one of the most important agricultural crops worldwide and it
s also a very interesting species due to its potential usefulness in
hytoremediation of the areas contaminated with heavy metals,
specially in one of the phytoremediation technologies—induced
yperaccumulation [19].

. Materials and methods

.1. Soil

A fine loamy soil from the Experimental Farm of Agriculture,
isheries and Conservation Department was sampled to a depth
f 15 cm, air dried and sieved to <2 mm using a stainless steel
ieve. Selected soil characteristics are presented in Table 1. The
oil was spiked with Cd(NO3)2.4H2O solution to obtain 3, 6, 12,
5 and 50 mg/kg levels of Cd and incubated at approximately 60%
ater-holding capacity (WHC) for 1 week until potting. After incu-
ation, soils were filled in 14 cm × 12.5 cm × 12.5 cm size pots made
f Pyrex glass. The pots were divided into two parts using 35 �m
ylon mesh to prevent the roots moving to the adjacent section.
oil solution probes were inserted into pots during soil filling. The
pacing between plants and soil solution extraction probes are illus-
rated in Fig. 1.

.2. Plant materials and growth conditions

Two cocropping systems, BN–BP (B. napus and B. parachinen-
is) and BN–ZM (B. napus and Z. mays) were established. In each

ystem, plants were grown in the following treatments: control
oil, 3, 6, 12, 25 and 50 mg Cd/kg soil. To evaluate the potential
f cocropping and for comparison two additional treatments with
mg Cd/kg soil were setup. The first one was a monocropping con-

rol, with both sides of a divided pot being sown with B. napus
dous Materials 167 (2009) 170–178 171

(hereafter mentioned as monocropping system). The second one
was the cocropping system, in which B. napus and B. Parachinensis/Z.
mays were gorwn in a pot without compartmentation, i.e., without
any nylon barrier so as to allow the root interaction. For each treat-
ment, five seeds each of B. napus and B. parachinensis or Z. mays were
sown in each pot and thinned to one plant after 1 week (Fig. 1). Pots,
three replicates each for a treatment, were placed on greenhouse
bench top in a randomized block design with a temperature range
of 25–35 ◦C. The water content of the soil was maintained at an aver-
age of 60% WHC by watering to weigh daily with deionised water.
Nutrients were provided to plants after 14 and 28 days of planting
as described by Wong et al. [20].

Soil solution was extracted from the soil at weekly intervals
by applying a gentle suction for 16 h using an acid-washed plas-
tic syringe attached to the probes. Six weeks after sowing, soil and
plant samples were collected. The plants were rinsed in deionised
water, separated into root and shoot and oven dried at 80 ◦C. The dry
weights were recorded and the plants were ground in a mechanical
pulverizer and analyzed for Cd. Soil samples were dried at 105 ◦C
and analyzed for pH and DTPA extractable Cd.

2.3. Chemical analyses

The pH of the soil was measured in 1:10 water extracts. Total
organic content of the soil was determined by Walkey–Black
method. The total N and P contents of the soil were extracted by
a Kjeldhal digestion method and analyzed using Indophenol Blue
and Molybdenum Blue methods, respectively [21]. For bioavailable
Cd, soils were extracted with 1:5 (sample:extractant, w/v) diethy-
lene triaminepentaacetic acid–triethanolamine (DTPA–TEA) [22],
shaken at 200 rpm for 2 h and centrifuged at 8000 × g for 5 min.
After filtration, the supernatants were stored in polyethylene bot-
tles until analysis. For total Cd analysis in plant materials, and
Cd, Cu, Ni and Zn in soils, samples were subjected to mixed acid
digestion (conc. HNO3 and conc. HClO4) and analyzed using atomic
absorption spectrophotometer (Varian Techtron Model AA-10) and
graphite furnace atomic absorption spectrophotometer (GFAAS)
with deuterium background correction. Certified reference soil or
orchard leaves were included in each batch for quality control. The
pH of the soil solution extracted using soil probes were measured
immediately and the solutions were stored at 4 ◦C until Cd analysis.
The Cd concentrations in the soil solutions were determined using
GFAAS.

2.4. Statistical analyses
Fig. 1. Design of the pots and spacing between plants. Hyperaccumulator plant is B.
napus and the crop plant is either B. parachinensis or Z. mays.
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ig. 2. Shoot and root dry weights of cocropped plants: (a) shoot dry weight; (b) root
d) root dry weight of BN–ZM (B. napus–Z. mays) cocropping system. UD* pots were
group are not significant at 0.05% level according to DMRT. Error bars are standard

. Results

.1. Plant biomass

Visible symptoms of Cd toxicity were not evident in all the
xperimental plants even at 50 mg Cd/kg soil level. In B. napus–B.
arachinensis (BN–BP) cocropping system, B. napus plants showed
igher shoot and dry weight than B. parachinensis plants (Fig. 2). The
hoot and root biomass decreased with an increase in Cd concen-
rations. The differences in shoot dry weight of B. napus plants were
ot statistically significant at 0.05% level, except at 50 mg Cd/kg soil.
ut in B. parachinensis plants, the reduction in shoot dry weight was
ignificant beyond 12 mg Cd/kg soil treatment (Fig. 2a). For both

lant species, significant (p < 0.05) reduction in root dry weight was
bserved (Fig. 2b). In B. napus–Z. mays (BN–ZM) cocropping system,
igher shoot and root dry weights were recorded for Z. mays plants
han B. napus plants. Reduction in shoot dry weight was significant
p < 0.05) only at 50 mg Cd/kg soil treatment for B. napus and at

able 2
H of soil solution extracted from the rhizosphere of B. napus–B. parachinensis cocropping

oil Cd concentration (mg/kg soil) Week 1 Week 2 We

H of the soil solution extracted from Brassica napus grown soil
0 5.27 ± 0.06 aAb 5.44 ± 0.18 aA 5.5
3 5.34 ± 0.05 aA 5.58 ± 0.10 aAB 5.8
6 5.40 ± 0.01 aA 5.63 ± 0.08 aAB 5.6
6 UDa 5.75 ± 0.25 bA 6.08 ± 0.24 bA 6.0
12 5.21 ± 0.05 aA 5.56 ± 0.01 aAB 5.6
25 5.99 ± 0.07 bA 6.05 ± 0.09 bA 5.9
50 5.99 ± 0.02 bA 6.38 ± 0.07 bA 6.1

H of the soil solution extracted from Brassica parachinensis grown soil
0 5.48 ± 0.08 abA 5.63 ± 0.18 aA 5.6
3 5.54 ± 0.18 bA 5.60 ± 0.11 aA 5.7
6 5.38 ± 0.01 abA 5.68 ± 0.05 aA 5.7
6 UDa 5.39 ± 0.09 abA 5.91 ± 0.08 abB 6.0
12 5.22 ± 0.03 aA 5.60 ± 0.04 aB 5.6
25 5.94 ± 0.06 cAB 6.29 ± 0.20 bABC 5.8
50 6.08 ± 0.01 cA 6.22 ± 0.15 bA 6.3

a UD—pots were not divided by nylon barrier.
b Mean ± standard error (n = 3). Means sharing the common lowercase alphabets within
row are not significant at 0.05% level according to DMRT.
eight of BN–BP (B. napus–B. parachinensis) cocropping system; (c) shoot dry weight;
ivided with nylon barrier. Means sharing the common lower case alphabets within
s (n = 3).

25 and 50 mg Cd/kg soil level for Z. mays (Fig. 2c) when compared
to controls. However, the root dry weight decreased significantly
in B. napus plants (Fig. 2d). In both the plant systems, when the
plant roots were allowed to mingle at 6 mg Cd/kg soil, although
statistically not significant, the dry weight of B. napus plants was
higher than the pots with nylon divider in the same concentra-
tion. But in B. parachinensis and Z. mays plants, a marginal decrease
was noticed. Shoot and root dry weights of B. napus plants were
lower in BN–ZM system when compared with BN–BP cocropping
system.

3.2. Effect of plant growth on the soil solution pH and Cd
Soil solution was extracted from the rhizospheric soil of plants
using soil probes at weekly intervals and analyzed for pH and
Cd concentration. Generally, the pH continues to increase up to 5
weeks of plant growth and then stabilized, and ranged between
6.1 and 6.8 in BN–BP system and between 6.2 and 6.9 in BN–ZM

system.

ek 3 Week 4 Week 5 Week 6

7 ± 0.27 aAB 6.01 ± 0.11 abBC 6.32 ± 0.04 aC 6.42 ± 0.05 aC
0 ± 0.05 abB 6.45 ± 0.13 cC 6.61 ± 0.08 abC 6.51 ± 0.16 aC
5 ± 0.03 aAB 6.00 ± 0.17 abB 6.68 ± 0.09 abC 6.55 ± 0.19 aC
4 ± 0.18 abA 6.25 ± 0.02 bcAB 6.85 ± 0.07 bC 6.77 ± 0.13 aBC
2 ± 0.05 aAB 5.87 ± 0.04 aB 6.40 ± 0.28 aC 6.55 ± 0.16 aC
8 ± 0.12 abA 6.35 ± 0.03 bcB 6.51 ± 0.09 abB 6.53 ± 0.11 aB
2 ± 0.24 bA 6.23 ± 0.10 bcA 6.36 ± 0.09 aA 6.09 ± 0.47 aA

2 ± 0.11 aA 6.35 ± 0.18 bB 6.47 ± 0.05 aB 6.35 ± 0.05 aB
0 ± 0.12 aA 6.17 ± 0.11 abB 6.61 ± 0.05 aC 6.56 ± 0.10 abC
2 ± 0.03 aA 6.11 ± 0.29 abB 6.78 ± 0.03 aC 6.79 ± 0.02 bC
0 ± 0.05 abB 6.12 ± 0.10 abB 6.79 ± 0.05 aC 6.77 ± 0.08 bC
0 ± 0.08 aB 5.77 ± 0.05 aB 6.48 ± 0.12 aC 6.59 ± 0.09 abC
5 ± 0.08 abA 6.29 ± 0.12 abABC 6.57 ± 0.25 aC 6.41 ± 0.04 aBC
0 ± 0.33 bA 6.38 ± 0.15 aA 6.53 ± 0.22 aA 6.59 ± 0.22 abA

a column for a plant and means sharing the common uppercase alphabets within
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Table 3
pH of soil solution extracted from the rhizosphere of B. napus–Z. mays cocropping system.

Soil Cd concentration (mg/kg soil) Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

pH of the soil solution extracted from Brassica napus grown soil
0 5.19 ± 0.09 aAb 5.79 ± 0.08 aC 5.52 ± 0.04 aB 5.58 ± 0.07 aBC 6.52 ± 0.11 abD 6.66 ± 0.05 bcdD
3 5.38 ± 0.07 aA 5.82 ± 0.13 aB 5.69 ± 0.07 abB 5.79 ± 0.06 abB 6.54 ± 0.17 abC 6.83 ± 0.04 dC
6 5.42 ± 0.05 abA 5.83 ± 0.10 aB 5.98 ± 0.07 bB 5.89 ± 0.25 abB 6.69 ± 0.08 abC 6.77 ± 0.07 cdC
6 UDa 5.68 ± 0.17 bA 5.76 ± 0.16 aA 5.72 ± 0.23 abA 5.58 ± 0.26 aA 6.78 ± 0.03 bB 6.80 ± 0.09 dB
12 5.26 ± 0.01 aA 5.73 ± 0.01 aB 5.68 ± 0.05 abB 5.83 ± 0.03 abB 6.69 ± 0.20 abC 6.90 ± 0.09 dC
25 5.99 ± 0.11 cA 6.04 ± 0.21 aA 6.01 ± 0.08 bA 6.20 ± 0.07 bcA 6.35 ± 0.14 aA 6.16 ± 0.14 aA
50 6.14 ± 0.04 cA 6.43 ± 0.04 bB 6.47 ± 0.12 cB 6.39 ± 0.08 cAB 6.42 ± 0.05 abAB 6.35 ± 0.12 abcAB

pH of the soil solution extracted from Zea mays grown soil
0 5.16 ± 0.08 aA 5.59 ± 0.12 aAB 5.58 ± 0.14 aAB 5.97 ± 0.28 abB 6.72 ± 0.06 aC 6.64 ± 0.05 bcC
3 5.43 ± 0.14 abA 5.79 ± 0.34 aAB 5.78 ± 0.40 aAB 5.94 ± 0.40 abABC 6.73 ± 0.20 aBC 6.82 ± 0.13 cC
6 5.40 ± 0.06 abA 5.80 ± 0.14 aAB 5.90 ± 0.20 abB 6.08 ± 0.21 abB 6.76 ± 0.05 aC 6.83 ± 0.10 cC
6 UD* 5.53 ± 0.09 bA 5.76 ± 0.20 aA 5.50 ± 0.21 aA 5.42 ± 0.21 aA 6.60 ± 0.03 aB 6.36 ± 0.01 abB
12 5.28 ± 0.03 abA 5.55 ± 0.04 aA 5.57 ± 0.15 aA 5.76 ± 0.22 abA 6.78 ± 0.24 aB 6.70 ± 0.16 cB
25 5.92 ± 0.18 cA 6.21 ± 0.40 abA 5.93 ± 0.13 abA 6.16 ± 0.05 abA 6.32 ± 0.05 aA 6.16 ± 0.05 aA
50 6.20 ± 0.12 cA 6.61 ± 0.07 bB 6.51 ± 0.08 bAB 6.50 ± 0.13 bAB 6.54 ± 0.16 aAB 6.32 ± 0.10 aAB
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a UD—pots were not divided by nylon barrier.
b Mean ± standard error (n = 3). Means sharing the common lowercase alphabets
row are not significant at 0.05% level according to DMRT.

ocropping system (Tables 2 and 3). The increases in pH were
rogressive and significant at concentrations below 25 mg kg−1 soil.

n higher concentrations, the pH markedly increased in the 1st week
nd increased slowly up to 6 weeks. The pH of the Cd amended soils,
specially at 50 mg Cd/kg soil, were significantly (p < 0.05%) higher
han the control plants up to 3 weeks of plant growth. Another inter-
sting observation is that in BN–BP cocropping system, although
tatistically not significant, the pH of soils from undivided pots at
mg Cd/kg soil were higher than the pH of the soils from pots
ivided with nylon barrier. This tendency extended till the end of

he experiment (6 weeks) in B. napus plant rhizosphere. However,
rom B. parachinensis rhizospheric soil, the difference was not evi-
ent after 3 weeks (Table 2). In contrast to BN–BP system, in BN–ZM
ystem, the rhizospheric pH was higher in nylon divided pots than
he undivided pots.

ig. 3. Cadmium concentration in the plant tissue of cocropped plants grown for 6 we
oncentration in root of BN–BP (B. napus–B. parachinensis) cocropping system; (c) Cd c
ocropping system; UD* pots were not divided with nylon barrier. Means sharing the comm
o DMRT. Error bars are standard errors (n = 3).
a column for a plant and means sharing the common uppercase alphabets within

Cadmium in soil solution increased significantly with increasing
Cd amendment (Tables 4 and 5). However, after 4 weeks, the dif-
ferences in solution Cd are significant only at high concentrations.
In both the cocropping systems, water soluble Cd increased up to 4
weeks and decreased thereafter; a sharp decrease observed in treat-
ments with >12 mg/kg soil especially from the solution collected
from Z. mays plants. At 50 mg Cd/kg soil level, the solution collected
from B. napus plants contained more Cd than B. parachinensis or Z.
mays.
3.3. Cadmium uptake in plant tissue

After 6 weeks of growth, the Cd concentration in shoots and
roots were analyzed and presented in Fig. 3. Since the biomass of
the tested plants were different, the actual Cd uptake/plant is pre-

eks in different concentrations of soil Cd: (a) Cd concentration in shoot; (b) Cd
oncentration in shoot; (d) Cd concentration in root of BN–ZM (B. napus–Z. mays)

on lower case alphabets within a group are not significant at 0.05% level according
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Fig. 4. Cadmium accumulated in the plant tissue and DTPA extractable Cd in the soils of cocropped plants: (a) Cd accumulation in shoot; (b) Cd accumulation in root; (c) DTPA
e cocro
e ping s
l MRT.
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xtractable Cd contents in soils after 6 weeks of BN–BP (B. napus–B. parachinensis)
xtractable Cd contents in soils after 6 weeks of BN–ZM (B. napus–Z. mays) cocrop
ower case alphabets within a group are not significant at 0.05% level according to D
he plants.

ented in Fig. 4. In both the cocropping systems, Cd accumulation
ncreased significantly with increasing soil Cd. In BN–BP system,
d accumulation was higher in B. napus plants than B. parachinen-
is; and the differences were obvious and significant after 12 mg/kg
oil Cd level. Cd concentrations and contents were higher in shoots
han roots. Above 12 mg Cd/kg soil treatment, the Cd concentra-
ion was high in B. napus than B. parachinensis plant (Fig. 3), which
esulted in significant difference in Cd content/plant between these
wo plants (Fig. 4a and b) as the biomass of the B. napus was higher
han B. parachinensis. Similar trend was observed both shoots and
oots. Cd contents were almost similar when the roots of B. napus
nd B. parachinensis plants were allowed to mingle at 6 mg Cd/kg
oil.

In BN–ZM cocropping system, Cd concentrations in B. napus
hoots were significantly higher than Z. mays (Fig. 3). However, Cd
ontent/plant was almost similar in shoot between B. napus and
. mays due to the higher biomass of Z. mays (Fig. 4d and e). The
d concentrations in the roots of B. napus was significantly higher
han the Z. mays plants only at 50 mg Cd/kg soil level. However,
s the root biomass of the Z. mays was 3–5-fold higher than the B.

apus, the Cd content/plant in the roots was significantly higher

n Z. mays. In Z. mays plants, shoot Cd concentration was lower
han root Cd concentration may be due to the higher shoot biomass.

hen the roots are allowed to mingle between cocropped plants, at
mg Cd/kg soil level, shoot and root Cd concentrations of B. napus
pping system; (d) Cd accumulation in shoot; (e) Cd accumulation in root; (f) DTPA
ystem; UD* pots were not divided with nylon barrier. Means sharing the common
Error bars are standard errors (n = 3). (c and f) Level of significance is same for both

plants (18.03 ± 0.90 mg/kg DW and 13.67 ± 0.58 mg/kg DW, respec-
tively) were slightly higher than plants grown with nylon barrier
between them(16.60 ± 1.96 mg/kg DW and 12.39 ± 0.56 mg/kg DW,
respectively), however, statistically not significant.

3.4. DTPA extractable Cd in soil

After 6 weeks of plant growth, the plants were harvested and the
soil was analyzed for the DTPA extractable Cd. DTPA extractable Cd
in soils of different treatments was presented in Fig. 4c and f. In both
the systems and plants, the residual DTPA extractable Cd was same
and was accounted for about 65–70% of the spiked Cd. The percent-
age of residual DTPA extractable Cd increased with increasing Cd
concentration in the soil.

3.5. Accumulation factor and shoot/root Cd quotient

Accumulation factor (mean shoot Cd concentration/mean soil
Cd concentration) was higher at 12 mg Cd/kg soil treatment, when
compared with other Cd treatment levels (Fig. 5). In BN–BP system,

the differences are significant at 50 mg Cd/kg treatment when com-
pared to the control (Fig. 5a). However, in BN–ZM system, higher
Cd treatments (25 and 50 mg) showed significant differences when
compared with other Cd treatments (Fig. 5c). In both the plant
systems, accumulation factor slowly increased up to 12 mg Cd/kg
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ig. 5. Accumulation factor (shoot Cd concentration/soil Cd concentration) and sh
ystem; BN–ZM, B. napus–Z. mays cocropping system; UD* pots were not divided wi
ystem; (c) accumulation factor; (d) shoot/root Cd quotient of BN–ZM cocropping sy
t 0.05% level according to DMRT. Error bars are standard errors (n = 3).

oil level and gradually decreased thereafter. In all the cases, the
ccumulation factor was ≥1. In both the cocropping system, the
ccumulation factor of B. napus plants was >2 and higher than the
. parachinensis or Z. mays plants. The order of accumulation factor
as B. napus > B. parachinensis > Z. mays. The accumulation factor

or the control soil was higher when compared with Cd treatments.
hen the roots of cocropped plants allowed to interact at 6 mg

d/kg soil, the accumulation factor was higher; however, is not
tatistically significant.

Shoot/root (S/R) Cd quotient was also slowly increasing up to
2 mg Cd/kg soil treatment and decreased thereafter in B. napus
lants of both cocropping system (Fig. 5b and c). However, the

rend was not clear as observed in accumulation factor. In all the
reatments, S/R Cd quotient was higher for B. napus than the other
ocropped plants. The order of S/R Cd quotient for the tested plants
as B. napus > B. parachinensis > Z. mays. Both Brassica species have

/R Cd quotient of >1 and the quotient for Z. mays ranged between

able 4
admium concentration of soil solution extracted from the rhizosphere of B. napus–B. par

oil Cd concentration (mg/kg soil) Week 1 Week 2 We

d content in the soil solution extracted from Brassica napus grown soil (�g/L)
0 3.6 ± 0.3 aDb 2.4 ± 0.7 aC
3 33.3 ± 1.5 bD 25.3 ± 2.4 bC 2
6 51.7 ± 3.4 cC 44.0 ± 4.0 cBC 3
6 UDa 51.7 ± 2.2 cD 38.7 ± 0.3 bcC 3
12 70.7 ± 1.8 dB 121.3 ± 6.9 dC 6
25 119.3 ± 7.5 eB 134.7 ± 4.8 dB 16
50 171.3 ± 7.7 fB 190.0 ± 10.3eB 36

d content in the soil solution extracted from Brassica parachinensis grown soil (�g/L)
0 2.5 ± 0.2 aB 2.3 ± 0.4 aB
3 37.0 ± 1.5 bD 23.7 ± 1.2 bC 2
6 62.0 ± 2.5 cD 48.7 ± 4.7 cC 3
6 UD 45.3 ± 1.8 bcC 36.3 ± 3.3 bcBC 3
12 83.3 ± 8.1 dB 117.0 ± 7.4 dC 7
25 125.7 ± 12.2 eB 149.7 ± 10.2 eBC 17
50 146.3 ± 7.9 fB 144.0 ± 11.3 fB 25

a UD—pots were not divided by nylon barrier.
b Mean ± standard error (n = 3). Means sharing the common lowercase alphabets within
row are not significant at 0.05% level according to DMRT.
ot Cd quotient of cocropped plants. BN–BP, B. napus–B. parachinensis cocropping
n barrier: (a) accumulation factor; (b) shoot/root Cd quotient of BN–BP cocropping

Means sharing the common lower case alphabets within a group are not significant

0.62 and 0.73 for Cd treatments. However, for control Z. mays plants
S/R Cd quotient was 1.08 and significantly higher than Cd treat-
ments.

4. Discussion

Earlier reports suggest that the B. napus can be useful as a Cd
hyperaccumulator [10–12]. In our study also, Cd accumulation of
more than 100 mg/kg dry weight indicates the potential of this
species in Cd phytoextraction. Generally, Cd in plants causes chloro-
sis and reduces both shoot and root growth [1] by affecting the
photosynthetic apparatus [23] and water balance [24,25]. Larsson

et al. [26] reported that the Cd affected chlorophyll and carotenoid
contents, and increased the non-photochemical quenching in B.
napus. To evaluate the potential of cocropping, a monocrop, i.e., pots
with B. napus on both sides of a divided pot with 6 mg Cd/kg soil was
conducted and the results are compared with BN–BP and BN–ZM

achinensis cocropping system.

ek 3 Week 4 Week 5 Week 6

1.8 ± 0.5 aBC 2.6 ± 0.2 aCD 0.3 ± 0.1 aA 1.1 ± 0.1 aAB
6.0 ± 1.5 abC 14.9 ± 1.3 abB 2.4 ± 0.5 aA 2.8 ± 0.4 aA
8.7 ± 2.7 bB 46.5 ± 2.2 cBC 3.4 ± 0.6 aA 2.8 ± 0.2 aA
1.0 ± 1.5 bB 37.4 ± 4.8 bcBC 4.8 ± 0.7 aA 3.7 ± 0.3 aA
8.7 ± 7.7 cB 139.5 ± 8.1 dD 38.0 ± 4.0 bA 27.0 ± 4.1 bA
6.0 ± 10.8 dC 160.0 ± 7.0 dC 52.0 ± 6.2 bA 58.0 ± 4.5 cA
1.3 ± 18.7 eC 326.3 ± 20.7 eC 143.0 ± 14.7 cAB 110.3 ± 13.6 dA

2.3 ± 0.4 aB 0.6 ± 0.1 aA 0.3 ± 0.03 aA 0.9 ± 0.1 aA
5.3 ± 1.3 abC 19.3 ± 0.9 bB 1.8 ± 0.2 aA 1.9 ± 0.2 aA
6.0 ± 0.6 bB 53.2 ± 5.1 cCD 2.9 ± 0.2 aA 1.7 ± 0.1 aA
2.7 ± 0.7 abB 42.1 ± 7.5 cBC 2.8 ± 0.4 aA 2.8 ± 0.6 aA
3.7 ± 7.0 cB 101.3 ± 3.5 dC 18.3 ± 2.9 bA 10.0 ± 1.7 aA
3.7 ± 9.2 dC 164.7 ± 3.2 eC 44.3 ± 4.9 cA 52.0 ± 4.6 bA
0.7 ± 24.5 eC 226.7 ± 10.1 fC 112.3 ± 7.8 dAB 88.0 ± 8.7 cA

a column for a plant and means sharing the common uppercase alphabets within
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Table 5
Cadmium concentration of soil solution extracted from the rhizosphere of B. napus–Z. mays cocropping system.

Soil Cd concentration (mg/kg soil) Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Cd content in the soil solution extracted from Brassica napus grown soil (�g/L)
0 1.3 ± 0.1 aBb 1.8 ± 0.1 aC 1.9 ± 0.2 aC 1.6 ± 0.2 aBC 0.3 ± 0.1 aA 0.2 ± 0.06 aA
3 32.0 ± 1.2 bC 28.7 ± 0.3 bC 14.3 ± 1.8 abB 18.3 ± 4.1 abB 2.2 ± 0.2 aA 1.5 ± 0.2 aA
6 49.3 ± 0.7 cBC 50.7 ± 3.3 bC 38.7 ± 3.8 bcBC 37.9 ± 7.6 bB 4.0 ± 0.6 aA 3.1 ± 0.3 aA
6 UDa 42.0 ± 3.5 bcB 47.7 ± 2.7 bB 50.7 ± 7.7 cB 76.5 ± 6.0 cC 3.0 ± 0.2 aA 7.6 ± 0.5 aA
12 90.0 ± 3.8 dB 115.3 ± 10.7 cC 145.7 ± 6.5 dC 170.1 ± 11.1 dD 25.1 ± 2.2 bA 9.3 ± 1.3 aA
25 112.3 ± 5.7 eBC 126.7 ± 14.8 cC 161.7 ± 9.3 dD 199.0 ± 15.0 dE 36.0 ± 4.0 bA 82.0 ± 8.3 bB
50 158.3 ± 8.4 fB 130.0 ± 5.9 cB 205.3 ± 16.7 eC 272.0 ± 18.0 eD 121.7 ± 14.3 cAB 101.7 ± 3.5 cA

Cd content in the soil solution extracted from Zea mays grown soil (�g/L)
0 4.1 ± 0.1 aE 1.9 ± 0.1 aD 1.8 ± 0.1 aD 0.9 ± 0.02 aC 0.4 ± 0.1 aB 0.2 ± 0.03 aA
3 29.7 ± 2.4 bD 26.7 ± 0.9 bD 10.3 ± 0.7 aC 6.7 ± 0.6 abB 1.1 ± 0.3 aA 1.0 ± 0.3 aA
6 54.7 ± 2.8 cE 43.7 ± 4.6 cD 29.7 ± 2.2 bC 17.2 ± 2.5 abB 2.4 ± 0.6 aA 3.9 ± 0.5 aA
6 UD 47.0 ± 2.1 cC 46.3 ± 3.5 cC 43.0 ± 3.2 bC 30.6 ± 2.1 bB 2.6 ± 0.1 aA 6.5 ± 0.8 abA
12 105.3 ± 6.7 dB 127.3 ± 4.8 dC 135.0 ± 5.0 cC 100.0 ± 10.1 cB 15.6 ± 3.3 aA 18.1 ± 0.8 bA
25 128.7 ± 4.1 eBC 132.0 ± 8.5 dC 155.7 ± 6.6 dD 106.8 ± 11.2 cB 34.3 ± 4.1 bA 39.7 ± 3.2 cA
50 198.0 ± 2.0 fC 132.3 ± 4.5 dB 232.7 ± 11.6 eD 265.3 ± 17.1 dD 168.0 ± 12.1 cC 73.3 ± 9.7 dA
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a UD—pots were not divided by nylon barrier.
b Mean ± standard error (n = 3). Means sharing the common lowercase alphabets
row are not significant at 0.05% level according to DMRT.

ocropping systems at the same soil Cd concentration (Table 6). In
he present study, all the tested plants did not show any toxicity
ymptoms up to 50 mg Cd/kg soil, indicating their potential to tol-
rate the Cd treatment. Higher dry weights of B. napus in BN–BP
ystem and Z. mays in BN–ZM system may be attributed to their
rowth habit. Similar to earlier reports [13,27], increase in soil Cd
oncentration reduced both root and shoot biomass. But the dif-
erences in shoot dry weights were significant only at 50 mg Cd/kg
oil treatment for B. napus. But B. parachinensis or Z. mays plants
howed significant shoot biomass reduction after 12 and 25 mg
d/kg, respectively, indicating the higher tolerance of B. napus than
he cocropped plants. However, in root dry weights, the reduction
as significant for both B. napus and B. parachinensis plants after
mg Cd/kg soil treatment in BN–BP cocropping system. Galli et al.
28] reported a strong reduction in root dry weight of Z. mays plants
xposed to Cd. But in BN–ZM plant system, such a significant reduc-
ion was absent, which may indicate that either the Z. mays used
n the study may be Cd tolerant or the rhizospheric effects of B.

able 6
omparison of B. napus growth, and elemental accumulation when is grown with B. nap
lants were grown at 6 mg/kg Cd levels and the different parameters after 6 weeks of gro

arameter Brassica napus cocropped with

B. npaus (monocropping) (n = 6)

hoot dry weight (g/plant) 8.39 ± 0.39 ba

oot dry weight (g/plant) 0.70 ± 0.03 b
hoot Cd concentration (mg/kg) 12.35 ± 0.72 a
hoot Cd (�g/plant) 104.07 ± 9.28 a
oot Cd concentration (mg/kg) 11.85 ± 0.14 b
oot Cd (�g/plant) 8.27 ± 0.46 b
TPA extractable Cd (mg/kg) 4.28 ± 0.33 a

H of soil solutionb

Week 3 5.85 ± 0.05 b
Week 4 5.83 ± 0.10 a
Week 5 6.52 ± 0.08 a
Week 6 6.43 ± 0.17 a

d in soil solution (�g/l)b

Week 3 24.2 ± 1.8 a
Week 4 19.1 ± 1.0 a
Week 5 13.8 ± 0.8 b
Week 6 13.8 ± 0.8 b

ccumulation factor 2.06 ± 0.12 a
hoot/root Cd quotient 1.04 ± 0.05 a

a Means ± S.E. Means sharing a common lowercase alphabet within a row are not signi
b pH and Cd content of the soil solution were not determined during 1st and 2nd week
a column for a plant and means sharing the common uppercase alphabets within

napus plants influenced the Z. mays rhizosphere. Further, the shoot
and root dry weights of B. napus plants cocropped with Z. mays
was lower than the B. napus plants cocropped with B. parachinensis.
The root system of Z. mays developed well alongside the partition
and abundant than B. napus plants, implying the dominance of Z.
mays plants over B. napus plants for the available nutrients. Further,
in comparison with B. napus monocropping experiment, Z. mays
plants negatively influenced the shoot and root biomass of B. napus
significantly (Table 6). In both the plant system, when the plant
roots were allowed to mingle at 6 mg Cd/kg soil, the dry weight was
higher in B. napus when compared to the pots with nylon divider
in the same concentration. Such variations were not observed in B.
parachinensis and Z. mays cocropped with B. napus but a marginal
decrease was noticed.
Soil pH is considered to be one of the most important chemi-
cal factors controlling the availability of heavy metals in soil. Some
plants increase their uptake of nutrients through the acidification
of the rhizosphere via proton release [29] and the rape plants

us (monocropping), B. parachinensis (BN–BP system) or Z. mays (BN–ZM system).
wth are presented.

B. parachinensis (BN–BP system) (n = 3) Z. mays (BN–ZM system) (n = 3)

7.42 ± 0.39 ab 5.93 ± 0.56 a
0.47 ± 0.01 a 0.38 ± 0.04 a

13.43 ± 1.10 ab 16.60 ± 1.96 b
100.47 ± 13.14 a 97.03 ± 7.78 a

9.11 ± 0.48 a 12.39 ± 0.56 b
4.27 ± 0.17 a 4.60 ± 0.30 a
4.08 ± 0.05 a 3.90 ± 0.08 a

5.65 ± 0.03 a 5.98 ± 0.07 b
6.00 ± 0.17 a 5.89 ± 0.25 a
6.68 ± 0.09 a 6.69 ± 0.08 a
6.55 ± 0.19 a 6.77 ± 0.07 a

38.7 ± 2.7 b 38.7 ± 3.8 b
46.5 ± 2.2 b 37.9 ± 7.6 b

3.4 ± 0.6 a 4.0 ± 0.6 a
2.8 ± 0.2 a 3.1 ± 0.3 a

2.24 ± 0.19 ab 2.77 ± 0.33 b
1.50 ± 0.20 b 1.35 ± 0.18 ab

ficant at 0.05% level according to DMRT.
s and hence comparison was not presented.
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re reported to intensively acidify the rhizosphere in response
o the low P status. Hedley et al. [30] reported that the changes
n the rhizosphere pH of rape plants (Brassica napus var. Emer-
ld), grown at high root densities (>90 cm cm−3) in a soil of low
status, were not associated with any detectable increase in the

mount of extractable organic acids or their anions, however,
he rhizosphere acidification led to the efficient P uptake [31].
lthough root exudation of organic acids may alter rhizosphere pH

n some instances [32], most studies have identified differences in
nion/cation uptake as the cause of the pH change [30,33]. In the
resent study, in both the cocropping systems, the pH continues
o increase up to 5 weeks of plant growth and then stabilized and
anged between 6.1 and 6.9 after 6 weeks. Hinsinger and Gilkes [34]
eported that the rhizosphere pH increased by three units when
ape plants were grown with rock phosphate as the sources for
a and P, while little or no change in pH occurred for ryegrass.
urther, in our study, pH might be influenced by the addition of
utrient solution (pH 6.0) after 14 and 28 days. However, increase

n pH during the initial stages implies the role of other factors. Wu
t al. [35] reported that addition of Cd salt to the soil decreased
he buffering capacity. However, the changes in pH may not be
elated with the heavy metal uptake. Previous studies using Thlaspi
aerulescens have ruled out the role of rhizosphere acidification in
etal accumulation [36–38]. Similarly, no change in rhizosphere pH
as recorded in a Ni hyperaccumulator Alyssum murale [29,39]. In

ontrast, Mench and Martin [40] found that extraction of Cd from
oil, using root exudates isolated in hydroponic culture, followed
he same order as Cd bioavailability for three plants: Nicotiana
abacum > Nicotiana rustica > Zea mays. These authors suggest that
oot exudates of the Nicotiana spp. may play an important role in Cd
ccumulation. Similarly, Robinson et al. [41] found that Cd concen-
ration of Thlaspi caerulescens was negatively correlated with pH.
owever, the role of root exudates in metal hyperaccumulation has
een little researched.

Generally, the concentration of water soluble Cd increased up to
weeks, and sharply decreased thereafter. This may be correlated
ith the increasing pH, especially after 4 weeks. Cadmium is more

vailable than other heavy metals to migrate to deeper soil layers
r to underground water by leaching [42]. Wu et al. [35] reported
hat addition of Cd salt to the soil substantially enriched the soil
olution with Cd. However, the increasing pH might have reduced
he water soluble Cd. From the results we can suggest that adequate
d was available for the plant for uptake and it was not the limiting

actor. Further, after 6 weeks of plant growth, the DTPA extractable
d in soils accounted for about 65–70% of the spiked Cd, which

ndicates the limitation of the plant species to extract the available
d rapidly. As the DTPA extractable heavy metal gives a measure
f plant available metals [22], most of the spiked Cd were in avail-
ble form after 6 weeks of growth. There is no significant difference
etween with and without root barrier at 6 mg/kg Cd with respect
o the water soluble and DTPA extractable Cd concentrations. These
esults indicate that the B. napus do not voraciously take up Cd but
ake up if available and accumulate without affecting its physio-
ogical functions as evidenced from the lack of typical Cd toxicity
ymptoms. Hence we suggest that the B. napus used in our study
ay be a moderate Cd acuumulator.
After 6 weeks of growth, the Cd concentration in plant tissue

ncreased linearly with Cd concentrations in the soil. In both the
ocropping systems, the shoot Cd concentration of B. napus plants
xceeded 100 mg/kg dry weight, a limit defined for a Cd hyper-
ccumulator [7]. The accumulation factor for B. napus plants was

2 in both the cocropping systems, which is higher than both B.
arachinensis and Z. mays. In both cocropping systems, the shoot Cd
oncentrations were different between cocropped plants but the
oot Cd concentration remained similar, indicating the efficiency of
. napus to translocate the Cd to the shoot, an important trait for
dous Materials 167 (2009) 170–178 177

a hyperaccumulator. Further, B. napus plants consistently exhibited
S/R Cd quotient of >1, typical of an accumulator plant as suggested
by Baker [43]. Baryla et al. [10] reported 2.5 times higher Cd con-
centration in shoot than that of roots in B. napus plants grown at
25 mg Cd/kg soil for 47 days, however, at 50 mg Cd/kg concentra-
tion, the Cd concentration was about 2 times higher in shoot than
the root. Rossi et al. [12] also reported 1.4 times higher Cd concen-
tration in the shoots than that of roots in B. napus plants grown at
50 mg Cd/kg soil for 5 weeks. However, the concentration of Cd in
the shoot (37 mg/kg DW) and root (27 mg/kg DW) reported by Rossi
et al. [12] was very low when compared to the reports of Baryla et
al. [10] and the present study.

In BN–BP system, the Cd concentration was higher in shoots than
roots in both the plants. Since the biomass of B. napus plant was
higher than the B. parachinensis plants, the quantity of Cd extracted
(Cd content/plant) was higher for B. napus. Brassica parachinensis
plants also showed S/R quotient ∼1, a possible indication of human
health risk when the leaves of the B. parachinensis are consumed if
the soil is contaminated with Cd, since it is grown as a leafy veg-
etable. However, in BN–ZM system, the root Cd concentration of
Z. mays was higher than the Shoot Cd concentration. Our results
are in agreement with a number of reports which indicate that Cd
accumulates more in roots than in maize shoots [44–48]. Higher
root Cd concentration was also revealed by the S/R quotient of <1 in
all Cd treatments; however, the quantity of Cd accumulated in the
shoots was about 6 times of Cd accumulated in the roots due to the
high shoot biomass compared to the root biomass. Concentration
and contents of Cd was the same when the roots of B. napus and
B. parachinensis or Z. mays plants were allowed to mingle at 6 mg
Cd/kg soil. Interestingly, the shoot Cd concentrations of B. napus
from BN–ZM cocropping was significantly higher than the B. napus
from monocropping system at 6 mg Cd treatment, and the differ-
ences in root Cd, although higher, was not significant. In contrast,
B. napus from BN–BP system, exhibit higher but insignificant shoot
Cd and significantly lower root Cd. The accumulation factor and S/R
quotient also follow the same trend. Cocropping with B. parachinen-
sis or Z. mays negatively affected the biomass of B. napus. Although
the Cd concentration in shoot of B. napus was higher than in B. napus
of monocropping, the Cd accumulation (Cd content/plant) was less
due to the reduction in the biomass. Alternatively, cocropping might
resulted in growth enhancement of B. parachinensis and Z. mays
due to the higher nutrient apportionment to the crop plants than
B. napus. Although, the cocropping negatively affected the biomass
of B. napus at 6 mg/kg soil concentration, they are expected to grow
better at higher concentration than the crop plant and extract more
cadmium, thus providing a less toxic environment to the crop plant.
Monocropping controls at higher Cd concentrations (i.e., >12 mg/kg
soil) would give more information. However, the lack of symptoms
in B. napus up to 50 mg/kg soil suggests that they can thrive better at
high Cd concentrations also. Further, both the crop plants seem to
be Cd tolerant, especially B. parachinensis accumulated >100 mg/kg
dry weight. More information could be obtained if these crop plants
were sensitive to Cd. However, the overall results indicate that,
when the B. napus plants cocropped with B. parachinensis or Z. mays,
they take up more Cd and the cocropping with Z. mays is more
effective than with B. parachinensis.

5. Conclusions

High aboveground biomass and the Cd accumulation in the
shoot of B. napus offer potential opportunity for the phytoextraction

of Cd as the concentration exceeds the limit of a hyperaccumulator.
Since, the B. napus used in this study did not voraciously take up
the Cd, we suggest that it may be a moderate accumulator of Cd.
When B. napus was cocropped with B. parachinensis or Z. mays, the
Cd concentration and accumulation in the shoot was significantly



1 Hazar

(
t
o
F
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[46] W.E. Rauser, P. Meuwly, Retention of cadmium in roots of maize seedlings, Plant
78 A. Selvam, J.W.-C. Wong / Journal of

p < 0.05%) higher indicating the potential of cocropping method
o remediate the Cd contaminated soils. However, the cocropping
f B. napus with another Brassicaeae member was not much useful.
urther, consumption of B. parachinensis from Cd contaminated soil
ight pose health risk.
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