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Abstract: Cadmium (Cd) accumulation and toxicity in rice plants were characterized and identified by using brittle culm 1
(bcl), a fragile rice mutant and its wild type (Shuangkezao, an indica rice) as materials by hydroponics. The low Cd level
didn’t obviously affect the growth parameters in both rice genotypes, but under high Cd levels (1.0 and 5.0 ymol/L), the
growth of both rice plants were substantially inhibited. Moreover, bcl tended to suffer more seriously from Cd toxicity than
Shuangkezao. Cd accumulation in both rice plants increased with the increase of Cd levels. There was a significant
difference in Cd accumulation between the two rice genotypes with constantly higher Cd concentration in bcl, which also
accumulated more Cd at 0, 0.1, and 1.0 pmol/L Cd levels. The same case was found in the two rice plants grown on
Cd-contaminated soil. This suggested that cell wall might play an important role in Cd accumulation in rice plants by the
physiological mechanisms. The malondialdehyde (MDA) content, superoxide dismutase (SOD) and peroxidase (POD)
activities in rice plants were affected differently under Cd treatments, and which implied that POD might play the main role in
detoxifying active oxygen free radical. A significant difference in antioxidative system between the two rice genotypes was
found with constantly higher MDA content, SOD and POD activities in bcl. In summary, bcl accumulated more Cd and
appeared to be more sensitive to Cd stress compared with its wild type.
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Cadmium (Cd) is a widespread heavy metal,
which causes serious environmental and human health
problems due to its high mobility in the soil-root-
shoot (grain) system!®. Cd can be taken up into plant
root system through some other nutrient metabolic
pathways such as zinc, iron, and calcium #® after it
reaches root cell membrane via the apoplast, including
cell wall continuum and intercellular space. Once Cd
ion enters cell, it may disturb many physiological and
metabolic processes in plants *™. Therefore, Cd
concentration in cytosol of plant cells must be tightly
controlled to maintain the level of Cd below critical
limits for plant growth.

Rice, like other higher plants, e.g. Arabidopsis,
has developed many strategies to reduce uptake and
accumulation of cadmium in plants and subsequent
toxicity, including reduction of Cd phyto-availability
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in rhizosphere, chelation with phytochelatins (PCs)
and compartmentation into cytosol 2. However, a
first barrier against Cd stress, operating mainly at the
root level, may be retention of Cd in the cell wall **
and/or damming back Cd in soil solution out of cell
wall. Nishizono et a ™ had demonstrated that cell
wall could accumulate high concentration of Cd.
Recently, Sail et al ™ suggested that root cell wall not
only accumulated high level of Cd, but had, to a
certain extent, impacts on Cd tolerance in white lupin.

Cdl wal is a strong inerratic fibrillar network
consisting of cellulose, hemicelluloses, glycoproteins
and pectins and so on, and any change of these
components and structure will result in severe impacts
on its function ™ and response to abiotic stress %,
There are dramatic differences in root Cd concentration
among plant species or the genotypes within a species.
Some species or genotypes contain very high Cd
concentrations in root without obvious toxic symptom,
indicating high tolerance to Cd toxicity. It may be
assumed that some root properties are attributed to Cd



218

tolerance. Recently, a rice mutant bcl, which is
characterized by brittle culm due to deficiency in
expression of the gene BC1 encoding a COBRA-like
protein in developing sclerenchyma cells and in basal
vascular bundles was isolated from an indica rice
Shuangkezao. There are many differences between the
mutant (bcl) and its wild type Shuangkezao, in cell
wall structure and components. In comparison with the
wild type, cdlulose and Klason lignin contents in the
cell wall of the mutant (bcl) were decreased by 30%
respectively, and correspondingly the components of
cell walls were also greatly changed ™. In the current
study, we characterized and identified the role of cell
wall in Cd uptake and accumulation in rice plants by
using bcl and its wild type Shuangkezao.

MATERIALS AND METHODS

Plant materials and treatments

The seeds of bcl and itswild type (Oryza sativa L.
cv. Shuangkezao) were sterilized with 0.1% H,O, for
2 h, soaked in de-ionized water for 2 d, germinated at
30-35C for 1 d and then sown on sandy bed, which
was previously washed with dilute sulfuric acid. The
three-leaf seedlings were transplanted into 4.5-L
plastic pots, which were filled with nutrient solution
according to International Rice Research Institute with
some modifications ™. The levels of macro-elements
including N, P and K in solution were reduced by half
a the first ten days after transplanting and then
increased up to a normal level. The solution was
changed every ten days, and adjusted to pH 5.5 with
KOH or HCl as required. Cadmium treatment was
done at the 7" day after transplanting. There were four
Cd levels, 0 (control), 0.1, 1.0 and 5.0 pmol/L, with
CdSO, as Cd source. The experiment was arranged in
acompletely random block design with six replications.

In addition, the five-leaf seedlings were transplanted
to a Cd-contaminated paddy field at Fuyang City,
Zhejiang Province, China. The total Cd content and
DTPA-extractable Cd content in soil were 1.596 and
0.329 mg/kg, respectively.

Sampling and measurements

When the plants were at the eight-leaf stage,
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chlorophyll content (SPAD value) was measured in
the second uppermost fully expanded leaf with a
chlorophyll meter (Minolata SPAD-502, Japan), and
then the whole plants were sampled from both
hydroponic culture and field. After measuring the
plant height, the sampled plants were prepared for
measurement of Cd and physiological parameters.
Roots were immerged in a solution containing 1.0
mmol/L ethylene-diamine-tetra acetic acid (EDTA) for
2 h, and then rinsed with de-ionized water twice.
Plants were oven-dried at 100°C for 1 h and at 60°C
for 48 h, weighed and then ground. Cd content was
measured using an inductively coupled argon-plasma
emisson spectrometry (ICAP 61E Trece Andyzer,
Themo-Jarrdl Ashe, Franklin, MA, USA). Mdondidde-
hyde (MDA) content, superoxide dismutase (SOD)
and peroxidase (POD) activities in leaf and root were
measured according to Gao 7.

Satistical analysis

All data presented were the mean vaues.
Statistical analysis was carried out by two-way
ANOVA and the Duncan’s multiple-range test (SSR)
was used to test the significance of the difference
between means. Means were considered significantly
different at P<<0.05.

RESULTS AND ANALYSIS

Plant growth parameters

The plants grown under low Cd level (0.1
umol/L) did not show reduction in the three growth
parameters (plant height, SPAD value and dry weight)
in comparison with the control, and even showed
significant increase for some cases, e.g. SPAD value
for bcl and shoot weight for Shuangkezao (Table 1).
High Cd level (= 1.0 pmol/L) caused significant
reduction in al examined growth parameters,
irrespective of the genotype. There were dramatic
differences in these growth parameters and the
responses to Cd stress between bcl and the wild type.
The mutant bcl was consistently lower than the wild
type in plant height, irrespective of Cd stress or not.
For SPAD value, the mutant was significantly higher
than the wild type in the treatments without Cd addition
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Table 1. Plant growth parametersunder different Cd treatments.

Chlorophyll content

o Plant height (cm) (SPAD value) Dry weight (g/10 plants)
(nmol/L) Shoot Root
bcl Shuangkezao bcl Shuangkezao
bcl Shuangkezao bcl Shuangkezao

0.0 36.00 a 38.40a 32.15b 31.04a 3.080a 3.024b 0.432a 0.483 a
0.1 35.41a 37.95a 34.15a 31.30a 2929 a 3224a 0.421a 0.485a
1.0 2691b 27.80b 28.02¢c 28.84b 2.174b 3.022b 0.368b 0.472b
5.0 2285¢ 2335¢ 26.36d 26.64c 1.686 ¢ 2.286¢ 0.273¢ 0.413c

Mean 30.29b 31.88a 30.17a 29.46 a 2467b 2.889a 0.374b 0.463 a

The values followed by the same letters within a column for the four Cd treatments and the mean values in arow for a parameter for the two

genotypes mean no significant difference at 95% probability.

Table 2. Cd concentration and accumulation in rice plants.

Cd concentration (mg/kg) Cd accumulation (mg /10 plants)
(umC (;1 L) Root Shoot Root Shoot
bcl Shuangkezao bcl Shuangkezao bcl Shuangkezao bcl Shuangkezao
In hydroponics
0.0 0.308d 0.189d 0.070d 0.034d 0.949d 0.572¢c 0.030c 0.016d
0.1 16.230 ¢ 12.393 ¢ 298lc 1.976¢c 47.538 ¢ 39.955 b 1.255b 0.958 ¢
1.0 91.089 b 63.498 b 16.388 b 10.823 b 198.027 a 191.891 a 6.031a 5.108 b
5.0 102.294 a 81.059 a 21.008 a 14.755a 172.468 b 185.301 a 5735a 6.094 a
Mean 52.480 a 39.285b 10.112a 6.897 b 129.468 a 113.494 b 3.782a 3193 a
On Cd-contaminated soil
0.3292 18.195 a 13.172Db 0.609 a 0.285b

The values followed by the same letters within a column for the four Cd treatments and the mean values in arow for a parameter for the two

genotypes mean no significant difference at 95% probability.
2DTPA-extractable Cd (mg/kg).

and 0.1 umol/L Cd, while there were no significant
differences between them in the treatments with
higher Cd levels. In contrast, no significant differences
in both shoot and root weights could be detected
between the two genotypes in the control (without Cd
addition), but the mutant had significantly lower
values than the wild type in al Cd stress treatments.

Cd accumulation

Cadmium content significantly increased with
increasing Cd level in growth medium, and the two
genotypes showed the same trend (Table 2). There
were significant differences in Cd concentrations in
both shoot and root between the two genotypes, with
the mutant being significantly higher than the wild
type. Moreover, it may be seen that the difference
between the two genotypes became more predominant
with increasing Cd level in the growth medium. Cd

accumulations were also higher in bcl plants than in
Shuangkezao at all Cd levels except for at 5.0 umol/L
Cd due to lower dry weight of bcl. In addition, when
the plants of the two genotypes were grown on
Cd-contaminated soil (Table 2), bcl accumulated
much more Cd than its wild type in both shoot and
root, which was consistent with the case of
hydroponics.

M DA content

MDA contents in shoot and root of the two rice
genotypes varied with Cd level (Fig. 1). At lower Cd
level (0.1 umol/L), MDA content was little affected in
the leaves of both rice genotypes and the root of bcl,
while for the root of Shuangkezao MDA content was
markedly increased. At the high Cd treatments (1.0
and 5.0 pmol/L), MDA contents in both genotypes
were greatly increased, irrespective of plant tissue.
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Fig. 1. MDA, SOD and POD concentrations in rice plants as
affected by Cd stress.

Compared with the wild type, bcl had consistently
higher MDA contentsin all Cd treatments.

Super oxide dismutase (SOD) activity

SOD activity in rice plants was affected markedly
by Cd stress and aso showed significant difference
between the two rice genotypes (Fig. 1). SOD activity
in rice plants was suppressed under Cd stress with
exception of that in the leaf of bcl at low Cd level.
Moreover, bcl had higher SOD activities in both
shoot and root than Shuangkezao generaly, and the
change trends of SOD activities caused by Cd stress
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were similar in shoot and root.
Peroxidase (POD) activity

POD activity in rice plants was aso affected by
Cd stress. However, Cd-induced POD activity changes
were much different in shoot and root (Fig. 1). POD
activity in the leaves of both genotypes increased
markedly with the increase of Cd level, but those in
the root were decreased at al Cd levels with exception
of that in the root of Shuangkezao at low Cd level.
Meanwhile, POD activities in the leaf and root of bcl
were significantly higher than those of Shuangkezao,
especially inroot at high Cd level.

DISCUSSION

The experiment was conducted to characterize
and identify the effects of cell wal in rice Cd
accumulation and toxicity at the whole plant level. We
used a classical rice mutant brittle culm 1 (bcl) as
material, which was significantly different from its
wild type (Shuangkezao, indica rice) in cell wall
structure and components . According to our resuilts,
bcl was lower than its wild type in plant height when
grown on normal soil (data not showed) or in nutrient
solution, and which indicated BC1 gene may aso
influence plant height at whole plant level besides cell
wall structure and components at cell level.

Cd is atoxic heavy metal which has been widely
reported to inhibit plant growth through triggering the
burst of active oxygen free radicals, disturbing the
nutrient ion homeostasis such as iron and zinc,
reducing chlorophyll content and plant dry weight and
so on . In our experiment, low Cd level didn’t
much affect the plant height, chlorophyll content and
both shoot and root dry weight and even stimulated in
some cases, e.g. chlorophyll content of bcl and shoot
dry weight of Shuangkezao. When Cd concentration
was up to 1.0 and 5.0 umol/L, the plant height,
chlorophyll content and both shoot and root dry
weights of both rice genotypes were substantially
reduced. In comparison to Shuangkezao, bcl appeared
to suffer more seriously from Cd stress according to
the reduced chlorophyll content, and both shoot and
root weights, though no significant difference was
detected between the two genotypes based on the
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reduced plant height by Cd stress. The results
indicated bcl-induced cell wall changes in
components and structure produced some adverse
effects on rice plant to resist the disadvantageous
environment.

Cadmium is a high mobile metal in the soil-
root-shoot system. Cd uptake and accumulation in
plant is dependent on phytoavailable Cd concentration
in soil solution. In present study, Cd accumulation in
both shoot and root of two rice genotypes was
increased markedly with the increase of Cd levels.
Meanwhile, there was a significant difference in Cd
accumulation in plants between the two genotypes
grown in nutrient solution. The results showed bcl
had accumulated much more Cd than its wild type,
Shuangkezao, irrespective of shoot or root. In order to
compare the Cd accumulation between two genotypes
grown on Cd-contaminated soil, bcl and Shuangkezao
were planted in Cd-contaminated paddy field in
Fuyang, Zhejiang Province, China. The results
showed bcl also accumulated much more Cd than
Shuangkezao in both shoot and root. These results
suggested that BCl-induced changes in cell wall
structure and components might play an important
role in Cd uptake and accumulation in root and
subsequent transportation to shoot. Previous studies
suggested cell wall could accumulate most of Cd in
plant, and therefore, might play certain role in Cd
uptake and accumulation by root ' *¥. However, cell
wall has a finite capacity for binding Cd ¥ and
continued or increased exposure to Cd may result in

the saturation of available binding sites of cell wall .

Based on our results, it could be hypothesized that the
role of cell wall might not only accumulate high
concentration of Cd for Cd accumulation in plant, but
the most important was to impede Cd in soil solution
or in apoplast to arrive at root cell membrane and to
be taken up into symplast.

MDA content, SOD activity and POD activity
are three important parameters for estimating what
extent plant suffered from adverse stress %2, The
production of MDA is usualy the results of cell
membrane lipid peroxidation. In present study, MDA
content in both shoot and root of two rice genotypes
increased dramatically with the increase of Cd level,
indicating that Cd triggered the burst of active oxygen

free radical. Meanwhile, the MDA content in plant, in
particular in shoot, was much higher in bcl than in
Shuangkezao at al Cd levels, which might be
contributed to bcl-induced injury in cell wall and
Cd-induced burst of active oxygen free radical. SOD
and POD are two key antioxidative enzymes for
scavenging active oxygen free radical and hydrogen
peroxide in plant **?2. Cd-induced changes of SOD
and POD activities were reported widely but without a
decisive result " 224 |n present study, Cd stress
lowered SOD activity in both rice plants and bcl was
higher in SOD activity than Shuangkezao as a whole.
However, Cd stress promoted POD activities in shoot
of both rice genotypes, but inhibited those in root,
which might imply that POD played an important role
in detoxifying active oxygen free radical caused by Cd
stress. Moreover, both SOD and POD activities were
higher in bcl than in Shuangkezao at al Cd levels,
and the same case was showed when the two rice
genotypes grown on Cd-contaminated soil (data not
shown). The above results also suggested that
bcl-induced injury in cell wall resulted in the
generation of active oxygen free radica and
subsequent triggering of enhanced SOD activity and
POD activity, which might be an important mechanism
for that Cd-induced active oxygen free radica was
cleaned up based on lower degree of increased MDA
content in root of bcl than that of Shuangkezao under
Cd stress.
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