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Abstract. Calcium (Ca?") may be involved in plant tolerance to water stress by regulating antioxidant metabolism.
This study was designed to examine whether external Ca?" treatment would improve drought tolerance in liquorice
cells. The results showed that water stressed treatment induced by 10% PEG could reduce significantly the FW and
RWC of liquorice cells, but external Ca*" treatment considerably increased the two factors after 10-days stress. In
addition, lesser amounts of MDA and H,0, accumulated in Ca*-treated cells than in untreated cells, and the activi-
ties of CAT, SOD and POD in Ca*-treated cells were higher than in untreated cells during the stress period. The
measured parameters treated by 40 mmol L"'CaCl, were higher than those treated by 10 mmol L"'CaCl,. The changes
in CAT, SOD and POD activities under stressed conditions were significantly larger than those in non-stressed
conditions. Under stressed conditions, the trend of SOD activities was similar to that of CAT, and the activity of
CAT was larger than that of SOD. CAT activity changed in relation to H,O, content. It was indicated that water
stress induced oxidative stress in liquorice cells, and application of external calcium (40 mmol L) significantly im-
proved water stress tolerance in those cells. In addition, the measured parameters were different between Ca?*-treated
cells under stressed and non-stressed conditions, and it is possible that calcium signals were different coming from
different stimulations. The investigations also showed that the effect of external Ca** on the measured parameters
was not due to the regulation of osmotic potential and osmotic adjustment in liquorice cells. The mechanism that
allowed extracellular Ca** to improve adaptation of liquorice cells to drought was mediated by mitigating oxidative
stress.
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Abbreviations: CAT, catalase; FW, fresh weight; MDA, malondialdehyde; PEG, polyethylene glycol; POD, peroxidase;
RWOC, relative water content; SOD, superoxide dismutase.

Introduction

Liquorice (Glycyrrhiza uralensis Fisch) is a traditional
medicinal plant in China. The species has significant abili-
ties to withstand adverse environmental stresses such as
drought, cold, and hot. (Qiou et al., 2000; Wang et al.,
2001). In addition, liquorice usually grows in rich-calcium
soil in arid or semi-arid areas (Qiou et al., 2000; Zhang et
al., 2000; Wang et al., 2001), We are thus interested in the
correlation between external calcium and water stress tol-
erance in liquorice.

Drought is a common and serious problem to plants in
arid or semi-arid areas. Plants have developed different
morphological, physiological, and biochemical mechanisms
to withstand drought stress. Evidence from different lines
of research suggests that drought stress can induce oxi-
dative stress in plants (Dhindsa and Matowe, 1981;
Mukherjee and Choudhwri, 1981; De Lucad’Oro and Trippi,
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1987; Trippi et al., 1989). Oxidative stress—resulting from
the generation of AOS, such as superoxide (O,"), perox-
ide hydrogen (H,0,) and hydroxyl radicals (OH')—is detri-
mental to plant survival under a water stress environment.
To counteract the toxicity of AOS, a highly efficient
antioxidative defense system, including both nonenzymic
(e.g. ascorbate, carotenoids, o-tocopherol) and enzymic
constituents (e.g. SOD [EC1.15.1.1], POD [EC 1.11.1.7],
CAT [EC 1.11.1.6]), is present in plant cells and plays an
important role in defending plants from AOS damage
(Elstner, 1982; Smirnoff, 1993). The system is able to cata-
lyze or participate in the elimination of free oxygen radi-
cals and H,0, from cells (Schaedle and Bassham, 1977;
Asada and Takahashi, 1987; Wang et al., 1989). Under a
drought environment, the balance between the generation
and elimination of AOS in plants becomes damaged, caus-
ing an accumulation of AOS. Thus, the cell membrane sys-
tem is destroyed, and a series of metabolite responses
causes turbulence (Wang, 1988; Chen, 1989). Plants have
the capacity of regulation balance between the generation
and elimination of AOS within the range of plants
tolerancing adverse environments. Many studies have
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shown that drought causes antioxidative enzyme activity
changes in plants (Del Lengo et al., 1993; Iturbe-Ormaetxe
et al., 1998; Li and Wang, 2002). The phenomena were the
exhibition of regulation balance function between AOS and
antioxidative system in plants.

It is well known that calcium functions as a regulator
of plant cell metabolism (Kauss, 1987; Pietrobon et al.,
1990). In addition, it has been noted that calcium could
paticipate in the regulating mechanism in plants adjusting
to adverse conditions such as high temperature (Cooke
et al., 1986), cold injury (Arora and Palta, 1988), drought
stress (Bowler and Fluhr, 2000), and salt stress (Cramer et
al., 1985). In several plant cell-elicitor systems, some evi-
dence has been obtained that the activation of defense
responses depends on the presence of extracellular Ca*
(Ebel and Cosio, 1994; Gong et al., 1997). Some authors
have proposed that Ca*" induces increases in antioxidant
enzyme activities and decreases in MDA content in a
plant’s response to a water stress environment (Gao et al.,
1999; Shu and Fan, 2000). However, in our view, direct cell-
level evidence of the relation between external calcium and
water stress tolerance in plants is lacking. Also, certain
characteristics of liquorice-make it an appropriate experi-
mental material for researching the mechanisms of exter-
nal calcium to water stress tolerance in plants.

Cells/tissue culture is useful and convenient tool for in-
vestigating cell mechanisms. Much research has used cul-
tured cells as a model system to study the cellular
responses under various abiotic stresses involving physi-
ological and biochemical changes (Fallon and Phillips,
1989; Leone et al., 1994). Because cultured cells must adapt
to water stress conditions through cellular processes, in-
vestigations of such cells could help us to elucidate the
cellular mechanisms involved in water stress. Cell lines of
liquorice, obtained in our laboratory, are capable of growth
in liquid medium containing up to 10% PEG. In this study,
a water deficit environment was obtained by adding PEG
(mol wt 8000) in culture medium. PEG itself did not con-
tribute significantly to the osmotic adjustment (Handa et
al., 1982). The cell wall is impermeable to PEG, and PEG
does not degrade appreciably and enter the cells.

In this paper we explore further the possible involve-
ment of external calcium in water-stress physiology using
the liquorice cell system, again, the effects of external Ca*
treatment on H,O, content, antioxidant enzymes as well as
osmotic adjustment under water stress. The parameters
such as fresh weight (FW), relative water content (RWC),
total calcium content, MDA content, H,O, content, SOD,
CAT, POD activities, and osmotic potential in liquorice cells
as well as water potential in the medium were measured.

Our objectives were: (1) to characterize whether exter-
nal calcium participates in the mechanisms of water stress
tolerance in liquorice cells, and (2) to characterize the ef-
fects of external calcium on antioxidant enzymes activities
and H,O, content in liquorice cells under water stressed
conditions. The study also may provide useful informa-
tion for better understanding the mechanisms of drought
tolerance.
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Materials and Methods

Plant Material

Seeds of liquorice were obtained from plants that grow
in the desert wilderness of MinQin County in Gansu
Province, China. The original plant samples were authen-
ticated by the traditional medicine college of Gansu Tra-
ditional Chinese Medicine University. The seeds were
immersed in 85% H,SO, for 30 min in order to facilitate
germination, followed by rinsing in sterile distilled water
for about 10 min. They were then surface sterilized by im-
mersing in 0.1% HgCl, for 15 min. To produce sterile
seedlings, seeds were placed on the surface of MS me-
dium without auxin and supplemented with sucrose 30 g
L' and Agar 0.8%. The pH was adjusted to 5.8 before the
medium was autoclaved, and incubated at 25°C with 9 h
darkness and 15 h light of 30 pE-m? s

Callus Cultures

The cotyledons were cut about 3 mm off the seedlings
and placed on the surface of MS medium containing 3%
sucrose and 0.8% agar. Auxins, 2,4-D 1.2 mg L', 6-BA 1
mg L'and 500 mg L' casein were supplemented in the
medium. pH was adjusted to 5.8 before the medium was
autoclaved and incubated at 25°C with 9 h darkness and
15 hlight of 30 pE-m?s™.

Cell Cultures

The suspension cells were derived from the callus
tissue. 1 g fresh weight of callus was put in a 250 ml flask,
to which was added 50 ml liquid MS culture medium con-
taining 2,4-D 1 mg L' and 3% sucrose (pH 5.8). Cells were
cultured at 25°C with shaking at 120 rpm on a gyratory
shaker in a photoperiod of 15 h at light intensity of 30
pE-m? s, Cells were subcultured every week with a 4%
inoculum until enough cell material was obtained to start
them on the stress medium. All cells were less than 6
months old when they were subjected to osmotic stress.

Water Stress, CaCl, and Calcium Chelating Agent
(EGTA) Treatment

PEG (mol wt 8000) was added to the growth medium at
concentrations of 10% (w/v) before adjusting the pH of
the medium to 5.8. Distributed into each culture tube was
25 ml of medium. The water potential of each medium af-
ter autoclaving was -1 Mpa for MS and -4.7 Mpa for that
containing 10% PEG, respectively. The suspension-cul-
tured cell of 1 g was transferred to each culture flask con-
taining 25 ml of medium and different concentrations of
CaCl,, or CaCl,+ 50 mmol L' of calcium chelating agent
(EGTA) was supplemented in the growth medium contain-
ing 10% PEG. Each treatment was performed five times.

Measurement of H,0,

H,0, content was measured according to the method
of Manuel et al. (1986). The 1 g cells were homogenized
with 0.2 g activated charcoal and 12 ml 5% TCA and cen-
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trifuged at 18,000 g for 10 min. The supernatant was fil-
tered through a Millipore filter (0.45 pm) and used for the
assay. A 25 ul aliquot was brought to 2 ml with 100 mM
potassium phosphate buffer (pH 8.4), and 1 ml of colori-
metric reagent was added. This reagent was made by mix-
ing 1:1 (v/v) 0.6 mM 4-(2-pyridylazo) rescorcinol (disodium
salt) and 0.6 mM potassium titanium oxalate. The decrease
in 4, against distilled H,0O was followed up and took the
minimal value. Blanks were obtained by adding buffer to
25 ul TCA until it was 2 ml. Content of H,O, was deter-
mined by differences in A4, content between samples and
blanks, using 30% H,0, (10-200 umol) as a standard.

Measurement of FW and RWC

The cells, which were water stressed and calcium
treated for 10 d, were collected by centrifugation at 500 g
for 7 min and blotted thoroughly on filter papers, after
which their fresh weight was determined. The cells were
placed on a sheet of nylon mesh with 300-pm pores under
the axenic condition, and cells were floated on water until
weights were constant. The cells were blotted dry, and tur-
gid weights were determined. The dry weight was mea-
sured after the cells were dried for at least 24 h in the
preweighing aluminum lockets at 85 °C. Relative water con-
tent was calculated as follows: RWC (%) = (FW-DW /
SW-DW)x100%, where FW is the fresh weight of the cells,
DW is their dry weight after 85°C for 24 h, and SW is the
turgid weight of cells after soaking in water for 4 h at room
temperature (approximately 20°C).

Measurement of Enzyme Activities

The frozen cells of 1.0 g (DW) were homogenized in 1
ml of 50 mM sodium phosphate (pH 7.0) that contained
1% PVPP-40. The homogenate was centrifuged at 15,000
g for 30 min. The supernatant was collected and stored at
-80°C for further analyses. The activity of SOD was as-
sayed by monitoring its ability to inhibit the photochemi-
cal reduction of NBT. Each 3-ml reaction mixture contained
50 mM sodium phosphate (pH 7.8), 13 mM methionine, 75
pM NBT, 2 uM riboflavin, 100 nM EDTA, and 200 pl of
the enzyme extract. The production of blue formazan was
followed by monitoring the increase in absorbance at 560
nm (Beauchamp and Fridovich, 1971). The activity of CAT
was determined by following the consumption of H,O,
(extinction coefficient 39.4 mmol L' em™) at 240 nm for 2
min. The reaction mixture contained 2 ml of 100 mM so-
dium phosphate buffer (pH 6.5) and 100 pl of enzyme
extract, and the reaction was initiated by adding 10 pl of
30% H,0,. POD activity was based on the determination
of guaiacol oxidation (extinction coefficient 26.6 mmol L™
cm) at 470 nm by H,O,. The reaction mixture contained
100 mM potassium phosphate buffer (pH 6.5), 16 mM
guaiacol, and 10 pl of 10% H,O,in a 3 ml volume. The
reaction was initiated by adding plant extract and was fol-
lowed for 10 min.

Lipid peroxidation was measured as MDA determined
by the thiobarbituric acid (TBA) reaction. Cells (0.5 g) were
homogenized in 4 ml of 0.1% (w/v) trichloroacetic acid

277

(TCA). The homogenate was centrifuged at at 15,000 g for
20 min. To 500 pl of the aliquot of the supermatant, 500 pl
of 20% TCA containing 0.5% (w/v) TBA and 50 ul BHT
(butylated hydroxytoluene) (4% w/v in ethanol) were
added. The mixture was heated at 95 °C for 30 min and
then quickly cooled on ice. The absorbance was measured
at 532 nm. The concentration of MDA was calculated us-
ing an extinction coefficient of 155 mM-cm'!.

Measurement of Water Potential, Osmotic
Potential, and Calcium Content

Water potential (‘¥ ) and osmotic potential (V') were
measured using a Wescor dewpoint Microvoltmeter HR-
33T and a Wescor thermocouple hygometer sample cham-
ber C-52. The method used to measure W _and ¥ in cells
was as described earlier (Brown et al., 1979). For the cal-
cium determination, 1 g dried cell was ashed and the cal-
cium extracted in 5 ml 2 N HCI, which was diluted to 100
ml with distilled H,O before analysis on a Perkin Elmer 303
Atomic Asorption Spectosynthesis at 422.7 nm. Osmotic
adjustment was calculated as the difference in osmotic po-
tential at full turgor between control and stressed cells
(Blum and Sullivan, 1986; Blum, 1989).

Results

The Effect of External Ca*" on FW and RWC in
Liquorice Cells Under Water Stress Condition

In response to the 10% PEG acclimation treatment, FW
and RWC decreased significantly compared with the same
parameters in non-stress medias (MS, MS+40 mmol L
CaCl,) by the end of 10 days. Application of external cal-
cium (MS+P+10 mmol L' CaCl,, MS+P+40 mmol L' CaCl,)
could elevate greatly FW and RWC of liquorice cells, and
the effects of the two concentrations of CaCl, was
different. For 10 mmol L' Ca(l, treatment, FW and RWC
increased nearly 0.4 and 0.6 fold, respectively, compared
with the same parameters in media without external cal-
cium (MS+P); in the case of 40 mmol L' CaCl, treatment,
FW and RWC increased approximately 1.1 and 0.7 fold
compared with the same parameters in stress medias with-
out external calcium, respectively. In addition, under
stress conditions, 40 mmol L' CaCl, treatment could in-
crease FW almost to the level of non-stress conditions
(MS, MS+40 mmol L' CaCl,). However, FW and RWC of
liquorice cells in the stress media containing external cal-
cium and calcium chelating agent (MS+P+40 mmol L
CaCl,+50 mmol L' EGTA) were reduced to a level similar
to that of media without external calcium stress (MS+P).
Moreover, under non-stress conditions, external calcium
treatment (MS+40 mmol L' CaCl,) had no significant dif-
ference on FW and RWC in comparison with the same pa-
rameters in the MS media (Figures 1 and 2).

The Effect of External Ca’* on H,0, Content in
Liquorice Cells Under Water Stress Conditions

The trend of H,O, content was remarkably different be-
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Figure 1. Relative water content as affected by water stress
and CaCl, treatment in liquorice cells. P: 10% PEG; C1: 10 mmol
L' CaCl,; C2: 40 mmol L CaCl,; E: 50 mmol L' EGTA. Verti-
cal bars represent S.E. Each point represents mean £S.E. (n=5).
Different letters indicate significant differences between treat-
ments within each cell line (p<0.01).

tween conditions containing external calcium and those
not containing it during the water stress acclimation treat-
ment (Figure 3). H,O, content increased significantly in
stress media containing external calcium (MS+P+40 mmol
L' CaCl,), but first increased slowly (0-5 days) then de-
clined (5-10 days) in stress media not containing external
calcium (MS+P) with the prolonged cultured duration.

Under non-stress conditions, H,O, content of liquorice
cells remained relatively steady with the prolonged cultured
duration. In media containing external calcium (MS+40
mmol L' CaCl,), H,O, content was slightly higher than me-
dia without external calcium (MS).

The Effect of External Ca’* Treatment on Total
Calcium Content in Liquorice Cells Under Water
Stress Condition

Total Ca** content increased approximately 0.3 and 0.7
fold in stress media containing 10 mmol L' CaCl,
(MS+P+C)) and 40 mmol L' CaCl, (MS+P+C,) compared
with non-external calcium media (MS), respectively. In
addition, total Ca*" content in medium containing 10% PEG
(MS+P) was slightly higher than in non-external calcium
media (MS). 50 mmol L'! EGTA treatment could greatly in-
fluence total calcium content of liquorice cells. The result
showed that total Ca** content in media containing cal-
cium chelating agent (MS+P+40 mmol L' CaCL,+50 mmol
L' EGTA) decreased approximately to the level of non-
EGTA media (MS+P+40 mmol L' CaCl,) (Figure 4).

The Effect of External Ca’* Treatment on Os-
motic Potential and Osmotic Adjustment in Li-
quorice Cells Under Water Stress Condition

Increased trends (0-7 days) were observed in both os-
motic potential and osmotic adjustment in liquorice cells
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Figure 2. Fresh weight as affected by water stress and CaCl,
treatment in liquorice cells. P: 10% PEG; C1: 10 mmol L' CaCl,;
C2: 40 mmol L' CaCl,; E: 50 mmol L' EGTA. Vertical bars
represent S.E. Each point represents mean +S.E. (n=5). Differ-
ent letters indicate significant differences between treatments
within each cell line (p<0.01).
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Figure 3. H,O, content as affected by water stress and CaCl,
treatment in liquorice cells. Vertical bars represent S.E. Each
point represents mean +S.E. (n=5).

during water stress acclimation duration. External Ca*
treatment (40 mmol L' CaCl,) had no significant effects on
the two parameters (Figures 5 and 6).

The Effect of External Ca’* Treatment on MDA
Content in Liquorice Cells Under Water Stress
Condition

MDA content increased significantly more under stress
conditions (MS+P) than under non-stress conditions (MS).
Application of external Ca** could reduce MDA content
considerably compared with non-external Ca?" stress
media. 10 mmol L' CaCl, and 40 mmol L' CaCl, treatment
(MS+P+C,, MS+P+C,) reduced MDA content 0.3 and 0.9
fold, respectively, compared with those of non-external
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Figure 4. Calcium content as affected by water stress and
CaCl, treatment in liquorice cells. P: 10% PEG; C1: 10 mmol
L' CaCl,; C2: 40 mmol L' CaCl,; E: 50 mmol L' EGTA. Vertical
bars represent S.E. Each point represents mean +S.E. (n=5).
Different letters indicate significant differences between
treatments within each cell line (p<0.01).
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Figure 5. Osmotic potential as affected by water stress and
CaCl, treatment in liquorice cells. Vertical bars represent S.E.
Each point represents mean £S.E (n=5).
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Figure 7. MDA content as affected by water stress and CaCl,
treatment in liquorice cells. P: 10% PEG; C1: 10 mmol L' CaCl;
C2: 40 mmol L' CaCl; E: 50 mmol L' EGTA. Vertical bars
represent S.E. Each point represents mean +S.E. (n=5). Differ-
ent letters indicate significant differences between treatments
within each cell line (p<0.01).

calcium stress treatment (MS+P). In media containing cal-
cium chelating agent (MS+P+40 mmol L' CaCl, +50 mmol
L'EGTA), MDA content increased remarkably, almost to
the level of non-external calcium stressed media (MS+P).
However, under non-stress conditions, application of ex-
ternal calcium (MS+40 mmol L' CaCl,) made no significant
difference to MDA content compared with non-external
calcium media (MS) (Figure 7).

The Effect of External Ca’** Treatment on POD,
SOD and CAT Activities in Liquorice Cells Under
Water Stress Conditions

The SOD and CAT activity trends in liquorice cells were
similar in both stress media containing external calcium
(MS+P+40 mmol L' CaCl,) and containing no external cal-
cium (MS+P) during water stress acclimation period
(Figures 8-10). SOD activities increased during the initial
period (0-5 days), then maintained a slowing decline (5-10
days) with prolonged stress duration. As with the change
of SOD, CAT activities also showed an increased trend
within the 0-5 day period and decreased with the subse-
quent prolonged duration, but the change was larger than
with SOD. The activities of POD increased within the pe-
riod of 0-8 days, and then slowly declined. However, in
media containing external calcium stress (MS+P+40 mmol
L' CaCl,), SOD, CAT, and POD activities were higher than
in media without it (MS+P) during cultured duration.
Moreover, under non-stress conditions (MS+40 mmol L™
CaCl,, MS), the activities of POD, SOD and CAT remained

&~

Figure 6. Osmotic adjustment as affected by water stress and
CaCl, treatment in liquorice cells. Vertical bars represent S.E.
Each point represents mean +S.E (n=5).
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Figure 8. SOD activities as affected by water stress and CaCl,
treatment in liquorice cells. Vertical bars represent S.E. Each
point represents mean £S.E (n=5).

relatively steady compared with the same parameters un-
der stress conditions during the culture period, and POD,
SOD and CAT of media containing external calcium were
slightly higher than the same parameters of media without
external calcium (Figures 8-10). In addition, the change was
significantly different between stress media containing ex-
ternal calcium (MS+P+40 mmol L' CaCl,) and non-stress
media containing external calcium (MS+40 mmol L' CaCl,).

Discussion

In this study, a water deficit environment was obtained
by adding PEG (mol wt 8000) to cultured media. Although
some authors have decreased water potential with low-
molecular-weight solutes, this approach does not work
well because small molecules may be taken up into cells,
particular in long-term experiments, and because they pen-
etrate the cell wall readily, they remove water from the cell.
In drying soil, water is lost from the cell wall as well as
from the cell, and this condition only can be reproduced
using high-molecular-weight solutes. The value represent-
ing water potential in the medium containing 10% PEG me-
dia was -4.7 Mpa. The induced water stress caused
damage to liquorice cells, as manifested by the decrease
in FW and RWC as well as the MDA content increase in
liquorice cells (Figures 1, 2, 7). MDA content is often used
as an indicator of lipid peroxidation resulting from oxida-
tive stress (Smirnoff, 1995), and its accumulation is con-
sidered a manifestation of the detriment of AOS in plants.

In recent years, it has been widely noted that calcium
plays an important role in the adaptation of plants to ad-
verse environments (Mukherjee and Choudhwri, 1981;
Mukherjee and Choudhwri, 1985; Abdel, 1998; Bowler and
Fluhr, 2000). It was indicated that Ca>* had the function of
preventing cell membrane injury and leakage as well as sta-
bilizing cell membrane structure under adverse environmen-
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Figure 9. CAT activities as affected by water stress and CaCl,
treatment in liquorice cells. Vertical bars represent S.E. Each
point represents mean £S.E (n=5).

120 P: 10% PEG; C: 40 mmol L CaCl,
O 400
‘o
'c
= 80
£ o - MS
2 50 —A—MS+P
£ —e—MS+P+C
(7} —&— MS+C
2 40
=
8
a 20r
o
o

0 1 1 1 1 1 1 1 1 1 J

01 2 3 456 7 8 910

Time (d)

Figure 10. POD activities as affected by water stress and CaCl,
treatment in liquorice cells. Vertical bars represent S.E. Each
point represents mean +S.E (n=5).

tal conditions (Hepler and Wayne, 1985). Studies on the
cell wall deposition in spruce hypocotyls cuttings indi-
cated that Ca®" was essential and that, in vitro, its absence
diminished cell wall deposition and made the wall more
suseptible to injury (Eklund and Eliasson, 1990). Yang et
al., indicated that higher calcium ion concentration was im-
portant to maintaining cell membrane integrity under wa-
ter stressed conditions and that the character was a
function specific to calcium ion (Yang et al., 1993). In this
study, application of external calcium resulted in higher
FW and RWC content and lower MDA content in liquo-
rice cells compared with the contents in media without ex-
ternal calcium under water stress conditions, and the
effects of a highly concentrated CaCl, treatment (40 mmol
L' CaCl,) were higher than those of a less concentrated
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treatment (10 mmol L' CaCl,). The addition of calcium ion
chelator EGTA was able to greatly reduce the function of
external calcium. The data suggested that the more con-
centrated CaCl, treatment could significantly mitigate the
damage of water stress, and the effect was specific to Ca*
in liquorice cells.

Our data showed that the activities of SOD, CAT and
POD in liquorice cells remained relatively steady under
non-water stress conditions compared with those under
stress conditions with a prolonged culture period. This
suggested that SOD, CAT and POD participate in the regu-
lating mechanism of liquorice cells withstanding a water
stress environment and is consistent with the result of our
previous investigation (Li and Wang, 2002).

H,0, is a product of peroxisomal and chloroplastic oxi-
dative reactions (Del Rio et al., 1992) and is itself an ac-
tive oxygen species (AOS). Water stress increased H,0,
content, and the application of external calcium was able
to reduce it in liquorice cells over a period of prolonged
stress. Increasing evidence suggests that many environ-
mental stresses cause damage directly or indirectly through
the formation of AOS (Elstner, 1982; Smirnoft, 1993). Plants
have many potential sources of AOS intermediates (Mittler,
2002). Under normal conditions, the production of AOS
in cells is low, but many stresses that disrupt the cellular
homeostasis of cell enhance the production of AOS (Polle,
2001). As stated previously, major AOS-scavenging
mechanisms of plants include SOD, CAT and POD (Asada
and Takahashi, 1987; Bowler et al., 1992). CAT and POD
remove H,O, very efficiently, and SOD scavenges the su-
peroxide anion (Scandalios, 1993).

In this study, the alteration of H,O, content might be
correlated with the change of CAT, SOD, and POD activi-
ties under water stress conditions. H,O, contents were
maintained steadily (0-5 days) while CAT and SOD activi-
ties were increased (0-5 days); in contrast, H,O, contents
were enhanced (5-10 days) while CAT and SOD activities
were decreased (5-10 days). Similar results were reported
in other studies involving rice (Dwivedi et al., 1979), jute
(Chowdhury and Choudhuri, 1985), and sunflower
(Quartacci and Navari-Izzo, 1992). The activities of POD
were showed an increasing trend within 0-8 days. An in-
crease of POD activity was also observed in other studies
of drought (Dwivedi et al., 1979; Badiani and De Biasi, 1990)
and other stress conditions such as salt (Quartacci and
Navari-Izzo, 1992). CAT activity seems more susceptible
than that of SOD and POD in liquorice cells during water
stress acclimation. The principal H,O,-scavenging enzyme
in plants is CAT (Willekens et al., 1995). In addition, SOD
activity showed a trend similar to that of CAT under stress
conditions. SOD is a group of metalloenzymes (Cu/ZnSOD,
FeSOD and MnSOD) that catalyze the disproportionation
of superoxide free radicals to H,O, and O, (Fridovich, 1986).
Hydrogen peroxide, produced by SOD in the course of
other enzymatic and nonenzymatic reactions, is removed
by CAT and POD (Fridovich, 1986; Salin, 1988). Three dis-
tinct types of SOD, based on the metal ion in their active
sites, have been observed from a wide range of organisms
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examined. The differential role of Cu/ZnSOD, FeSOD and
MnSOD as well as their subcellular locations in liquorice
cells in responding to water stress conditions will be fur-
ther investigated in subsequent study.

SOD, CAT and POD may act cooperatively, and CAT
plays a key role in the mechanism of H,O,-scavenging in
liquorice cells. Some authors indicate that the CAT/POD
system might act cooperatively to remove H,O, at a mini-
mal expense of reducing power and at a maximal rate (Hilde
et al., 1997). We have proposed the view that an
antioxidative enzyme defense system might function in a
cooperative way and maintain a steady balance in plants
(Li and Wang, 2002).

Calcium is also a primary second messenger in signal
transduction and regulates physiological and biochemical
processes in the responses of plants to extracellular ad-
verse abiotic environments (Bush, 1995; Shinozaki and
Yamaguchi-Shinozki, 1997; Bowler and Fluhr, 2000). The
important role of calcium signals in the transduction of en-
vironmental change into plant response has been docu-
mented for a wide range of stimuli (Bush, 1995; Knight et
al, 1996; Takahashi et al., 1997; Kawano et al, 1998). Much
of the evidence has shown that external calcium treatment
can increase tolerance capacity to adverse environments
involving drought (Bowler and Fluhr, 2000), cold (Arora
and Palta, 1988), heat (Cooke et al., 1986), and salt stress
(Cramer et al., 1985).

The mechanism on SOD, CAT and POD activities regu-
lated by external calcium is still vague. In this investigation,
Changes in SOD, CAT and POD activities of liquorice cells
were similar in both containing external calcium stress con-
ditions (MS+P+40 mmol L' CaCl,) and non-external calcium
stress conditions (MS+P), but such activities in media con-
taining external calcium stress were higher than those in
the media without external calcium stress. The result indi-
cated that external calcium could elevate the activities of
SOD, CAT, and POD in liquorice cells under water stress
conditions. In addition, SOD, CAT and POD activities of
liquorice cells in media containing external calcium stress
(MS+P+40 mmol L' CaCl,) were higher than those of non-
stress media containing external calcium (MS+40 mmol L™
CaCl,). The result implies that regulation of external cal-
cium was different between under water stress conditions
and non-water stress conditions. We speculate the phe-
nomenon might be related to the role of calcium as a sec-
ond message. Ca®" signal, as a multifunctional second
messenger, can achieve specificity to the nucleus
(Dolmetsch and Lewis, 1997). Ca*" signal patterns can oc-
cur as single transients, repetitive oscillations, or sus-
tained plateaux (Berridge, 1993; Clapham, 1995), and
different signaling patterns, such as oscillations and
waves, may arise from the selective activation of transcrip-
tional regulators (Dolmetsch and Lewis, 1997). Special cal-
cium signaling coming from different stimuli/conditions
should be a mechanism that perceives and transduces dif-
ferent signal’s stimuli and causes different physiological
responses in plants. In this investigation, external calcium
treatment increased total calcium content in liquorice cells.
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For determining the signal role of Ca?, intracellular free
calcium ion content and subcellular locations of Ca® will
be measured in our next investigation.

Osmotic adjustment is an important mechanism of a
plant’s tolerance to a drought environment (Smith et al.,
1989; Ludlow et al., 1990). Osmotic adjustment and osmotic
potential increased slowly in liquorice cells under pro-
longed stress, but were not affected significantly by ex-
ternal Ca?" treatment under water stress conditions. The
results indicate that the effect of external Ca*" on liquo-
rice cells was not due to the regulation of osmotic poten-
tial or osmotic adjustment.

In conclusion, external calcium plays an important role
in mitigating damage coming from water stress to liquo-
rice cells. The application of external calcium can remark-
ably increase FW and RWC as well as significantly
decrease MDA content in liquorice cells. In addition, the
SOD, CAT and POD activities of liquorice cells could be
elevated by external calcium treatment under water stressed
conditions. In particular, RWC, H,O, content change, as
well as the change of SOD, CAT and POD activitites were
significantly various in both conditions containing exter-
nal calcium stress and non-stress conditions containing
external calcium. This phenomena may be related to vari-
ous calcium signals stimulated by different environmental
conditions. The regulation function of external calcium had
no relation with osmotic adjustment in liquorice cells. Ex-
ternal calcium was able to regulate CAT, SOD and POD
activities and affect the generation of H,O, in liquorice
cells. Application of external Ca?" would protect liquorice
cells from the injury of water stress environments by miti-
gating oxidative stress.
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