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Abstract The influence of calcium-deficiency and
cerium addition on the antioxidative defense system
in spinach leaves was investigated. It was found that
spinach cultivated in calcium-deficiency media devel-
oped distinct calcium deficiency symptoms and the
plant growth was significantly inhibited as expected.
While cerium-treated spinach remained green and
expanded, and plant growth was improved. Calcium
deprivation in spinach also increased the permeability
of plasma membrane, malondialdehyde as a degrada-
tion product of lipid peroxidation, reactive oxygen
species such as superoxide radicals, hydrogen peox-
ide, and decreased activities of the antioxidant
enzymes such as superoxide dismutase, catalase,
ascorbate peroxidase, guaiacol peroxidase and gluta-
thione content. However, cerium treatment cultivated
in calcium-deficiency media decreased the permeabil-
ity of plasma membrane, malondialdehyde and

reactive oxygen species, and increased activities of
the antioxidative defense system. This is viewed as
evidence for cerium addition to calcium-deficiency
media in the spinach plants could substitute calcium
and enhance oxidative stress-resistance.
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As one of essential nutrient macroelements for plant
growth, calcium plays very important roles in keeping
of plant cell structure, resistance of adversity stresses
(such as oxidative, drought, chilling and fungal
intrusion et al.) and signal transduction (Chaney et
al. 2008; Wu 2003; Buchanan et al. 2002). And it is
well known that chemical property of lanthanide
series elements (Ln3+) is similar with Ca2+. For
example, the radius of Ce3+ is 1.01–1.20 Å when its
coordination number is 6–9, while Ca2+ is in the same
coordination numbers and its radius is 1.00–1.18 Å.
Therefore, Ce3+ could enter organism and occupy a
Ca2+ position, thus led to biological function alter-
ation (Ni 2002). On the one hand, however, charge
and potential energy in Ln3+ are higher than Ca2+, the
bound stability of Ln3+-compounds is also higher than
that of Ca2+-compounds. Ln3+ could not only occupy
a Ca2+ position, but also substitute for bound Ca2+,
thus Ln3+ are known as“supercalcium”. On the other
hand, Ln are located on the IIIB of element periodic
table, their outmost shell is 6s25s25p6, their sub-
outmost shell is all filled, as 5d is either empty or only
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one electron left. When they combined with other
elements, they always lost two s electrons of outmost
shell and one d electron of sub-outmost shell, thus
made their natural atomic value (+3). 4f shell of Ln3+

is regularly filled from Ce3+ to Lu3+. Except for La3+,
Lu3+ without 4f electron in the 4f shell, 4f electron of
other Ln3+ is discretionarily distributed in seven 4f
electron orbits, which causes a series of light,
magnetism and other catalysis effects (Ni 2002).

The mechanism study of lanthanide as rare earth
fertilizer to plants has been continuously active in
China since 1980’s. Hong et al. soaked rice seeds or
aged rice seeds with lanthanum (La3+) and cerium
(Ce3+) solution to study their effects on germination
rate and discovered that two kinds of rare earths have
similar chemical properties, but the optimum concen-
tration differed a lot. The optimum concentration in
La3+ treatment was 500 μM while the optimum
concentration in Ce3+ was 10 μM (Hong et al.
2000a; Hong et al. 2000b; Hong et al. 2000c; Hong
2002a; Hong et al. 2003a) . We also worked on the
germination rate of aged spinach seeds, the results
showed that the most effective concentration for La3+

and neodymium (Nd3+) was 400 μM, and it displayed
inhibition up to 800 μM; the optimum concentration
for Ce3+ was 16 μM, and after the concentration
exceeded 50 μM it represented significant inhibition
(Liu et al. 2004). Moreover, the effect of Ce3+ on the
promotion of rice and spinach growth was the most
obvious, and their disease-resistance ability remark-
ably enhanced. The results showed that no matter the
aged rice seeds or spinach seeds, LaCl3, CeCl3 and
NdCl3 treatments could enhance the activities of
superoxide dismutase (SOD), catalase (CAT) and
peroxidase (POD). Moreover, the three rare earth
element treatments could decrease O2

.− and malon-
dialdehyde (MDA) contents and reduce cell mem-
brane permeability of aged seeds of rice and spinach.
Among three rare earth elements, Ce3+ treatment
enhanced vigor of aged seeds and repaired cell
membrane structure most significantly (Hong et al.
2000a; Hong et al. 2000b; Hong et al. 2000c; Hong
2002a; Hong et al. 2003a; Liu et al. 2004). The reason
might be the difference of their structure of electron
shell. However the electron quantity of 4 f electron
shell also affect the atomic value. There are 0, 2 and 4
electrons in 4 f shell for La, Ce and Nd, respectively.
Moreover, Ce not only has the atomic value of +3 but
also can be oxidated to +4 values while La and Nd

have no alterable valence (Ni 2002). Those facts
indicated that the significant differences between
reinforcing effects of La, Ce and Nd on seeds vigor,
and the optimum treat concentration had closely
related to 4f electron shell of structures and the
characteristics of alterable valence of Ln.

Dong et al. studied relationship between La3+and
Ca2+ in cucumber plants, suggesting that calcium
deprivation caused chlorosis and wilting of cucumber
young leaves and brown spot of old leaves, and plant
was short; while LaCl3 treatment cultivated in
calcium-deficiency media could decrease calcium-
deficiency symptoms and improve plant growth
(Dong et al. 1993). We hypothesize that calcium-
deficiency symptoms might be related to oxidative
damage in plant cell, and the disappearance of the
symptoms caused by LaCl3 might be related to the
enhancement of antioxidative stress of plants. But
these need further study.

The oxidative damage caused by calcium deprivation
in spinach and antioxidative stress in CeCl3-treated
spinach grown in calcium-deficiency conditions were
studied in the paper. The results showed that calcium
deprivation in spinach plants increased plasma
membrane permeability, MDA and reactive oxygen
species (ROS), and decreased activities of the
antioxidant enzymes and glutathione content. How-
ever, cerium treatment cultivated in calcium-
deficiency media decreased plasma membrane
permeability, MDA and ROS, and increased activi-
ties of the antioxidative defense systems, suggesting
that on cerium added to calcium-deficiency media in
the spinach plants could substitute for calcium and
increase oxidative stress-resistance.

Materials and methods

Material treatment and culture

Experimental material was Spinacia oleracea. The
seeds were purchased from a local seed company.
The seeds were carefully selected and planted in a
perlite-containing pot and placed in porcelain dishes,
which were respectively added with following
culture solutions: 1) (modified Hoagland nutrient
solution containing 6 mM K as KNO3, 4 mM Ca as
Ca(NO3)2 and 1 mM Mg as MgSO4, 16 mM N,
2 mM P as NaH2PO4, 1 mM S, 50 μM Cl, 25 μM B
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as H3BO3, 2 μM Mn as MnCl2, 2 μM Zn as ZnSO4,
0.5 μM Cu as CuSO4, and 0.5 μM Mo as H2MoO4,
20 μM Fe as NaFeDTPA (pH=5.8). (2) Calcium-
deficiency Hoagland’s nutrient solution without Ca
(NO3)2 as described in ref (Li 1999), NH4NO3 was
supplied to adjust nitrogen concentration. These
were placed in a glasshouse under sunlight
(1200 µmol·m−2·s−1 of light intensity) for four
weeks. When spinach seedlings were at the age of
two leaves, 15 μM CeCl3 or CaCl2 solution were
sprayed on the leaves respectively, and deionized
water for control, the same treatments were replicat-
ed every 5 days. Thus made 5 groups: (1)Hoagland’s
solution; (2)Hoagland’s solution + 15 μM cerium
chloride treatment; (3)Ca2+-deficiency Hoagland’s
solution; (4) Ca2+-deficiency Hoagland’s solution+
15 μM cerium chloride treatment, (5) Ca2+-deficiency
Hoagland’s solution+ 15 μM calcium chloride
treatment.

Assay of physiological and biochemical indexes

Plant weight

The fresh weight and dry weight of spinach were
weighted at 28 days after planting.

Plasma membrane permeability of spinach leaves

Plasma membrane permeability was measured by a
DDS—11 electric conductivity instrument (DDS-
11A, Lengpu Inc., Shanghai) as described previously
(Li 1999), samples were placed in a beaker containing
420 ml of deionized distilled water and allowed to
equilibrate for 6 h at room temperature. Electrical
conductivity of the solution was measured before and
after incubation. Samples were then placed in boiling
water 1 min, cooled to room temperature, and the
electrical conductivity measured again. Plasma mem-
brane relative permeability%=electrical conductivity
in respective treatment/ electrical conductivity in total
destructive plasma membrane.

Lipid peroxide (MDA) of spinach leaves

The level of lipid peroxidation of spinach leaves
was measured as 2-thiobarbituric acid-reactive
metabolites (TBA), mainly MDA, following the

modified method of Heath and Packer (Heath and
Packer 1968). Frozen samples were homogenized in a
pre-chilled mortar and pestle with two volumes of ice
cold 0.1% (w/v) trichloroacetic acid (TCA) and
centrifuged for 15 min at 15, 000×g. Assay mixture
containing 1 ml aliquot of supernatant and 2 ml of
0.5% (w/v) thiobarbituric acid in 20% (w/v) TCAwas
heated to 95 °C for 30 min and then rapidly cooled in
an ice-bath. After centrifugation (10, 000×g for
10 min at 4 °C), the supernatant absorbance
(532 nm) was read and values corresponding to non-
specific absorption (600 nm) were subtracted. MDA
concentration was calculated using its extinction
coefficient (155 mM−1⋅cm−1).

ROS of spinach leaves

Superoxide ion (O2
·−) was measured as described by

Able et al. (Able et al. 1998) , by monitoring the
reduction of 3’-[1-[phenylamino-carbonyl]-3,4-tetrzo-
lium] -bis(4-methoxy-6-nitro) benzenessulfonic acid
hydrate (XTT) in the presence of O2

·−, with some
modifications. The spinach leaves were homogenized
in prechilled mortar and pestle with an ice-cold
isolation buffer containing 400 mmol.L−1 sucrose,
10 mmol.L−1 NaCl, and 20 mmol .L−1 Tris−HCl
buffer (pH 7.8). The slurry was filtered through five
layers of cheesecloth and the chloroplasts were
sedimented at 3000 r.min-1 for 5 min at 4°C to
prepare chloroplasts (Arnon 1949). The chloroplasts
were homogenized with 2 ml of 50 mM Tris-HCl
buffer (pH 7.5) and centrifuged at 5, 000×g for
10 min. The reaction mixture (1 ml) contained 50 mM
Tris-HCl buffer (pH 7.5), 20 μg chloroplast superna-
tant proteins, and 0.5 mM sodium, XTT. The reaction
of XTT was determined at 470 nm for 5 min.
Correction were made for the background absorbance
in the presence of 50 units of SOD. The production
rate of O2

·− was calculated using an extinction
coefficient of 2.16×104 M–1.cm−1

H2O2 were extracted according to Wang and Luo
(Wang and Luo 1990); the chloroplasts were homog-
enized in 3 ml of ice-cold acetone. The homogenate
was centrifuged at 30,000×g for 10 min and the
supernatant was used for assays of the contents of
H2O2. The reaction mixture contained 0.1 ml of 5%
Ti(SO4)2, 0.2 ml of ammonia solution, and 1 ml of the
H2O2 extract, which was centrifuged at 30,000×g for
10 min. The precipitate was repeatedly washed with
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acetone until pigments were completely removed; it
was then dissolved with 5 ml of 2 M H2SO4, and the
contents of H2O2 was measured at 415 nm.

Antioxidant enzyme activity of spinach leaves

Spinach leaves were homogenized in 1 ml of ice-cold
50 mM sodium phosphate (pH 7.0) that contained 1%
polyvinyl polypyrrolidone (PVPP). The homogenate
was centrifuged at 30,000×g for 30 min and the
supernatant was used for assays of the actives of
SOD, CAT, ascobate peroxidase (APX) and guaiacol
peroxidase (GPX).

The activity of SOD was assayed by monitoring its
ability to inhibit the photochemical reduction of
nitroblue tetrazolium (NBT). Each 3 ml reaction
mixture contained 50 mM sodium phosphate (pH
7.8), 13 mM methionine, 75 μM NBT, 2 μM
riboflavin, 100 μM EDTA, and 200 μl of the enzyme
extract. Monitoring the increase in absorbance at
560 nm followed the production of blue formazan
(Ginnopolitis and Rice 1977). One unit was defined
as the amount required inhibiting the reduction of
NBT to NBT formazan in the presence of superoxide
by 50%.

The activity of CAT was determined by measuring
the rate of disappearance of H2O2 at 240 nm. Each
3 ml reaction mixture contained 50 mM sodium
phosphate (pH 7.8), 12.5 mM H2O2, and 200 μl of
enzyme extract (Prasad 1997). One unit of enzyme
activity was defined as a decrease in absorbance of
0.001 min−1 at 240 nm.

APX activity was assayed using the method
described by Reuveni et al. (Reuveni et al. 1992). A
reaction mixture consisting of 100 µl supernatant,
17 mM H2O2 (450 µl), and 25 mM ascorbate (450 µl)
was then assayed for 3 min at 290 nm. Activity was
measured as disappearance of ascorbate. One unit of
enzyme activity was defined as a decrease in
absorbance of 0.001 min−1 at 290 nm.

GPX activity was also measured using the
method described by Reuveni et al. (Reuveni et
al. 1992). A reaction mixture consisting of superna-
tant (100 µl), 17 mM H2O2 (450 µl), and 2% guaiacol
(450 µl) was then assayed for 3 min at 510 nm.
Activity was measured as appearance of tetra-
guaiacol. One unit of enzyme activity was defined
as an increase in absorbance of 0.001 min−1 at
510 nm.

Reduced glutathione of spinach leaves

In order to perform the reduced glutathione assay,
spinach leaves homogenized as described above.
However, supernatants were not diluted fivefold as
described in the case of the antioxidant enzyme
assays. Reduced glutathione content was estimated
using the method of Hissin and Hilf (Hissin and Hilf
1976). The reaction mixture contained 100 µl of
supernatant, 100 µl o-phthaldehyde (1 mg ml−1), and
1.8 ml phosphate buffer (0.1 M sodium phosphate,
5 mM EDTA, pH 8.0). Fluorometry was performed
using a F-4500 fluorometer (Hitachi Co., Japan) with
excitation at 350 nm and emission at 420 nm.

Results

Growth of spinach

As shown in Fig. 1 (photo 1, 2), cerium could greatly
improve spinach growth. The spinach leaf area treated
by cerium grown in Hoagland’s solution was larger
than that of control. The single fresh and dry weights
of the cerium-treated groups were enhanced by
31.83% and 40.98% compared to the control, respec-
tively (see Fig. 2, column 1, 2).

From Fig. 1 (photo 3 ), young leaves of spinach
plants developed Ca2+-deficiency symptoms such as
chlorosis and wilting, plants were short in Ca2+-
deficiency conditions. It seems low concentration of

Fig. 1 Effect of Ce3+ on
growth of spinach cultivated
in Ca2+-deficiency media.
1. Hoagland’s solution(con-

trol); 2. Hoagland’s solution
+Ce3+; 3. Ca2+-deficiency
Hoagland’s solution; 4. Ca2
+-deficiency Hoagland’s so-

Fig. 1 Effect of Ce3+ on growth of spinach cultivated in Ca2+-
deficiency media. 1. Hoagland’s solution(control); 2. Hoagland’s
solution+Ce3+; 3. Ca2+-deficiency Hoagland’s solution; 4. Ca2+-
deficiency Hoagland’s solution+Ce3+; 5. Ca2+-deficiency Hoag-
land’s solution+Ca2+
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Ca2+ treatment didn’t improve the spinach growth
effetely, the plant in Ca2+-deficiency Hoagland’s
solution+Ca2+ group still showed to be Ca2+-deficient
(photo 5). While all leaves treated by cerium grown in
Ca2+-deficiency media kept green and expanded, and
plants grown vividly (see photo 4). We can see from
Fig. 2 (column 3) that the fresh and dry weights of
single plant cultivated in Ca2+-deficiency conditions
were much lower than those grown in Hoagland’s
solution, suggesting 28.22% and 22.56% reduction,
respectively; and Ce3+ and Ca2+ treatment grown in
Ca2+-deficiency media suggested 5.72%,22.93% and
3.42%,11.23% reduction (Fig. 2, column 4, 5),
respectively. Ce3+ treatment enhance the growth of
Ca2+-deficient spinach better than the same concen-
tration of Ca2+.

Plasma membrane permeability and lipid peroxide
level of cell of spinach

Figure 3 shows the relative permeability of plasma
membrane of spinach cell cultivated in various
conditions. Under Hoagland’s solution, the membrane
permeability of spinach treated by Ce3+ was reduced
by 7.92%. And the membrane permeability grown in
Ca2+-deficiency media was increased by 66.55% and

in Ca2+-deficiency Hoagland’s+Ce3+ media rose by
17.19%, as compared to culture with Hoagland’s
solution, respectively. While Ca2+-deficiency Hoag-
land’s+Ca2+ was 32.53% higher than the control.

Lipid peroxide level is a very important index of
cell to valuate the damage of membrane structure. It
can be seen in Fig. 4 that MDA content of spinach
cells grown in Ca2+-deficiency conditions was
78.46% higher than that grown in Hoagland’s
solution, Ce3+ and Ca2+ treatment in Ca2+-deficiency
media was 16.92% and 43.03% higher than that
grown in Hoagland’s solution, respectively. However,
MDA content of spinach treated by Ce3+ grown in
Hoagland’s solution was reduced by 18.46%. The
changes of MDA content are consistent with the
membrane permeability mentioned above.

ROS accumulation of spinach

The effects of various culture media on the
production rate of O2

.− and H2O2 in spinach are
shown in Fig. 5. It can be seen that ROS grown in
Ca2+-deficiency conditions rose sharply, i.e. O2

.− and
H2O2 generating rates increased by 66.76% and
126.39% as compared to grown in Hoagland
conditions, respectively, suggesting that exposure to
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Fig. 2 Effect of Ce3+on spinach plant weights cultivated in Ca2+-
deficiency media. 1. Hoagland’s solution(control); 2. Hoagland’s
solution+Ce3+; 3. Ca2+-deficiency Hoagland’s solution; 4. Ca2+-
deficiency Hoagland’s solution+Ce3+; 5. Ca2+-deficiency Hoag-
land’s solution+Ca2+. Bars marked with an * and double* were
different from the others in that panel at the 5% confidence level
and at the 1% confidence level, respectively. Bars indicate mean
and error bars are SE (n=5)

Fig. 3 Effect of Ce3+ on plasma membrane relative
permeability of cell of spinach leaves cultivated in Ca2+-
deficiency media. 1 .Hoagland’s solution (control); 2. Hoag-
land’s solution+Ce3+; 3. Ca2+-deficiency Hoagland’s solution;
4.Ca2+-deficiency Hoagland’s solution+Ce3+; 5. Ca2+-deficiency
Hoagland’s solution+Ca2+. Bars marked with an * and double*
were different from the others in that panel at the 5% confidence
level and at the 1% confidence level, respectively. Bars indicate
mean and error bars are SE (n=5)
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Ca2+-deficiency media caused a strong oxidative
stress in spinach cell. Ca2+ treatments better the ROS
accumulation scarcely, while Ce3+ treatments signif-
icantly decreases oxidative damage, i.e. O2

.− and
H2O2 generating rates grown in Ca2+-deficiency

conditions showed 17.16% and 21.78% enhance-
ment. It is also found O2

.− and H2O2 generating rates
in Hoagland’s media treated by Ce3+ suggeste 4.77%
and 9.03% reduction, respectively.

Antioxidant defense of spinach

It can be seen in Fig. 6. that the activities of SOD,
CAT, APX and GPX enzymes of spinach cultivated
in Ca2+-deficiency media were decreased by
46.54%, 53.35%, 38.13% and 47.54% as compared
to culture of Hoagland’s solution, respectively. The
enzymes activities by low concentration Ca2+ treat-
ments in Ca2+-deficiency media are little improved.,
while Ce3+ -treated spinach grown in Ca2+-deficient
media were 16.16%, 8.38%, 16.71% and 12.00%
lower than those grown in Hoagland’s solution,
respectively, which is much better than Ca2+-defi-
cient group. However the activities of the antioxidant
enzymes from Ce3+- treated groups grown in Hoag-
land’s media were 34.91%, 32.83%, 13.21% and
16.22% higher than the control.

Figure 7 shows the ratios of GSH to GSSGG of
spinach cultivated in Ca2+-deficiency media. The
ratios of GSH to GSSGG in Ca2+-deficiency Hoag-
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Fig. 4 Effect of Ce3+on MDA content in spinach cultivated in
Ca2+-deficiency media. 1.Hoagland’s solution; 2. Hoagland’s
solution + Ce3+; 3. Ca2+-deficiency Hoagland’s solution; 4. Ca2+-
deficiency Hoagland’s solution+ Ce3+. 5. Ca2+-deficiency Hoag-
land’s solution+Ca2+. Bars marked with an * and double* were
different from the others in that panel at the 5% confidence level
and at the 1% confidence level, respectively. Bars indicate mean
and error bars are SE (n=5)

Fig. 6 The Effects of Ce3+ on the activities of antioxidant
enzymes of spinach cultivated in Ca2+-deficiency media. 1.
Hoagland’s solution (control); 2. Hoagland’s solution+Ce3+;
3. Ca2+-deficiency Hoagland’s solution; 4.Ca2+-deficiency
Hoagland’s solution+Ce3+; 5. Ca2+-deficiency Hoagland’s
solution+Ca2+. Bars marked with an * and double* were
different from the others in that panel at the 5% confidence
level and at the 1% confidence level, respectively. Bars
indicate mean and error bars are SE (n=5)

290 Plant Soil (2009) 323:285–294



land’s group decreased by 40.00%, while the ratio in
Ca2+-deficiency group treated by Ce3+ decreased by
17.78% compared with the control. But the same
concentration of Ca2+ treatment gives a 33.33%
reduction compared with the control. However, the
ratio in Hoagland’s solution group treated by Ce3+

increased 15.56% compared with the control. It
indicated that Ca2+-deficiency accelerated reduced
glutathione (GSH) to be oxidized to oxidized gluta-
thione (GSSG) and Ce3+ treatment alleviated the
oxidation of GSH caused by Ca2+-deficiency in
spinach.

Discussion

The effects of cerium on reduction of oxidative stress
of spinach and growth of plant grown in calcium-
deficiency conditions were investigated. The question
was raised whether oxidative stress of calcium
deprivation can occur and whether oxidative damage
can be decreased by cerium treatment in spinach cell
grown in calcium-deficiency conditions.

The experimental results showed that calcium
deprivation caused young leaves turning chlorosis
and wilting, and a significant reduction of spinach

plant weight as well (Figs. 1 and 2), implying that the
cell water content was absent, which was related to
reduction of water absorbance and keep of cell. It had
been proved that calcium could increase drought-
resistance of plants (Hong et al. 1996; Lu et al. 1999;
Chen 1998). Cerium treatment with low concentration
could decrease the calcium-deficiency symptoms of
spinach plants (Figs. 1 and 2), suggesting that cerium
could increase water absorbance and keep of spinach
cell. Dong et al. proved that cucumber plants grown
in calcium-deficiency media were short, young leaves
developed chlorosis and wilting, old leaves displayed
brown spots. While La3+ added to calcium-deficiency
media could decrease chlorosis and wilting of young
leaves, plant fresh weight increased by19% (Dong et
al. 1993), which is consistent with our results.
However, Dong et al. didn’t study mechanism of
La3+ on decreasing the calcium-deficiency symptoms
of cucumber plants.

For increasing plant resistance, calcium occupies
an important position in keep of stability and
integrality of cell membrane, in direct or indirect
regulation of various metabolisms (Wu 2003;
Buchanan et al. 2002). The reduction of water content
of cell was closely related to the damage of plasma
membrane structure. Due to calcium deprivation, the
obvious enhancements of MDA content and perme-
ability of plasma membrane of spinach cell were
observed in the study (Figs. 3, 4), implying that
plasma membrane structure of spinach cell was
damaged, solute and water in cell were easily lost,
which led to the reduction of water content of cell and
the wilting of spinach young leaves. Hong et al.
(2000b, 2000c, 2002a) had proved that La, Ce, Nd
could repaire membrane structure of aged seed cell
(Hong et al. 2000b, 2000c; Hong 2002a; Liu et al.
2004). The reduction of MDA content and perme-
ability of plasma membrane of spinach cell were
observed by cerium treatment grown in calcium-
deficiency media, suggesting that cerium could
repaire damaged membrane structure grown in
calcium-deficiency conditions, thus increase water
content of cell and avoid young leaves wilting.

Oxidative stress, resulting from the generation of
ROS, is a common phenomenon in many stress
responses, such as drought, cold shock, photoinhibi-
tion and hypo-osmotic stress. ROS generation leads to
cellular damage and ultimately to cell death, primarily
through damage to the photosystem II reaction centre
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Fig. 7 The Effects of Ce3+ on the ratio of GSH/GSSG of
spinach cultivated in Ca2+-deficiency media. 1.Hoagland’s
solution (control); 2. Hoagland’s solution+Ce3+; 3. Ca2+-
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solution+Ce3+; 5. Ca2+-deficiency Hoagland’s solution+ Ca2+.
Bars marked with an * and double* were different from the
others in that panel at the 5% confidence level and at the 1%
confidence level, respectively. Bars indicate mean and error
bars are SE (n=5)
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and to membrane lipids (Chris and Robert 2000). The
results showed that the obvious accumulation of ROS
such as O2

·−, H2O2 occurred in spinach cell grown in
calcium-deficiency media (Fig. 5), it was consistent
with the significant enhancement of lipid peroxide
level, implying that calcium deprivation caused the
oxidative stress in spinach cell, thus conduced to the
damage of plasma membrane structure. However,
cerium treatment could decrease ROS accumulation
(Fig. 5), showing that cerium could remove ROS and
increase the oxidative stress-resistance of spinach. It
was proved that the increase of the aged seed (rice,
spinach) vigor by La, Ce, Nd pretreatment was
closely related to ROS removal, and Ce treatment
was better (Hong et al. 2000b; Hong et al. 2000c;
Hong 2002a; Liu et al. 2004). Numerous studies have
shown that calcium and ROS exhibit important
signalling functions in responses to both biotic and
abiotic stresses, implying that they might be central
components controlling cross-tolerance, at least at the
cellular level (Chris and Robert 2000). Due to
calcium deprivation, the controlling cross-tolerance
was impaired in spinach cell, and cerium might
resume the controlling cross-tolerance.

The generation of oxidative stress in plant cell is
due to an imbalance between ROS and their removal
makes macromolecules and membranes damaged,
thus leads to the reduction of plant growth. The
control plant possesses its own active antioxidant
defense systems (antioxidative enzymes such as SOD,
CAT, APX and GPX, as well as non-enzymatic
antioxidants such as glutathione, ascorbate, guaiacol
and carotenoids et al.) through which production and
removal of ROS is in balance. SOD can convert O2

.−

into H2O2 and O2; moreover, CAT, APX and GPX
can reduce H2O2 into H2O and O2 (Lin et al. 1988) .
Therefore, SOD, CAT, APX and GPX can keep a low
level of ROS and prevent ROS toxicity and protect
cells (John and Scandalios 1993). In the experiments,
we observed that the activities of SOD, CAT, APX
and GPX were significantly inhibited and the content
of glutathione was decreased (Figs. 6, 7), ROS was
greatly accumulated in spinach grown in calcium
deficiency media, suggesting that exposure to calcium
deficiency media caused an imbalance between ROS
and their removal in spinach cell. It is well known
that GSH can directly interact with and detoxify
oxygen free radicals and thus contribute significantly
to nonenzymatic ROS scavenging. We also found that

the ratio of GSH to GSSG in spinach caused by
calcium deficiency was significantly decreased
(Fig. 7). The depletion of GSH was associated with
increases in ROS and MDA, suggesting that spinach
grown in calcium deficiency media was using up
antioxidative defences to prevent oxidative stress.
Michaela et al. (2002) reported that calcium deficien-
cy significantly influenced the antioxidative defense
system in tomato plants (Michaela et al. 2002).
Gibson et al. (2002) indicated that oxidative stress
increased internal calcium stores and reduced a key
mitochondrial enzyme (Gibson et al. 2002). However,
our study proved that cerium treatment could signif-
icantly increase the activities of SOD, CAT, APX,
GPX and the content of glutathione (Figs. 6, 7), and
led to the reduction of ROS accumulation of spinach
plants. Zhou et al. (2000) also proved that antiox-
idative stress of cucumber was increased by neodym-
ium treatment (Zhou and Wei 2000). Our previous
researches demonstrated that La, Ce and Nd treat-
ments increased the activities of antioxidative
enzymes, which led to ROS removal in aged seeds
of rice and spinach (Hong et al. 2000b; Hong et al.
2000c; Hong 2002a; Hong et al. 2003a; Liu et al.
2004). On the other hand, cerium treatment caused the
reduction of ROS, which related to direct removal
of O2

.− , it had been proved by Wang et al. (Wang et
al. 1997, 2000). The mechanism was alleged to be:
Ce3+ can reduce O2

.− to H2O2 and oxidize itself to
Ce4+ and Ce4+ can oxidize O2

.− to O2 while it reduces
itself to Ce3+.

As mentioned above, calcium-deficient plants
depicted acute abnormalities in many fields, which
was consistent with previous studies (Singh and
Sharma, 1972). Since the normal concentration of Ca
in nutrient solution is up to 4 mM, it was obviously to
found 15 μM Ca treatment is far from adequate. The
spinach grown in Ca2+-deficient Hoagland’s solution+
Ca2+ solutions still showed Ca2+-deficient symptoms
and the antioxidative defense system was hardly
improved. However, 15 μM Ce treatments could partly
recover the Ca2+-deficient condition, especially for the
antioxidative defense system. It strongly suggested that
cerium could take place of some biological functions
of calcium and have better effects for its special
physical and chemical properties. For similar chemical
properties as Ca2+, it was believed that Ce3+ could
enter organism and occupy a Ca2+ position (Mulqueen
et al. 1985; Ni 2002) and act different roles as
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interchangeability of Ca2+ in plants. We had found that
Ce and some other lanthanide ion (La, Nd) could bind
to chlorophyll, D1/D2/Cytb559 and Rubisco to change
the biological functions (Hong et al. 2002b; Hong et al.
2003b; Liu et al. 2006). In our recent research, Ce
could also directly bind to the Ca-depleted PSII (The
paper was not contributed). It was another example for
the substitution function of Ce on Ca though the
biological function might be different. The improve-
ment of antioxidative defensive system might be only
one aspects of Ce3+ substitution to Ca2+.

In conclusion, calcium-deficiency conditions ap-
plied to spinach cultures caused an oxidative stress
status in cell monitored by an increase in ROS
accumulation. The enhancement of lipids peroxide
and permeability of plasma membrane of spinach cell
grown in calcium-deficiency media suggested an
oxidative attack that was activated by a reduction of
antioxidative defense mechanism measured by ana-
lyzing the activity of SOD, CAT, APX and GPX
enzymes, as well as antioxidants such as glutathione
content. As the antioxidative response of cell was
reduced in spinach grown in a calcium-deficiency
media, it caused a significant reduction of spinach
plant weight, young leaves turning chlorosis and
wilting. However, cerium treatment grown in
calcium-deficiency conditions decreased the perme-
ability of plasma membrane, MDA and ROS, and
increased activities of the antioxidative defense
system, and improved spinach growth, thus cerium
treatment could help spinach recover from calcium-
deficient conditions, espically on the antioxidative
defensive system in the text. However, since Ce3+ has
similar chemical properties as Ca2+ and calcium plays
various roles in plants, cerium might easially bind to
different functional components in plants as “super-
calcium”. The mechanism of cerium’s special physi-
ological function might be complicated and need
further studies.
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