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Abstract

Calcium is a secondary messenger in plant signaling, and its concentration changes spatially and temporally during the course of heat
stress. In the present study, potassium antimonate was used to visualize calcium localization in blades of a marine macroalga, the juvenile
Laminaria japonica sporophytes under heat stress (25 �C). Result showed that loosely bound calcium was mainly distributed on the cell
wall under normal conditions (10 �C), and flowed into the cytoplasm when exposed to heat. The simutaneous assay on the antioxidant
system changes was performed. Oxidative damage, as measured by generation of reactive oxygen species (ROS) malondialdehyde
(MDA) content, increased significantly during heat stress, and calcium pretreatment alleviated oxidative damage. The assay on the activ-
ities of six antioxidant enzymes demonstrated that their enzymatic activities were inhibited when exposed to heat stress, but Ca2+ pre-
treatment effectively attenuated the inhibition. Results in the present study inferred that calcium homeostasis plays an essential role in L.

japonica sporophyte when exposed to heat, and calcium pretreatment could improve its thermo-tolerance.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Global circulation models have predicted that increasing
greenhouse gases will cause a 1–4 �C increase in average glo-
bal temperature during the 21st Century. Heat stress is one of
the main constraints in plants’ growth and development
[1,2]. It is well documented that heat can damage the struc-
tures and physiological metabolism of plants [3,4]. Heat
stress results in various forms of biochemical and physiolog-
ical injuries in plants, including an oxidative burst, growth
inhibition, and changes in pigment content, chlorophyll syn-
thesis, and antioxidant enzyme systems. Mechanisms by
which heat injures plants have been widely investigated
[1,2]. One such mechanism of injury involves the overpro-
duction and reactions of reactive oxygen species (ROS)

[5,6]. Such reactive molecules cause cellular damage, partic-
ularly to cell membranes [6–8] and damage or disrupt struc-
ture and physiological metabolism of plants [8,9]. Plants
have a set of antioxidant systems that detoxify ROS and limit
oxidative damage under heat-stress conditions, and the
extent to which oxidative damage occurs depends on the
effectiveness of the antioxidant system [8,10,11]. Many stud-
ies have shown that improved thermo-tolerance is often
related to enhanced activities of antioxidant enzymes, e.g.
superoxide dismutase (SOD), catalase (CAT), and peroxi-
dase (POD). These enzymes play pivotal roles in protection
from oxidative stress [5,12,13]. Dat et al. [13] reported that
activities of antioxidant enzymes increased rapidly during
heat stress in mustard (Sinapis alba); however, Jiang and
Huang [7] showed that enzymatic activities in two cool-sea-
son grasses decreased significantly during long-term heat
stress. CAT activity has been shown to decrease in a wide
range of species when exposed to heat stress [7,12,13], and
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SOD activity also decreased in creeping bentgrass when
exposed to heat stress [6].

Calcium is a secondary messenger in plant signaling, and
its concentration changes spatially and temporally to regu-
late plants’ responses to environmental stresses [14–16].
Calcium also plays a vital role in coupling a wide-range
of extracellular signals to specific responses, e.g. salinity
[17], oxidative stress [18], and heat stress [1,16,19–22]. Sig-
nal transduction during plants’ adaptation to heat stress is
a topic of great interest. Several authors have suggested
that calcium pretreatment changes the intrinsic heat toler-
ance of various plants [1,2]. Klein and Ferguson [23] found
that calcium uptake in pear cells was significantly enhanced
under heat stress, and Biyaseheva et al. [24] showed that
heat shock resulted in increased intracellular calcium in
pea mesophyll protoplasts. Heat stress causes transient ele-
vation of the cytosolic free calcium level, and pretreatments
with calcium, the calcium chelator EGTA, or the plasma
membrane calcium channel blocker La3+ will change the
intrinsic heat tolerance of plants [2,25]. Oxidative responses
and calcium signaling are also closely linked [20]. Potas-
sium antimonate precipitation is an electron-microscopic
cytochemical technique for in situ localization of exchange-
able cellular Ca2+—calcium that may be readily converted
to free calcium upon environmental modification. This
technique has been used widely in relevant studies [16,26].
Although the mechanism of precipitate formation is
unclear, recent studies indicate that the precipitates are cal-
cium antimonate, and the localization of calcium antimo-
nate is useful in identifying loosely bound calcium [16,27].

Laminaria japonica (Phaeophyceae) is a dominant macro-
algal species that occurs in coastal areas of China. The forma-
tion of green spots and blade-bleaching occur annually in the
L. japonica population in the Yantai Sea Farm, Shandong
province, China, especially from late September to early
December when the juvenile L. japonica sporophytes are
transferred from the breeding house (temperature �10 �C)
to natural sea conditions (temperature �20 �C). The sudden
change in temperature makes L. japonica susceptible to dis-
eases, which ultimately results in damage and death [28,29].

We thus designed the present study to clarify heat stress
responses in L. japonica. Potassium antimonate was used to
identify changes in calcium localization in the blade of the
L. japonica sporophyte when exposed to heat stress (25 �C).
The possible role of calcium in protecting L. japonica

against heat stress is discussed.

2. Materials and methods

2.1. Cultivation of juvenile L. japonica sporophytes

Juvenile L. japonica sporophytes were collected from the
Yantai Sea Farm, Shandong Province, China, from late Sep-
tember to December 2002. Healthy blades (4–7 cm long,
without green spots or bleaching on the blades) were col-
lected and put separately into 500ml sterile bottles filled with
sterile seawater, and then immediately transported to the

laboratory in polyethylene containers that were kept at
10 �C. In the laboratory, all sporophytes were processed as
independent replicates. The blades were rinsed on both sides
using sand-filtered and ozone-treated water (ProMinent
Dosiertechnik GmbH, Germany) to remove the non-attached
microorganisms. The treated thalli were placed in an aerated
40 l container containing sterilized seawater enriched with
0.43 mM NaNO3-N and 0.019 mM KH2PO4-P. Thalli were
allowed to adapt to the laboratory environment for 7 d before
use. The temperature was kept constant at 10 ± 0.5 �C on a
12h light:dark cycle. Illumination was provided by cool-white
fluorescent lamps at 50 lmol m�2 s�1, and the pH and salinity
were adjusted to 8.0 and 30 ppm, respectively. The procedures
and culture conditions were the same as described above
unless noted otherwise.

2.2. Effects of heat treatment on antioxidant enzymes in L.

japonica sporophytes

We selected healthy sporophytes with intact blades and
no visible green spots or bleaching. They were transferred
to 3000ml Erlenmeyer flasks containing 2000 ml sterilized
seawater enriched with CaCl2 at a final concentration of
10 mM. Sporophytes were cultivated for 48 h without
direct light to enable the sporophyte to absorb sufficient
Ca2+. The blades were exposed to heat stress at 25 �C for
24 h, and biochemical assays were carried out during this
period at 0, 2, 4, 6, and 24 h. Blades without Ca2+ pretreat-
ment were used as the control. The other conditions and
procedures were the same as described in Section 2.1.

ROS generation, malondialdehyde (MDA) content, and
activities of six antioxidant enzymes were analyzed simulta-
neously. ROS was estimated according to Ishii [30]. Tissue
(0.2 g fresh weight; FW) was ground with 2 ml of potas-
sium phosphate buffer (0.5 M, pH 7.8) containing
0.1 mM EDTA, 20 lM NADPH and 1.2 mM adrenin,
which is incubated at 25 �C for 30 min, and the extract
was centrifuged at 15,000 rpm at 4 �C for 15 min. The
absorbance (OD value) was measured at 480 nm using a
UV-Visible spectrophotometer (TU-1810, Purkinje Gen-
eral Instrument Co., Beijing, China). Membrane lipid per-
oxidation was estimated by the level of MDA production
with a slight modification of the thiobarbituric acid
(TBA) method described by Ng et al. [31]. The crude enzy-
matic extraction was carried out as follows: 0.2–0.3 g fresh
thallus tissue was ground in liquid nitrogen and extracted
with 1.5 ml of 50 mM potassium phosphate buffer (pH
7.8) containing 0.1 mM EDTA. Extracts were centrifuged
at 15,000 rpm at 4 �C for 15 min. The supernatant was used
to determine antioxidant enzyme activities. SOD was mea-
sured using the xanthine oxidase-cytochrome c reduction
method [32]. CAT was analyzed according to Aebi [33].
POD was determined according to the method of Evans
[34]. Glutathione peroxidase (Gpx) activity was estimated
following the method of Lawrence and Burk [35]. Polyphe-
nol oxidase (PPO) was extracted using the method
described by Sánchez-Ferrer et al. [36], and the activity
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was determined according to Sánchez-Ferrer et al. [37].
Phenylalanine ammonia lyase (PAL) activity was assayed
according to the method of Wu et al. [38]. All assays were
performed at 20 �C in triplicate. Results for the enzymatic
activities were expressed as units of enzyme activity per
milligram of total soluble protein. The soluble protein con-
tent was determined using a commercial assay kit (BioRad)
based on the Bradford method [39].

2.3. Calcium localization under heat stress observed using

transmission electron microscopy (TEM)

Healthy sporophytes were collected and exposed to heat
stress (25 �C) for 24 h. Samples were collected at set times
(0, 2, 6, and 24 h after heat exposure) for observation. Sub-
cellular calcium localization was analyzed according to the
method of Slocum and Roux [40] and Yan et al. [16].

Blades of L. japonica sporophyte were cut into
0.3 cm � 0.3 cm pieces and were immediately immersed in
a fixative containing 2.5% glutaraldehyde and 2% potas-
sium antimonate (K2H2Sb2O7�4H2O) in 0.2 M potassium
phosphate buffer (pH 7.8) at 4 �C for 4 h. The blades were
washed four times, each 30 min, with 0.2 M potassium
phosphate buffer containing 2% potassium antimonate,
then fixed in potassium phosphate buffer (pH 7.8) contain-
ing 1% osmium tetroxide (OsO4) and 2% potassium antim-
onate at 4 �C overnight. After the second fixing, the blades
were washed four times in 0.1 M phosphate buffer, each
30 min. Thereafter, the samples were dehydrated in a
graded acetone series and were embedded in Spurr resin.
The embedded samples were thin-sectioned on an Ultracut
microtome (Reichert). The sections were stained with ura-
nyl acetate or left unstained, then observed and photo-
graphed with a HITACHI H-700 electron microscope. To

Fig. 1. Calcium homeostasis during heat stress. (a) Blade under normal conditions without heat stress (0 h). Dense Ca2+ precipitates were located on the
cell wall, and some were located in the nucleus and chloroplasts. Arrows indicate calcium precipitates. (b) At 0 h, abundant Ca2+ precipitates were located
on the cell wall, and a few were in the vacuole and mitochondria. (c) After 2 h of exposure to heat stress, there were more Ca2+ precipitates on the cell wall,
a few in the chloroplasts and the vacuole, and none in mitochondria. (d) After 6 h of exposure to heat stress, there were fewer Ca2+ precipitates on the cell
wall and more on the cell membrane. A few precipitates were observed in the nucleus. (e) After 24 h of exposure to heat stress, cell walls showed blank
areas and markedly fewer Ca2+ precipitates. Dense precipitates occurred on the inner side of plasma membrane. Some precipitates were observed in the
chloroplasts, but few in the nucleus. (f) Section treated with EGTA at 24 h. Electron-lucent areas match sites in which Ca2+ precipitates were localized
before treatment. Chl, chloroplast; M, mitochondria; CM, cell membrane; CW, cell wall; N: nucleus; V: vacuole.
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confirm that the deposits contained Ca2+, chelation of
calcium ions with EGTA was carried out. The grids
mounted with tissue sections that had been examined
by TEM were immersed in 100 mM EGTA (pH 8.0)
and 100 lM LaCl3, and were incubated at 37 �C for
1.5 h. After incubation, the grids were rinsed briefly with
distilled water, stained with uranyl acetate again, and
examined under the TEM.

2.4. Statistical analysis

Results were analyzed using the software packages Sig-
maplot 8.0 and SPSS 12.0. We calculated mean values
and standard deviations from different replicates per treat-
ment (n = 3), and analyzed the significance between the
treated group and the control group by one-way ANOVA
with significance set at P < 0.05. Tukey tests (a = 0.05)
were used to group homogeneous means.

3. Results

3.1. Calcium localization during heat stress

Loosely bound Ca2+ was mainly located on the cell wall.
A small amount of calcium was localized on the cellular
membrane under normal conditions without heat stress
(10 �C) (Fig. 1(a)). Some calcium precipitates were depos-
ited in the nucleus (Fig. 1(a)), and a few were observed in
mitochondria, vacuoles, and chloroplasts (Fig. 1(b)). At
2 h after exposure to heat stress, there were still abundant
Ca2+ precipitates deposited on the cell wall, and few
changes were observed in chloroplasts, mitochondria, and
vacuoles (Fig. 1(c)). However, the level and localization
of Ca2+ changed remarkably by 6 h of heat-stress condi-
tions. The Ca2+ level visualized by particles of antimonate
precipitate on the cell wall was decreased but was consider-
ably increased on the inner side of plasma membrane.
Many precipitates were localized in the nucleus
(Fig. 1(d)) as compared to the control without heat stress
(Fig. 1(a)). After 24 h of exposure to heat-stress conditions,
blank areas began to appear, and even fewer Ca2+ precip-
itates were deposited on the cell wall. The remaining pre-
cipitates mainly accumulated around the blank areas.
More Ca2+ precipitates were observed in chloroplasts but
less in nuclei as compared to the control (Fig. 1(e)). In
blade sections treated with the calcium chelator EGTA,
electron-lucent areas in the same shape on the chloroplasts
replaced areas where the precipitates were located before
EGTA treatment. This result suggested that the method
had accurately indicated in situ localization of Ca2+

(Fig. 1(f)). Collectively, the TEM results showed that local-
ization and distribution of calcium changed significantly
under heat stress. In normal conditions, there were low lev-
els of loosely bound Ca2+ in the cytoplasm of L. japonica
sporophyte blade cells, and a large amount of Ca2+ was
located on the cell wall. When exposed to heat stress,
Ca2+ flowed into the cytoplasm.

3.2. Effects of Ca2+ pretreatment on ROS generation and

MDA content under heat stress

L. japonica sporophytes were exposed to heat stress,
with or without Ca2+ pretreatment, and oxidative dam-
age was evaluated by measuring ROS (Fig. 2) and
MDA content (Fig. 3). There was almost no difference
(P > 0.05) in ROS generation between the group with
(treated group) and without Ca2+ pretreatment (control)
at the beginning of the experiment (0 h). However, signif-
icant differences were observed under heat stress between
the treated group and the control. ROS generation in the
control group increased steadily and reached a peak at
4 h, and then decreased a little. Ca2+ pretreatment clearly
alleviated the oxidative damage and ROS generation in
the treated group. Compared with the control group,
oxidative damage in the treated group was 28% lower
after 2 h heat-stress conditions, 45% lower after 4 h,
13% lower after 6 h, and 23% after 24 h (P < 0.05).

Fig. 2. ROS generation in L. japonica sporophytes under heat stress with
and without Ca2+ pretreatment. Vertical lines indicate standard deviation.
Mean values with asterisks (*) indicate significant difference between the
two groups (at P = 0.05 level).

Fig. 3. MDA contents in L. japonica sporophytes under heat stress with
and without Ca2+ pretreatment. Vertical lines indicate standard deviation.
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The maximum difference in oxidation damage was at 4 h
(P < 0.0001) (Fig. 2). Concomitant with ROS generation,
MDA content increased steadily under heat-stress condi-
tions, increasing in both treated and control groups.
MDA content in the treated group increased by approx-
imately 64%, and in the control group by approximately
65%, as compared to their respective initial values. How-
ever, a paired t-test showed no significant difference
(P > 0.05) in MDA content between the treated group
and the control group throughout the experiment
(Fig. 3).

3.3. Effects of Ca2+ pretreatment on ROS antioxidant

enzymes during heat stress

At 0 h there was no difference in SOD activity
(P > 0.05) between the control group (without Ca2+ pre-
treatment) and the treated group (with Ca2+ pretreat-
ment). After 2 h of heat-stress conditions, SOD activity
increased by 50% in the treated group compared to the
control group. After 4, 6, and 24 h, SOD activity was
46%, 25%, and 86% greater, respectively, than that of
the control group (P < 0.001). Similarly, no difference
(P > 0.05) was observed in CAT activity between the con-
trol group and the treated group at 0 h. Thereafter, activ-
ities in both groups markedly increased, with a maximum
at 4 h after exposure, and then decreased a little. CAT
activity in the treated group was approximately 1.1 to
1.2-fold higher than that of the control, and a paired t-
test showed that the difference was highly significant
(P < 0.001). Heat exposure greatly increased Gpx activity
in both the control and treated group during the first 4 h,
but activity in the treated group was approximately 1.3 to
1.7-fold higher than that in the control. Thereafter, activ-
ities in both groups continuously decreased, and the
decrease in the treated group was marked in comparison
to the control group (paired t-test, P < 0.001). The maxi-
mum inhibition was observed at 6 h when the activity in
the treated group was about 43% than that of the control.
PAL activity in the group pretreated with Ca2+ decreased
by approximately 15% in the first 2 h, but increased by
4 h after exposure to a level approximately 16%
(P < 0.05) greater than that of the control. Thereafter, lit-
tle difference (paired t-test, P > 0.05) was observed
between the treated group and the control group until
the end of the experiment. PPO activity in the control
group continuously declined throughout the experiment,
but Ca2+ pretreatment greatly increased the PPO activity.
The pretreated group showed 1.5- to 2-fold greater activ-
ity throughout the entire experimental period, compared
with the control. POD activity in the control group
decreased throughout the experiment. Compared with
the control, Ca2+ pretreatment inhibited the POD activity
by 25% at 0 h, but then activity in the treated group con-
tinuously increased to reach activities 1.6, 1.8, 3.5, 3.7-
fold greater than those of the control at 2, 4, 6, and
24 h, respectively (Fig. 4).

4. Discussion

4.1. Relationship between heat stress and calcium

localization

It was speculated that extracellular signals may induce
plant cells to respond and adapt to environmental changes
through regulating Ca2+ localization and distribution
[41,42]. Bush [43] observed that free Ca2+ levels in the cyto-
plasm of plants cells are very low (100–200 nM) at normal
conditions, but extracellular signals such as heat stress
could cause a transient elevation of cytosolic free Ca2+ lev-
els. In the present study, abundant Ca2+ precipitates were
located mainly on the cell wall, and some were observed
on the cellular membrane, but few were observed in the
intercellular space and vacuoles under normal conditions
without heat stress (Fig. 1(a), (b)). However, the level
and localization of Ca2+ underwent remarkable changes
after exposure to heat stress; fewer Ca2+ precipitates were
observed on the cell wall, and more were localized on the
inner side of the plasma membrane (Fig. 1(d)). EGTA is
a specific Ca2+ chelator that chelates the Ca2+ precipitate
[27]. We observed in the present study that EGTA treat-
ment caused the region in which Ca2+ precipitates previ-
ously formed to become lucent, suggesting that the in situ

calcium localization method was accurate (Fig. 1(f)). Intra-
cellular calcium plays an essential role in the regulation of
cellular functions, acting as a secondary messenger in
response to the extracellular stimuli. These stimuli induce
a rapid and transient rise in intracellular calcium concen-
tration in target cells either by opening Ca2+ channels in
the plasma membrane to allow extracellular Ca2+ to enter
the cytoplasm, or by activating cell surface receptors that
trigger hydrolysis of membrane phosphoinositide lipids,
thereby releasing free Ca2+ from internal stores
[16,22,43,44]. Our results suggested that Ca2+ levels in the
cytoplasm of macroalgae cells were very low in normal
conditions, but increased significantly under heat stress.
Therefore, the changes in Ca2+ localization and distribu-
tion in the blades of L. japonica sporophytes were not
due to the release of Ca2+ from vacuoles or intercellular
spaces, but from influx from the apoplast. However, the
normal structure and function of cells can be disturbed
or disrupted if the Ca2+ level increases excessively, as a
continuously prolonged high cytoplasmic Ca2+ concentra-
tion is cytotoxic [16,42]. A similar phenomenon was
observed in the present study, and clear cytotoxicity was
observed at 24 h after exposure to heat stress, as shown
by the blank regions on the cell wall and the damaged cell
structures (Fig. 1(e)).

4.2. Effects of calcium pretreatment on antioxidant enzyme

activities in heat-stressed L. japonica sporophytes

The experiments in the present study were conducted
under optimal environmental conditions, excluding varia-
tions in illumination, pH, and salinity to investigate the
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effect of heat stress on the growth of L. japonica sporo-
phytes with and without Ca2+ pretreatment. Oxidative
damage was measured by ROS generation and MDA con-
tent, both of which increased in response to heat. The ROS
generation increased markedly and reached a peak at 4 h
after exposure to heat in the control group, and Ca2+ pre-

treatment resulted in much lower ROS generation in the
treated group as compared with the control group
(Fig. 2). This result was consistent with those of previous
studies [6,9,45–48]. Lipid peroxidation (LP) is a marker
of oxidative stress, and indicates that biological mem-
branes are damaged or ruptured; MDA is usually used as

Fig. 4. Antioxidant enzyme activities in L. japonica sporophytes under heat stress with and without Ca2+ pretreatment. Data are mean ± SD (n = 3).
Vertical lines indicate standard deviation. Duration of experiment was 24 h. Mean values with asterisks (*) indicate significant difference between the two
groups (at P = 0.05 level).
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an index for the degree of LP [10]. In the present study,
MDA content in both the treated and the control groups
increased steadily throughout the experiment, increasing
by approximately 64% and 65%, respectively, as compared
to their respective initial values by the end of the experi-
ment. This indicated that both the groups were under oxi-
dative stress. The fact that there was little difference
between the values in the two groups inferred that Ca2+

pretreatment did not protect against damage to cell mem-
branes (Fig. 3). Antioxidant enzymes are thought to pro-
vide the most effective protection against oxidative stress
by their direct detoxification of harmful ROS and other
compounds involved in ROS generation and oxidative
damage [49]. The simultaneous enzyme assays in this exper-
iment showed that the activities of SOD, PAL, CAT, and
Gpx increased during the first 6 h of exposure to heat stress
in the control group without Ca2+ pretreatment, and
declined gradually thereafter. Activities of POD and PPO
decreased continuously throughout the experiment
(Fig. 4). Ca2+ pretreatment greatly increased enzymatic
activities (P < 0.05) as compared to those in the control,
except Gpx, which showed decreased activity compared
to the control by the end of the experiment (Fig. 4). Oxida-
tive stress and the antioxidant system in plants are associ-
ated with Ca2+ and calmodulin pathways, and Ca2+

pretreatment can help to maintain plasma membrane integ-
rity and to improve stress tolerance [7,19,25,42,50]. In this
study, we showed that Ca2+ pretreatment greatly increased
antioxidant enzyme activity and decreased membrane lipid
peroxidation in L. japonica. Previous studies reported that
increased activity of antioxidant systems in plants could
improve stress tolerance [5,19,42]. Our results indicate that
Ca2+ pretreatment might be an effective way to improve the
thermo-tolerance of L. japonica. Further research on Ca2+-
induced thermo-tolerance should be carried out to test this
hypothesis. Our results also showed that the antioxidant
enzymes exhibited different responses to heat, and that
SOD was the most robust and resistant enzyme among
those measured.

In conclusion, we show that Ca2+ localization and dis-
tribution in blades of L. japonica changes markedly under
heat stress. The cytoplasmic Ca2+ levels and oxidative
stress as measured by ROS generation and MDA content
increased significantly during heat stress in L. japonica,
and ultimately resulted in cellular damage. Ca2+ pretreat-
ment alleviated oxidative damage and increased activities
of antioxidant enzymes. These changes were associated
with an increased thermo-tolerance of L. japonica

sporophytes.
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