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a b s t r a c t

Cadmium contamination in soil has become a serious issue in sustainable agriculture production and food
safety. A pot experiment was conducted to study the influence of four N fertilizer forms on grain yield, Cd
concentration in plant tissues and oxidative stress under two Cd levels (0 and 100 mg Cd kg−1 soil). The
results showed that both N form and Cd stress affected grain yield, with urea-N and NH4

+-N treatments
− +
eywords:
ntioxidant enzyme
admium (Cd)
itrogen (N)

having significantly higher grain yields, and Cd addition reducing yield. NO3 -N and NH4 -N treated
plants had the highest and lowest Cd concentration in plant tissues, respectively. Urea-N and NH4

+-N
treatments had significantly higher N accumulation in plant tissues than other two N treatments. Cd
addition caused a significant increase in leaf superoxide dismutase (SOD) and peroxidase (POD) activities
for all N treatments, except for NO3

−-N treatment, with urea-N and NH4
+-N treated plants having more
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. Introduction

Rice is a staple food crop in the world, second only to wheat in the
lanting area [1]. In China rice is the crop with the largest planting
rea. Currently, in many regions, paddy fields have been to different
xtent contaminated by cadmium (Cd), causing a health hazard to
eople. Clear evidence has linked human renal tubular dysfunction
ith soil Cd contamination in rice farm families in Asia [2]. In Japan,

ice is a leading source of Cd burden for human [3]. Cd toxicity may
ause essential nutrient deficiency and changes in the concentra-
ion of basic nutrients such as N and P in plant tissues [4], therefore
etter understanding of the mechanism of heavy metal toxicity in
erms of nutrient supply is needed. It has been revealed that Cd is
trongly phytotoxic, and causes growth inhibition and even plant
eath due to its interaction with photosynthesis, respiration and
itrogen assimilation in plants [5].

Cd influences N metabolism in the plant directly or indirectly [6].
t has been argued that proper N application may alleviate toxic
ffect of Cd in real soil condition, by increasing the amounts of
tromal proteins, photosynthetic capacity of leaves and the plant

rowth [7]. Nitrate (NO3

−) and ammonium (NH4
+) ions are the

wo major forms of nitrogen taken up by the plants, while nitrate
aken up from the medium should be reduced to ammonium before
ts assimilation into the organic nitrogen compounds. It has long
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ones. The results indicated that growth inhibition, yield reduction and Cd
e to Cd addition varied with the N fertilizer form.

© 2008 Elsevier B.V. All rights reserved.

een observed that ammonium and nitrate differ in their effects
n the growth and chemical composition of plants [8–10]. More-
ver, NO3

− and NH4
+ induce a net release of OH− and H+ ions,

espectively [11,12]. Hence they will change the rhizosphere pH in
ifferent way and pose the distinct influence on Cd availability in
oil.

Meanwhile, Cd toxicity also causes oxidative stress, changing
he activities of various antioxidant enzymes [5,13]. It is found that
d toxicity enhances lipid peroxidation in plant cells, reflected by

ncreased melondialdehyde (MDA) content [14]. One of the pro-
ective mechanisms is the enzymatic antioxidant system, which
nvolves the sequential and simultaneous action of a number of
nzymes including superoxide dismutase (SOD), peroxidase (POD).
n fact, activities of antioxidant enzymes are inducible by oxida-
ive stress due to exposure to abiotic or biotic stresses [15,16], and
herefore, represent a general plant response to adverse conditions.
owever, the direction and size of the response varies with plant

pecies and tissues analyzed, and the kind and intensity of stress
reatment [17]. It could be hypothesized that the difference in stress
olerance among plant species and genotypes within a species is
ntrinsically associated with the development of the enzymatic
ntioxidant system and the type of N nutrition supplied under the
tress conditions.
There is little information about the response of growth and Cd
ptake in rice plants to Cd toxicity under different N sources. To
ur knowledge, this experiment is the first of its kind studies to
e conducted under soil condition and to be done until the plants
ully mature to produce grains. Here we report the influence of

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhanggp@zju.edu.cn
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ifferent forms of N fertilizer on antioxidant enzyme activity and
d concentration in the Cd-stressed rice plants.

. Materials and methods

.1. Experimental design

The experiment was conducted in the experimental farm of
uajiachi Campus, Zhejiang University (Hangzhou, China; 31◦16′N,
20◦12′E) during the late rice-growing season (June–October) in
006. The soil was sandy loam with pH 6.8. The results of soil
ertility analysis before sowing were as follows: organic matter
ontent, 26.2 g kg−1; available N, P and K contents, 152.1, 36.4 and
6.5 mg kg−1, respectively. The soil used for the experiment was
ried under natural condition and grinded and then divided into
wo parts. Into one of them, Cd was added in the form of CdCl2
t a rate of 100 mg kg−1, and thoroughly mixed. The other part of
he soil had no Cd addition, used as the control. Before sowing,
he seeds were surface sterilized with 0.1% H2O2 for 20 min, rinsed
horoughly with deionized water, and soaked overnight in ster-
le water at room temperature, and then germinated in sterilized

oist quartz sand in a greenhouse. After 9 days when the seedlings
ere at 2-leaves age, the plants were selected uniformly and trans-
lanted onto plastic pots containing 10 kg of soil and in each pot,
our seedlings were planted. The soil was soaked for 1 week prior to
ice seedling transplanting. Diethylene triamine penta-acetic acid
DTPA, 0.005 M)-extractable Cd content in the soils of the con-
rol and Cd treatment was 0.12 and 0.86 mg kg−1, respectively. A
d-sensitive rice cultivar Xiushui 63, identified in a previous exper-

ment [18] was used. There were four N fertilizer forms at a rate of
80 kg ha−1 N, i.e. CO (NH2)2 (urea), Ca (NO3)2 (calcium nitrate),
NH4)2SO4 (ammonium sulphate) and organic fertilizer, which is
rganic liquid fish concentrate containing N of 2.2–2.4% (w/v), and
of 7.3 g L−1. Fertilizers were applied with four splits, 40, 20, 20, and
0% at before transplanting, tillering, stem elongation, and booting
tages, respectively. The experiment was arranged with completely
andomized block design with six replications. Each block (replica-
ion) consisted of eight treatments (combination of 2 Cd levels and

N forms), and each treatment had three pots. Thus totally the
xperiment contained 144 pots.

.2. Sampling and measurements

The second fully expanded leaves of the plants were sampled for
nzymatic analysis at heading and milking stages. Samples (leaves)
ere homogenized in 0.05 M phosphate buffer (pH 7.8) by grinding
ith a mortar and pestle under chilled condition with liquid nitro-

en. The homogenate was filtered through four layers of muslin
loth and centrifuged at 12,000 × g for 10 min at 4 ◦C, and the super-
atants were used for enzyme assays. SOD, POD activities and MDA
oncentration were determined according to Zhang [19].

At maturity, the plants were separated into leaf, stem and pan-
cle and then dried at 80 ◦C for 24 h and weighted. The separated
lant tissues were ground into powder, digested with HNO3 and Cd
oncentration was measured by atomic absorption spectroscopy
Shimadzu, AA 6300, Japan).

.3. Statistical analysis
Data are the average of at least three independent replicates.
NOVA was conducted for all data and LSD used for testing the
ifference between Cd levels or N forms by using the statistical
ackage SAS 8.0 for Windows.

p
a
s
t
o

ig. 1. Effects of different N forms on rice yield under two Cd levels. Vertical bars
epresents standard errors (n = 3).

. Results

.1. Grain yield

There was a significant difference in grain yield among the four
forms (Fig. 1). Without Cd addition (control), urea- and NH4

+-
treatments had significantly higher grain yields than the other

wo treatments. Cd addition caused a significant reduction of grain
ield relative to the control. Moreover, the reduced extent varied
ith N form. Thus, there was no significant difference for urea and
O3

− treatments between the two Cd levels, while the difference
as significant for the other two N forms.

.2. Cadmium concentration and nitrogen accumulation

When the plants grew in the soil without Cd addition, Cd was
ot detected in the NH4

+- and organic-N treated plants, while
rea-treated plants had the highest Cd concentration (Table 1). Cd
ddition into the soil significantly increased Cd concentrations in
lant tissues. However, the extent of the increase varied with N
orm. NO3

−-N treated plants had significantly higher Cd concen-
rations in all plant tissues than those treated with other N forms.
n addition, the difference in Cd concentration among N forms
as tissue-dependent. For leaf, no significant difference was found

mong N treatments. While for stem, the difference was significant.
oreover, a significant interaction between Cd and N form could

e found for leaf and panicle Cd concentrations, but not for stem
d concentration.

There was a significant difference between the two Cd treat-
ents in leaf and panicle N accumulation, but not in stem N

ccumulation. In general, Cd addition reduced tissue N accumu-
ation. There was a significant difference in tissue N accumulation
mong the four N forms, with urea- and NH4

+-N treated plants
aving more N accumulation.

.3. Activity of superoxide dismutase

At heading stage, there was no significant difference among
our N fertilizers in leaf SOD activity for the plants grew under
ormal condition (Fig. 2). While for the plants exposed to Cd
tress, the significant difference among four N fertilizers in leaf
OD activity could be found, with NH4

+-N and NO3
−-N treated
lants having the highest and lowest SOD activity, respectively. In
ddition, except for NO3

−-N treatment, other three N treatments
howed the higher SOD activity in Cd-stressed plants relative to
he control. At milking stage, SOD activity in each treatment was
bviously lower than that at heading stage. There was a significant
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Table 1
The effect of N forms on Cd concentration and N accumulation

Cd levels (mg/kg) N form Cd concentration (�g g−1) N accumulation (mg/plant)

Leaf Stem Panicle Leaf Stem Panicle

100 Urea 0.56 ba 4.61 c 1.98 b 18.5 ab 32.8 ab 74.6 b
NO3

− 1.65 a 7.64 a 5.19 a 7.0 c 18.9 e 40.9 d
NH4

+ 0.26 b 2.56 d 0.62 d 17.3 ab 36.2 ab 74.2 b
Organic 0.44 b 6.26 b 1.68 bc 6.7 c 17.5 e 42.5 d

0 Urea 0.15 b 0.09 e 0.35 de 20.0 a 29.4 c 80.8 ab
NO3

− 0.09 b 0.06 e 0.11 ef 10.5 bc 22.7 d 55.8 bc
NH4

+ 0.00 b 0.00 e 0.00 f 21.5 a 43.3 a 86.6 a
Organic 0.00 b 0.07 e 0.00 f 8.5 c 17.2 e 54.7 bc

Difference between Cd levels **b ** ** * NS *
Interaction ** NS ** NS NS NS

at 95%
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MDA content among the four N treatments for the control plants.
However, for the Cd-stressed plants, there was a significant differ-

+

a The same letter after data within a column represents no significant difference
b NS, * and ** represent no significant, significant at 95% probability and highly si

ifference among the four N fertilizers in SOD activity for both con-
rol and Cd-stressed plants. However, for the control, urea- and
O3

−-N treatments had higher values than the other two treat-
ents. While for the Cd-stressed plants, urea-treated plants had

he highest SOD activity.

.4. Peroxidase activity

At heading stage, there was a significant difference among
our N forms in POD activity for the control plants, with NH4

+-
nd organic-N treatments having the highest and lowest activi-
ies, respectively (Fig. 3). Cd addition significantly increased POD
ctivity for all N treatments, except for NO3

−-N treatment. At
ilking stage, a significant difference could be found among the
our N forms in POD activity for both the control and Cd-stressed
lants. For the control, urea- and organic-N treatments had the
ighest and lowest activities, respectively. However, for the Cd-
tressed plants, NH4

+-N treatment had the highest value, although
rganic-N treatment remained the lowest. In addition, Cd addi-

ig. 2. Effects of different N forms on SOD activity in rice leaves at heading and
ilking stages. Vertical bars represents standard errors (n = 3).

e
a
o

F
m

probability.
nt at 99% probability.

ion significantly increased POD activity in comparison with the
ontrol.

.5. MDA content

MDA content may reflect the extent of oxidative stress. At head-
ng stage, there was a significant difference among the four N
orms in leaf MDA content, irrespectively of Cd treatment. For the
ontrol, NH4

+-N treatment had the highest activity, being signifi-
antly higher than the other three N treatments (Fig. 4). Cd addition
ncreased MDA content of all N treatment, except for NO3

−-N treat-
ent. At milking stage, no significant difference was found in leaf
nce in leaf MDA content between urea- and NH4 -N treatments,
lthough there was no significant difference between NO3

− and
rganic-N treatments. In addition, Cd stress caused a significant

ig. 3. Effects of different N forms on POD activity in rice leaves at heading and
ilking stages. Vertical bars represents standard errors (n = 3).
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ig. 4. Effects of different N forms on MDA content in rice leaves at heading and
ilking stages. Vertical bars represents standard errors (n = 3).

ncrease in leaf MDA content for the urea- and NH4
+-N treated

lants relative to the control.

. Discussion

Nitrogen source (N form) had a significant effect on Cd and N
oncentration and accumulation in both roots and shoots. In the
revious reports, the relationship between Cd and N accumulation

n the plants was contradictory. According to Mitchell et al. [20],
and Cd accumulation was positively associated, while Bhandal

nd Kuar [21] found the opposite results. In the current study, it
an be observed that the NO3

−-N treated plants had higher Cd con-
entration and less N accumulation than the NH4

+-N treated ones,
uggesting an antagonistic effect between NH4

+-N and Cd, and a
ynergistic effect between NO3

−-N and Cd. This result confirmed
he findings of Hassan et al. [22]. In addition, grain yield differed
mong the four N fertilizers, with NH4

+-N fed plants producing the
ighest yield, followed by urea-N fed plants. Under Cd stressed con-
ition, however, NH4

+-N fed rice was mostly affected, with a 10%
ecrease in yield, followed by organic fertilizer (9.4% reduction).
he result was inconsistent with previous findings [23–27].

Antioxidant enzymes and certain metabolites play an impor-
ant role in adaptation and ultimate survival of plants under
tress conditions. In fact, activities of anti-oxidative enzymes are
nducible by oxidative stress [15,16], which reflects a general strat-
gy required to overcome stress. One of the protective mechanisms
s the enzymatic antioxidant system, which involves the sequen-
ial and simultaneous action of a number of enzymes. Superoxide
ismutase and peroxidase are most commonly used to demon-
trate the status of antioxidant capacity [28]. The results of this
tudy indicate that SOD and POD activities significantly increased
hen plants were exposed to Cd stress and the increase was more

ronounced in urea and NH4

+-N treated plants.
Dixit et al. [29] reported that the increase in level of lipid per-

xidation may be a consequence of generation of ROS, and as a
esult, SOD activity showed a marked increase in leaves of the Cd-
reated plant. The response of SOD activity to Cd or other stresses

[
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s reported to be dependent on stress intensity, species and age of
he plants exposed to stress [30]. The current results showed that
nti-oxidative level caused by Cd addition was higher in urea and
H4

+-N treated plants than those treated with the other two N
orms, thus posing the plants to less damage by oxidative stress.
s reported by Hegedus et al. [31], it is possible that the enhanced
OD activity could be resulted from either ionic microenvironment
r tissue specific gene expression in leaves. Moreover, POD par-
icipating in lignin biosynthesis could build up a physical barrier
gainst toxic heavy metals [32]. It should be mentioned that POD
ctivity is also used as a potential biomarker for metal toxicity in
xamined plant species [33]. These results further suggests that due
o elevated activity of SOD and POD, mechanisms of anti-oxidative
efense were active and that these parameters can serve as a better

ntrinsic defense tool to resist Cd-induced oxidative damage in rice
lants.

The results of the current research showed that there was a
ignificant increase in MDA content in urea- and NH4

+-N treated
lants when subjected to Cd stress at milking stage. It indicated
hat Cd induced the increasing oxidative damage and that these
wo N forms indirectly leads to production of superoxide radicals,
esulting in increased lipid peroxidation and oxidative stress in the
ice plants. However, the effects of Cd on MDA content under dif-
erent N forms were dependent on the growth stage. As Cd is not an
xide-reducing metal leading to oxidative damage directly (such as
ron), the oxidative stress induced by Cd in the present study could
e an indirect effect of Cd interacting with the different N forms,

eading to increased production of O2
− and lipid peroxidation.

It may be concluded from this study that the oxidative damage
nd yield reduction of rice plants exposed to Cd toxicity are depen-
ent on N form, and in general, the plants supplied with NH4

+-N
ave less oxidative damage and yield reduction caused by Cd stress

n comparison with the plants supplied with NO3-N. The results
ndicated the possibility of alleviating Cd stress through improving
ertilization.
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