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Abstract

Effects of exogenous calcium (5 mmol/L) on accumulation of manganese, iron, copper and zinc in
different organs (roots, new stems, leaves and old stems) of Salix matsudana Koidz exposed to 10 and
50 umol/L cadmium for 7, 14, 21 and 28 d were investigated in order to further understand calcium
effects in alleviating cadmium toxicity. The results showed that cadmium could inhibit seedling growth
of S. matsudana. 5 mmol/L calcium had a alleviating toxic effects on seedling growth. Results indicated
that cadmium contents in the different organs increased significantly (P<0.05) with increasing cadmium
concentration and prolonged duration of treatment. Cadmium concentrated mainly in the roots, and
small amounts were transferred to shoots. 5 mmol/L calcium decreased the cadmium levels significantly
(P<0.05) in the organs of S. matsudana exposed to all the cadmium concentrations used during the
whole experiment. Data revealed that cadmium stress mainly affected the accumulation of manganese
both in roots and shoots. Cadmium could induce the high levels of iron, zinc and copper in roots. Data
also indicated that exogenous calcium could promote the absorption of copper, iron, zinc and manganese

to different extent, suggesting that calcium has the alleviating effect on the toxicity of cadmium.
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Introduction

Cadmium (Cd) is a highly toxic trace element
mainly derived from industrial processes and phosphate
fertilizers [1]. Cd concentrations in soil near smelters
are extremely high, up to 200 mg/kg [2]. Considerable
attention has been attached to problems associated with
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Cd pollution, with the development of modern industry
and agriculture. It is a non-essential heavy metal with
high toxicity to plants, animals and humans [3] and
has been regarded as most dangerous environmental
pollutant [4]. Cd is of great concern because it is a
nonessential toxic element which has toxic effects on
plants, animals and humans with a very small dose
[5]. Under Cd stress, growth and development of
plants are affected, such as inhibiting photosynthesis
and respiration, disturbing the normal division of
root tip cells, and causing imbalances in nutrition
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[6-11]. Therefore, remediation of Cd pollution in the
environment to avoid its threats is very important and
urgently needed [5].

Some heavy metals (HMs), such as copper (Cu), zinc
(Zn), iron (Fe), manganese (Mn), are required for the
normal growth, development, and reproduction of plants
[12]. Cd interferes with the uptake, transport, and use
of different macro- and micronutrients. Microelements
Zn, Fe, Mn, and Cu interfering with Cd uptake may
decrease Cd concentrations in plants [13]. Calcium (Ca)
is known as a necessary nutrient for plant growth and
development. As the second messenger Ca can couple
extracellular signals with intracellular physiological
and biochemical reactions, enhancing plant resistance
to environmental stress by stabilizing cell wall, cell
membrane structure and inducing expression of specific
genes [14, 15]. It was reported that exogenous Ca is an
important signaling messenger and essential nutrient
element and plays an important role in many adaptation
and development processes of plant cells [16].

Salix matsudana Koidz (Chinese willow) grows in
a wide range of climatic conditions and is one of the
most widely cultivated willow species in China [17].
It is a fast-growing, productive, and deeply rooted tree
of the willow species that adapts to temperate region
climatic conditions and has the ability to tolerate
high Cd [18, 19]. These traits make it a potential ideal
candidate for phytoremediation of Cd-contaminated
waters and soils [18, 20]. Some research works were
reported to be involved in Cd stress on mineral uptake
and accumulation in S. matsudana [7, 20, 21]. However,
the research on the effects of Ca on other metal
accumulation and translocation in S. matsudana under
Cd stress remains unknown. How Ca helps to alleviate
the Cd-induced toxicity requires more investigations.
Therefore, S. matsudana was used to explore the
alleviating effect of Ca and its specific function during
the uptake and accumulation of Cd and other minerals
(Cu, Zn, Mn and Fe) in roots and shoots of S. matsudana
in the present investigation.

Experimental
Seedlings Cultivation and Treatment

Woody cuttings (15 cm long) from one-year-old
shoots of S. matsudana grown in the campus of Tianjin
Normal University, China were collected and rooted in
plastic buckets filled with distilled water for two weeks
under glasshouse conditions of 23+5°C and 55+10%
relative humidity before starting the experiments. After
the seedlings burgeoned, healthy (without leaf chlorotic
spots and withered) and uniform (similar height)
plants were transferred and cultivated to 1/2 Hoagland
nutrient solution for 7, 14, 21 and 28 d. Cd and Ca were
added to the containers to form five treatments: basal
nutrient solution (control, without Cd and Ca), 10 pmol/L
Cd, 10 pmol/L Cd and 5 mmol/L Ca, 50 pmol/L Cd,
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Fig. 1 Effect of exogenous Ca on the growth of S. matsudana
under Cd stress (28d).

50 pumol/L Cd and 5 mmol/L Ca. The nutrient solution
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Fig. 2 Effect of exogenous Ca on plant height and root length of
S. matsudana under Cd stress.

Values followed by different letters differ significantly from each
other (P<0.05, t-test). Means=SE, n = 5.
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Table 1. Effect of exogenous Ca on Cd content in different organs of S. matsudana under different concentrations of Cd sress.
Time Czrz;rﬁ)e&l{ ) Cd (ug/g, DW=SE)

(d) Ca (mmol/L) Root New stem Leaf Old stem

0 4.70+0.46a 4.85+0.01a 5.86+0.01a 1.19+0.01a

10Cd 584.55+1.58b 68.54+0.22b 58.27+0.12b 6.98+0.07b

7 10Cd+5Ca 571.57+£2.32¢ 36.80+0.09¢ 22.38+0.07c 2.68+0.01¢c

50Cd 2041.95+4.04d 71.3540.23d 23.54+0.03d 9.38+0.01d

50Cd+5Ca 963.50+6.74¢ 63.36+£1.92b 47.81+0.32b 5.08+0.02¢e

0 4.97+0.01a 5.67+0.08a 6.27+0.01a 1.28+0.04a

10Cd 1021.37+1.56b 70.13+0.10b 57.22+0.73b 8.38+0.02b

14 10Cd+5Ca 879.55+5.57¢ 40.38+1.21¢ 27.99+0.02¢ 4.98+0.02¢

50Cd 2563.91+0.85d 151.57+2.45d 103.8340.03d 17.57+0.05d

50Cd+5Ca 1329.55+1.24¢ 121.8940.71e 83.24+2.52¢ 14.77+0.06e

0 5.00+0.02a 5.76+0.04a 6.93+0.02a 1.30+0.01a

10Cd 1360.18+1.62b 112.16+1.39b 134.88+0.35b 15.224+0.07b

21 10Cd+5Ca 1071.39431.06¢ 52.4540.08¢c 62.10+0.20c 6.46:0.06¢

50Cd 2982.71+1.38d 171.16+0.53d 167.46+0.06d 25.74+0.09d

50Cd+5Ca 2073.87+3.73¢ 145.01+0.31e 149.85+0.49¢ 20.93+0.56¢

0 5.89+0.01a 5.81+£0.01a 7.11+0.00a 1.48+0.07a

10Cd 1365.4+0.44b 105.46+1.75b 174.93+£0.21b 28.04+0.01b

28 10Cd+5Ca 1327.20+0.22¢ 97.83+0.08¢c 124.68+2.29¢ 20.9+1.22¢

50Cd 3422.1143.59d 223+0.57d 188.24+1.44d 56.74+0.08d

50Cd+5Ca 3234.00+1.17e 206.89+0.42¢ 166.54+0.57¢ 41.53+1.08e

Values followed by different letters differ significantly from each other (P<0.05, ¢-test). Means+SE, n = 3.

adjusted to pH 5.5. Cd was provided as cadmium
chloride (CdCl, x 2.5 H,0). Cadmium stock solution
was prepared in deionized water. Ca was provided as
calcium chloride (CaCl). The nutrient solutions were
renewed once every 7 d, and the air pump was used
for ventilation during the culture. All treatments were
performed in three replicates.

Determination of Cd and Other Minerals

Roots and shoots from each treatment were
harvested from the cuttings at each time interval (7 d).
After removal of necrotic and putrid tissue, the shoots
were washed thoroughly with running tap water for 30
min and then with deionized water to remove traces of
nutrients, Cd and Ca ions from seedling surfaces. The
plants were divided root, leaf, new stem and old stem.
The samples were dried for 3 d at 45°C, 1 d at 80°C,
and 12 h at constant 105°C in an oven. All dried plant
samples were prepared using wet-digestion methods.
The contents of Cd, Fe, Mn, Cu and Zn were analyzed
using inductively coupled plasma atomic emission
spectrometry (ICP-AES) (Leeman Labs Inc., USA).

Statistical Analysis

All statistical values were calculated using the
Statistical Package for Social Sciences (SPSS) program
release 17.0 for Windows (SPSS, Chicago, IL, USA) and
Sigma Plot 12.5 using means+standard error (SE). For
equality of averages the #-test was applied. Results were
considered statistically significant at £<0.05.

Results

Effects of Exogenous Ca on the Growth
of S. matsudana under Cd Stress

Effects of Cd on Root and Shoot Growth

The effects of Cd on root growth of S. matsudana
varied with the concentration and duration of treatment
(Figs 1 and 2). 10 and 50 pmol/L Cd exposure had toxic
effect on root growth and the shoot length was inhibited
significantly with increasing treatment time when
compared to control (P<0.05). The shoot growth treated
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Table 2. Effect of exogenous Ca on Mn content in different organs of S. matsudana under different concentrations of Cd sress.

Time C?Z’SI;‘:;?{) Mn (ug/g, DW=SE)
(d) Ca (mmol/L) Root New stem Leaf Old stem
0 67.22+0.01a 14.48+0.01a 74.14+0.20a 4.19+0.01a
10Cd 32.28+0.12b 9.39+0.04b 70.93+0.08b 2.18+0.03b
7 10Cd+5Ca 21.29+0.19¢ 10.64+0.03¢ 77.1840.25¢ 3.35+0.01c
50Cd 28.50+0.03d 11.06+0.05¢ 65.16+0.08d 3.15+0.02d
50Cd+5Ca 45.64+0.11e 13.39+0.23d 68.94+0.36¢ 4.02+0.02¢
0 150.57+0.21a 15.67+0.16a 79.69+0.15a 4.27+0.08a
10Cd 51.03+0.03b 8.4+0.02b 68.05+0.23b 2.96+0.01b
14 10Cd+5Ca 30.894+0.22¢ 8.81+0.30b 72.2540.06¢ 3.61+0.01c
50Cd 17.57+0.01d 10.59+0.03¢ 60.62+0.03d 3.11+0.01b
50Cd+5Ca 39.69+0.05¢ 12.54+0.25d 65.86+0.17¢ 4.57+0.40a
0 152.33+0.26a 16.80+0.03a 89.12+0.12a 4.78+0.01a
10Cd 63.19+0.15b 6.8+0.06b 60.80+0.24b 3.15+0.01b
21 10Cd+5Ca 44.66+0.17¢ 7.94+0.02¢ 67.3440.12¢ 3.95+0.04¢
50Cd 14.23+0.01d 8.15+0.03¢c 55.96+0.07d 3.41+0.02d
50Cd+5Ca 24.2440.03¢ 9.83+0.21d 58.9440.22¢ 4.7140.11a
0 239.28+0.19a 17.3840.01a 90.34+0.39a 4.84+0.21a
10Cd 90.01+0.11b 6.16+0.11b 57.98+0.01b 3.35+0.02b
28 10Cd+5Ca 53.1£0.15¢ 6.70+0.02¢ 63.04+0.16¢ 4.38+0.16¢
50Cd 12.95+0.01d 7.42+0.08d 49.25+0.24d 3.56+0.01b
50Cd+5Ca 20.28+0.05¢ 8.55+0.02¢ 56.79+0.11e 4.89+0.15a

Values followed by different letters differ significantly from each other (P<0.05, #-test). Means+SE, n = 3.

with 10 and 50 pmol/L Cd showed the same growth
trend as control. The effects of Cd on the morphology of
the roots of S. matsudana exposed to 10 and 50 pmol/L
Cd showed to be dark brown in colour when compared
with control after Cd treatment for 28 d.

Effects of Exogenous Ca on Root and Shoot
Growth under Cd Stress

The effect of Ca on root growth of S. matsudana
exposed to Cd varied with the concentration and
duration of treatment (Fig. 1). 5 mmol/L Ca had the
alleviating toxic effects of Cd on root growth induced
by Cd significantly (P<0.05) in comparison with the
groups exposed to 10 and 50 pmol/L Cd during the
whole experiment, except for the group treated with
10 pumol/L Cd for 7 d. As for shoot length, 5 mmol/L
Ca also had alleviating toxic effects significantly
(P<0.05) on shoot length treated with 50 umol/L Cd for
21 and 28 d.

Effects of Exogenous Ca on Cd Accumulation
and Other Minerals

Cd Content

Cd uptake and accumulation in the different organs
of S. matsudana varied depending on Cd concentration
and treatment time. Data showed that the Cd contents
in roots exposed to 10 and 50 pmol/L Cd increased
significantly (P<0.05) with increasing Cd concentration
and prolonged duration of treatment when compared to
control (Table 1). The Cd contents in new stem, leaf and
old stem of S. matsudana had the same trend as roots.
The levels of Cd in the different organs of S. matsudana
were in the order as follows: root > new stem > leaf >
old stem during 14 d treatment period. Cd concentrated
mainly in the roots, and small amounts were transferred
to shoots. Data here indicated that 5 mmol/L Ca could
decrease the Cd levels significantly (P<0.05) in roots,
new stems, leave and old stems of S. matsudana
exposed to all Cd concentrations used during the whole
experiment.
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Table 3. Effect of exogenous Ca on Fe content in different organs of S. matsudana under different concentrations of Cd sress.
Time C”llir(e;tnrr(lj/nﬁ) Fe (ng/g, DW=SE)
(d) Ca(mmol/L) Root New stem Leaf Old stem

0 127.25+0.2a 50.69+0.19a 128.8+0.68a 35.13+0.13a

10Cd 339.94+0.11b 37.2240.04b 88.97+0.40b 23.02+0.34b

7 10Cd+5Ca 279.13£0.23¢ 45.79+0.18¢ 68.30+0.40c 28.73+0.07¢
50Cd 307.09+0.12d 43.94+0.50d 72.36+0.11d 48.00+0.19d

50Cd+5Ca 370.95+0.14¢ 50.43+0.13a 98.95+0.5¢ 55.73+0.29¢

0 254.31+0.14a 49.1£0.01a 120.55+0.56a 19.68+0.11a

10Cd 487.21+0.21b 29.87+0.17b 77.06+0.16b 17.76+0.13b

14 10Cd+5Ca 374.03+0.20c 33.59+0.56¢ 62.60+0.24¢ 24.58+0.04¢
50Cd 498.78+0.23d 32.79+0.13d 69.85+0.17d 33.99+0.20d

50Cd+5Ca 512.98+0.22¢ 46.66+0.64¢ 86.47+0.02¢ 40.71+0.04¢

0 267.93+0.45a 44.540.14a 112.24+0.46a 17.53+0.04a

10Cd 570.17+0.56b 24.68+0.07b 63.13+£0.31b 15.58+0.13b

21 10Cd+5Ca 455.58+0.11c 30.74+0.21c 51.4840.13¢ 20.90+0.27¢
50Cd 580.53+0.52d 25.16+0.25d 65.27+0.19d 25.13+0.13d

50Cd+5Ca 613.97+0.54¢ 32.78+0.21e 83.68+0.45¢ 34.68+0.28¢

0 270.68+0.39a 38.26+0.11a 102.68+0.43a 15.58+0.29a

10Cd 628.1£0.61b 13.01£0.25b 53.63+0.08b 3.20+0.03b

28 10Cd+5Ca 546.49+0.06¢ 22.99+0.08¢c 40.98+0.24¢ 6.89+0.22¢
50Cd 765.49+0.64d 17.84+0.32d 63.47+0.46d 10.79+0.28d

50Cd+5Ca 827.31+0.15¢ 24.13+0.12e 74.64+0.15¢e 17.67+£0.01¢

Values followed by different letters differ significantly from each other (P<0.05, #-test). Means+SE, n = 3.

Mn Content

Statistical ~analysis showed the presence of
significant correlations among the concentrations of
Cd and microelements (Ca and Mn). The accumulation
of Mn in S. matsudana roots, new stems, leaves and
old stems varied with Cd concentration and treatment
time. As shown in Table 2, in the presence of Cd, the
contents of Mn in roots, new stems, leaves and old
stems of S. matsudana decreased significantly (P<0.05)
when compared to control. 5 mmol/L Ca was found to
increase Mn accumulation significantly (P<0.05) in the
different of S. matsudana stressed by Cd during the
whole experiment in comparison with the Cd-treated
groups (without Ca) except for the root groups exposed
to 10 umol/L Cd + 5 mmol/L Ca for 7, 14, 21 and 28 d.
Data also showed that 5 mmol/L Ca could not promote
the absorption of Mn in the roots treated with 10 umol/L
Cd during the duration of the experiment.

Fe Content

The contents of Fe in roots exposed to 10 and
50 umol/L Cd during the whole experiment were
high significantly (P<0.05) when compared to control
(Table 3). However, the contents of Fe in new stems,
leave and old stems of S. matsudana exposed to all Cd
concentrations used during the whole experiment were
observed to be low significantly (P<0.05) in comparison
with control. Effects of exogenous Ca (5 mmol/L) on
Fe accumulation of S. matsudana varied with the Cd
concentration and the organs of S. matsudana. Data
from Table 3 revealed that 5 mmol/L Ca promoted the
Fe uptake significantly (P<0.05) in the roots exposed
50 pmol/L Cd during the whole experiment. In the other
organs (new stems, leaves and old stems), the exogenous
Ca increased Fe accumulation in comparison with the
groups treated with all Cd concentrations used except
for the leaf groups exposed to 10 umol/L Cd for 7, 14,
21 and 28 d.
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Table 4. Effect of exogenous Ca on Zn content in different organs of S. matsudana under different concentrations of Cd sress.

Time CE(T;“;?/“{) Zn (ng/g, DW+SE)
(d Ca(mmol/L) Root New stem Leaf Old stem
0 152.26+0.88a 181.31+0.17a 146.79+0.22a 28.75+0.04a
10Cd 237.26+0.07b 131.92+0.14b 109.76+0.10b 29.93+0.14b
7 10Cd+5Ca 304.28+0.23¢ 161.23+0.23¢ 117.47+0.30c 30.3540.05¢
50Cd 196.09+0.28d 103.10+0.67d 100.61+0.09d 27.77+0.05d
50Cd+5Ca 255.07£1.02e 154.85+0.15e 127.00+0.29¢ 29.07+0.09¢
0 140.74+0.63a 147.73+0.26a 156.65+0.23a 26.12+0.26a
10Cd 224.94+0.28b 126.72+0.40b 126.92+0.18b 27.05+0.01b
14 10Cd+5Ca 273.4140.61c 134.48+0.22¢ 146.42+0.31c 29.95+0.16¢
50Cd 173.87+0.37d 98.52+0.22d 116.17+0.17d 25.44+0.12d
50Cd+5Ca 238.25+0.48¢ 120.06+0.06e 149.44+0.14¢ 27.68+0.01e
0 131.85+0.19a 129.57+0.17a 171.67+0.27a 25.14+0.10a
10Cd 212.96+0.17b 97.65+0.12b 143.56+0.15b 26.23+0.10b
21 10Cd+5Ca 242.64+0.15¢ 112.15£0.17¢ 163.62+0.19¢ 28.09+0.23¢
50Cd 164.84+0.18d 84.97+0.35d 121.39+0.22d 18.73+0.13d
50Cd+5Ca 201.94+0.64¢ 97.05+0.47¢ 156.60+0.64¢ 22.28+0.23¢
0 87.50+0.11a 109.86+0.23a 180.91+0.44a 24.00+0.09a
10Cd 201.58+0.24b 87.39+0.18b 168.07+0.35b 24.76+0.04b
28 10Cd+5Ca 230.96+0.24¢ 91.87+0.25b 175.95+0.24¢ 25.66+0.19¢
50Cd 141.89+0.20d 80.68+0.34c 141.18+0.46d 16.84+0.10d
50Cd+5Ca 196.53+0.29¢ 84.39+0.01b 171.30+0.32¢ 20.40+0.28e

Values followed by different letters differ significantly from each other (P<0.05, ¢-test). Means+SE, n = 3.

Zn Content

The Zn contents in different organs of S. matsudana
were examined. The effects of Cd on Zn uptake and
accumulation are shown in Table 4. The results indicated
that Zn contents increased significantly (P<0.05) in the
roots exposed to 10 and 50 pmol/L Cd and the old stems
treated with 10 pmol/L Cd during the whole experiment
when compared with control. But Zn levels in new stems
and leaves stressed by 10 and 50 pmol/L Cd and the old
stems exposed to 50 umol/L Cd decreased significantly
(P<0.05). Table 4 showed that the exogenous Ca
(5 mmol/L) could promote the Zn contents significantly
(P<0.05) in all organs of S. matsudana exposed to
Cd during the whole experiment time versus controls
(the organs treated with Cd but not adding exogenous
Ca).

Cu Content
Effects of Cd on Cu levels in roots, new stems,

leaves and old stems of S. matsudana varied with the
different concentration of Cd and duration of treatment

(Table 5). The Cu levels in roots exposed to 50 umol/L
Cd during the whole experiment time were observed
to be high significantly (P<0.05) in comparison with
control, but the Cu levels in roots treated with 10 pmol/L
Cd decreased significantly (Table 5). As compared with
control, the contents of Cu in new stem, leaf and old
stem exposed to 10 umol/L Cd increased significantly
(P<0.05) during the whole treatment time. But, at high
Cd concentration (50 pmol/L), the Cu contents in new
stem and old stem were noted to be low significantly
(P<0.05), except for the new stem treated with Cd for
7 d. Data from Table 5 also revealed that the level of Cu
in the leaf groups exposed to 50 umol/L Cd was noted
to be high significantly when compared with control
during whole experimental cycle, except for the 28" d.
The effects of Ca on Cu concentration in the organs
of S. matsudana under Cd stress are presented in
Table 5. The Cu contents in roots exposed to 10 umol/L
Cd were noted to be high significantly (P<0.05) during
the duration of the experiment, but the contents in roots
treated with 50 pmol/L Cd decreased significantly.
The exogenous Ca (5 mmol/L) showed the decreasing
trend in the contents of new stems exposed to



Effects of Calcium on the Alleviation... 2007
Table 5. Effect of exogenous Ca on Cu content in different organs of S. matsudana under different concentrations of Cd sress.
Time C’l;;(e;tnn;?/nlf) Cu (ng/g, DW+SE)
(d Ca(mmol/L) Root New stem Leaf Old stem

0 28.52+0.08a 26.02+0.11a 13.64+0.10a 18.78+0.10a

10Cd 13.05+0.16b 35.39+0.19b 39.33+0.13b 25.91+0.32b

7 10Cd+5Ca 41.51+0.08¢ 35.35+0.23b 36.18+0.28¢c 25.56+0.17b
50Cd 36.01+0.19d 25.73£0.12a 22.43+0.10d 16.80+0.26¢

50Cd+5Ca 27.08+0.13¢ 18.16+0.24¢ 11.5+0.09¢ 9.3540.04d

0 30.95+0.14a 27.4440.12a 16.15+0.12a 19.51+0.18a

10Cd 17.86+0.09b 36.15+0.19b 38.54+0.25b 23.99+0.12b

14 10Cd+5Ca 48.40+0.09¢ 36.36+0.07b 33.59+0.02¢ 24.70+0.14¢
50Cd 51.04+0.13d 24.41+0.28c 22.6+0.04d 15.74+0.03d

50Cd+5Ca 39.84+0.03¢ 13.65+0.04d 10.52+0.09¢ 8.94+0.21¢

0 31.28+0.15a 28.42+0.12a 21.23+0.24a 20.13+0.08a

10Cd 21.4540.04b 30.78+0.25b 36.80+0.08b 23.49+0.14b

21 10Cd+5Ca 51.89+0.09¢ 30.65+0.08b 32.91+0.07¢ 24.28+0.13¢
50Cd 61.11+0.14d 23.8+0.13¢ 21.91+0.16d 16.70+0.12d

50Cd+5Ca 49.92+0.15¢ 11.71+0.01d 9.95+0.23¢ 8.20+0.22¢

0 32.46+0.03a 28.86+0.27a 22.15+0.19a 23.81+0.12a

10Cd 32.09+0.15b 33.24+0.15b 35.70+0.30b 23.51+0.10b

28 10Cd+5Ca 55.74+0.01c 33.63+0.18b 32.33+0.04c 24.68+0.02¢
50Cd 81.78+0.16d 22.34+0.12¢ 20.13+0.14d 16.15+0.17d

50Cd+5Ca 61.61+0.10e 9.56+0.21d 9.324+0.12¢ 8.82+0.22¢

Values followed by different letters differ significantly from each other (P<0.05, ¢-test). Means+SE, n = 3.

50 umol/LCd, while there was no significant difference
at 10 pumol/L Cd. The levels of Cu in leaves of S.
matsudana stressed by Cd had a decreasing trend with
increasing Cd concentration and duration of treatment.
Data from Table 5 also showed that the exogenous Ca
could induce the significantly low contents of old stems
stressed with 50 umol/L Cd.

Discussion

Accumulation of Cd often results in visible plant
symptoms, such as stunted growth, leaf chlorosis,
browning of roots and alteration in the activities of many
key enzymes in various metabolic pathways [19, 22 , 23].
In the present investigation, reductions in root and shoot
length of S. matsudana were observed with increasing
Cd concentrations. The effect of Cd on root lengths
reduction of S. matsudana was more remarkable than
that of shoots, because the root was the organ directly
exposed to Cd, which were consistent with earlier
findings by Stravin-skiené and Racaite [24] in Trifolium
repens L. S. matsudana has the ability to accumulate

Cd primarily in its roots, and transport and concentrate
it in its stems and levels in much lesser concentrations.
The distribution may be due to the mobilization of the
protective mechanisms of plants, which inhibits the
transport to further tissues and organs [22]. The results
obtained here are consistent with earlier findings [20-22,
25, 26].

Ca is an essential plant macronutrient that involved
in various plant physiological processes, such as plant
growth and development, cell division, cytoplasmic
streaming, photosynthesis and intracellular signaling
transduction [23, 27, 28]. Some research works
demonstrated that Ca could regulate a range of activities
within the cell, such as cell division and elongation,
cytoplasmic streaming, photomorphogenesis and plant
defense against environmental stresses [29-33]. Several
reports indicated that Ca could compete with Cd in
plants to increase the tolerance of plants to heavy metals
and reduce the damage caused by heavy metals to plants
[34, 35]. Ca alleviates Cd-induced oxidative stress in
plants by scavenging reactive oxygen species (ROS),
increasing antioxidant levels and enhancing antioxidant
enzymes activities [28]. Cd and Ca have similar ionic
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radii (0.099 nm and 0.097 nm, respectively) and
compete for the same Ca channels in plants [36]. Shortly
after Cd enters the cytoplasm, it binds to certain sites
in the root tip apoplast, affecting the function of the
plasma lemma pumps transporting Ca ions and resulting
in the interference of Ca uptake [7]. The results here
showed that the exogenous 5 mmol/L Ca could decrease
the Cd levels significantly (P<(0.05) in the organs of
S. matsudana exposed to all Cd concentrations used
during the whole experiment, revealing that Ca had the
alleviating toxic effects on the seedling growth stressed
by Cd. Previous studies indicated that the increase of
Ca concentration in roots of Brassica juncea [37] and
Hordeum vulgare [38] under Cd stress was a potential
mechanism for reducing the toxic effects of Cd. The
phenomenon may possibly be explained by the fact that
when Ca and Cd coexist in the adsorption system, Ca
can reduce the adsorption of Cd, thereby reduce the
toxic effect of Cd on plants [39]. Xu et al. [27] also
showed that as with the essential micronutrients, Cd was
taken up by plants due its physicochemical similarity
to other cations (such as Ca); consequently, Cd could
compete with Ca and enter the plant through transport
systems meant for Ca. The results demonstrated that low
concentration of Ca treatment also enhanced the uptake
of Cd in the roots of Brassica juncea, Sesbania sesban
and Boehmeria nivea [40, 41], suggesting increased the
phytotoxicity of Cd. Other studies pointed out that plant
treated with heavy metals often increases suberin and
lignin contents [42]. Studies conducted by Baxter et
al., [43] and Zeng et al. [23] indicated that lignin was
mainly found in the cell wall of the inner and outer
cortex of the roots, and also played an important role to
regulate the absorption of water and mineral elements.
Under Cd stress, the expression of genes was involved
in lignin synthesis. As lignin accumulates, root cell
membrane integrity is lost in Cd-treated plants, resulting
in the adherence of Cd to its root surface stronger when
compared with Cd+Ca-treated plants. In this way the
growth of primary root in Cd-treated plants is inhibited
more severely [23].

Cu, Fe, Mn and Zn are metal micronutrients
that play an essential role in plant cell growth and
development [44]. Dynamic equilibrium of these heavy
metals in plant cells is necessary to avoid deficiency
and toxicity [13]. As indicated by Liu et al. [45], the
interactions of Cd and Fe, Cu and Zn were synergetic
in uptake and translocation from root to shoot by rice
plants. It well demonstrated that Cd could alter the
uptake of minerals by plants through its effects on the
availability of minerals from the soil. Cd toxicity may
affect plant metabolism, disturbing the accumulation
and translocation of mineral nutrient. Plants have
a complex metal homeostasis network system that
regulates the uptake and distribution of some basic
elements in order to ensure the normal metabolic
processes [21]. Cd is transported via cation channels or
by other elemental transporters, an increase in the Cd
concentration in the soil will lead to ion competition

and result in an antagonistic interaction between Cd and
other elements in the plant [5, 46]. In the present study,
we detected the Zn, Fe, Mn and Cu contents of root and
shoot exposed to 10 to 50 pmol/L. Cd. Accumulating
Cd to different organs of S. matsudana had an obvious
impact on the uptake of Cu, Fe, Mn, and Zn in the
present investigation. The concentration of Mn in roots
and shoots was significantly decreased, which agreed
with previous studies [20, 21, 22, 26]. In contrast with
Mn, the concentrations of Cu, Zn, and Fe in roots S.
matsudana were significantly increased under Cd stress
in this study. D’Alessandro et al. [47] demonstrated that
Cd shares chemical similarity to Zn, Fe, and Mn and may
compete with them for translocation in plants. Therefore,
Cd can selectively share different micronutrient uptake
and translocation pathway in plants, and further
affect the plant growth [26]. Data from the present
investigation also revealed that the concentrations of Zn
and Fe in shoots of S. matsudana treated with all the
Cd concentrations, and the shoots of Cu at 50 pmol/L
Cd decreased significantly. The trend may be explained
by the fact that Cd accumulates mainly in roots, only
small amounts translocate to shoots. Therefore, the low
Cd level in shoot may not cause significant affection to
Zn, Fe and Cu [26]. As indicated by Stravin-skiené and
Racaité [24], the addition of exogenous Ca contributes
to an enhancement of the essential mineral elements
uptake and these elements are beneficial to plant growth
and development. Data from the present investigation
also indicated that exogenous Ca could promote the
absorption of Cu, Fe, Zn and Mn in roots and shoots of
S. matsudana to different extent, suggesting that Ca has
alleviating effects on the toxicity of Cd. The information
available in the present investigation is an important
step towards obtaining a better understanding of Ca on
the alleviation of Cd toxicity in plants and its effects on
other minerals.

Exogenous Ca reduced Cd uptake mainly by
reducing its root adsorption and changing its transport
mode. In soil, Ca can reduce the Cd absorption of
plants. On the one hand, because Ca and Cd have
similar chemical properties, Ca is the main competitor
of Cd adsorption sites in soil. When Ca and Cd coexist
in the adsorption system, Ca can reduce soil to Cd
adsorption, thereby reducing the toxic effects of Cd
on plants. On the other hand, glutamate is a wound
signal in plants, ion channels of the Glutamate receptor-
like family act as sensors that convert this signal into
an increase in intracellular Ca ion concentration that
propagates to distant organs, where defense responses
are then induced [48]. Ca ion plays an important role as
the second messenger, which can couple extracellular
signals with intracellular physiological and biochemical
reactions, enhancing plant resistance to environmental
stress by stabilizing cell wall, cell membrane structure
and inducing the expression of a series of specific genes.
Plants sense local signals, and transmit this information
throughout the plant body to rapidly activate defense
responses in undamaged parts. Therefore, exogenous
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Ca increased the intracellular Ca ion concentration of
S. matsudana, thereby reducing the toxic effects of Cd
on S. matsudana.

Conclusions

Based on the information provided in this article, it

is concluded that:

L.

Cd could inhibit the growth of S. matsudana
seedling, and 5 mmol/L Ca had an alleviating toxic
effects on seedlings’ growth.

Exogenous Ca (5 mmol/L) could decrease the Cd
levels significantly (P<0.05) in different organs of
S. matsudana exposed to all Cd concentrations used
during the whole experiment, revealing that Ca can
be used to alleviate the harmful effect of Cd.

The concentrations of Cu, Zn, and Fe in roots S.
matsudana were significantly increased under Cd
stress, and the concentration of Mn in roots and
shoots was significantly decreased by Cd stress.
Exogenous Ca could promote the absorption of Cu,
Fe, Zn and Mn in roots and shoots of S. matsudana
to different extent, suggesting that Ca has alleviating
effects on the toxicity of Cd.
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