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We studied the relationship of the antioxidant enzyme system to drought stress tolerance during leaf rolling in
the leaf, petiole and root of Ctenanthe setosa (Rosc.) Eichler. Chlorophyll and carotenoid content and the
chlorophyll stability index decreased in the early period of drought stress but increased in later periods,
approaching the control level as leaf rolling increased. Relative water content decreased, while the root:shoot
ratio increased during drought stress. Lipid peroxidation also increased and then declined in the same drought
period, contrary to photosynthetic pigment content. Superoxide dismutase (SOD) activity did not significantly
change in leaves. In the petiole and root, however, it decreased in the early drought period but increased later.
Glutathione reductase (GR) activity did not significantly change in the leaf and petiole versus the control, but
increased in root. Peroxidase (POD) activity increased in the leaf and petiole but decreased in the root. A perox-
idase isoenzyme activity band present in the control leaves did not appear in leaves exposed to 32 days of
drought, but in the later periods that activity increased. Tolerance of drought stress apparently is closely asso-
ciated with the antioxidant enzyme system as well as leaf rolling in C. setosa.
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INTRODUCTION

Plants respond and adapt to environmental abiotic
stresses. Leaf rolling is one of the most familiar
responses to drought stress (Begg, 1980); it increas-
es resistance to stress in some plants (Townley-Smith
et al., 1979). Drought is the most severe abiotic stress
factor limiting plant growth and crop production.
When plants are subjected to various abiotic stresses,
some reactive oxygen species (ROS) such as super-
oxide (O, "), hydrogen peroxide (H,O,), hydroxyl rad-
icals (OH) and singlet oxygen ('O,) are produced (Li
and Staden, 1998). These ROSs may initiate
destructive oxidative processes such as lipid peroxi-
dation, chlorophyll bleaching, protein oxidation,
and damage to nucleic acids (Scandalios, 1993).
However, antioxidant enzymes such as superoxide
dismutase (SOD), glutathione reductase (GR), cata-
lase and peroxidase, and low-molecular antioxi-
dants such as ascorbic acid, glutathione,
o-tocopherol, flavonoids and carotenoids play a key
role in scavenging those activated species (Sgherri et
al., 2000). Modulation of the activity of these
enzymes may be an important factor in the tolerance
of various plants to environmental stress (Rensburg
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and Kruger, 1994). The relation between drought
stress and enzymatic antioxidant systems has been
studied in some plant species (Sairam et al., 2001).
It has been reported that glutathione reductase
helps in the resistance of plants to desiccation or
drought (Gamble and Burke, 1984).

Researchers have also linked various physio-
logical responses of plants to drought with their
tolerance mechanisms, such as root:shoot dry
weight ratio (Huang and Fry, 1998), pigment con-
tent and stability, and high relative water content
(Clarke and McCaig, 1982). When water availabili-
ty is limited, the root:shoot ratio increases because
roots are less sensitive than shoots to growth inhi-
bition by low water potentials (Wu and Cosgrove,
2000). Drought can also lead to pigment degrada-
tion (Hendry et al., 1987), thus causing irreversible
water-deficit damage to the photosynthetic appara-
tus (Clarke et al., 1996). The chlorophyll stability
index is an indicator of the stress tolerance capac-
ity of plants (Koleyoreas, 1958).

Abbreviations: CSI — Chlorophyll stability index; EDTA - eth-
ylenediaminetetraacetic acid; GR - glutathione reductase;
MDA - malondialdehyde; NBT - nitro blue tetrazolium; POD
— peroxidase; PVPP - polyvinylpolypyrrolidone; ROS - reactive
oxygen species; RWC - relative water content; SOD - superox-
ide dismutase.
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Ctenanthe setosa is one plant that shows a
leaf rolling response to drought stress (Turgut and
Kadioglu, 1998). Recent years have seen some
studies on resistance to drought stress during leaf
rolling in C. setosa (Kadioglu and Turgut, 1999;
Ayaz et al., 2000; Kadioglu et al., 2002) This
species has been taken as a model plant for exam-
ination of leaf rolling, one of the mechanisms of
resistance to drought stress, but there is no avail-
able information about the antioxidant enzyme sys-
tem during leaf rolling in this plant during extend-
ed drought.

This study investigates the relationship
between tolerance to drought stress and the antiox-
idant system during leaf rolling in Ctenanthe
setosa.

MATERIALS AND METHODS

Ctenanthe setosa (Rosc.) Eichler (Marantaceae)
was vegetatively propagated and grown in plastic
pots (16 cm high, 18 cm top and 12 cm bottom
diameter) containing soil and sand (5:1) in a
growth chamber under the following treatment
conditions: 16 h day at 25°C, 8 h night at 21°C, rel-
ative humidity 70%, and photon flux density 400
umol s'm? at leaf surface. Some plants were
watered well (control), and the other plants were
subjected to drought stress by withholding water
for 32, 40, 48, 56 and 64 days. Leaves, petioles
and roots were sampled up to day 64 after initia-
tion of drought, by which time the leaf lamina of
the plant was extremely rolled, and all data were
compared with those of the control plants, which
never developed rolled leaves. The degree of leaf
rolling was determined according to Premachandra
et al. (1993). The width of the mid-portion of the
leaves was measured and the degree of leaf rolling
was calculated as the percentage reduction in leaf
width by rolling.

CHLOROPHYLL AND CAROTENOID CONTENT,
CHLOROPHYLL STABILITY INDEX

Leaf samples were selected randomly from the
plants and homogenized in a mortar in acetone. The
extract was centrifuged at 5000 g for 5 min.
Absorbance of the supernatant was recorded at 663,
645 and 450 nm spectrophotometrically (Techcomp
8500 II, South Korea). Chlorophyll (Chl) content
was determined following the method of Arnon
(1949). The chlorophyll stability index (CSI) was
determined according to Sairam et al. (1997) and
calculated as follows:

CSI = (Total Chl under stress/Total Chl under control) X 100
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RELATIVE WATER CONTENT

Relative water content (RWC) was estimated accord-
ing to the method of Castillo (1996) and calculated
in the leaves for each drought period. Samples (0.5
g) were saturated in 100 ml distilled water for 24 h
at 4°C in the dark and their turgid weights were
recorded. Then they were oven-dried at 65°C for 48 h
and their dry weights were recorded. RWC was cal-
culated as follows:

RWC (%) = [(FW - DW) / (TW - DW)] x 100,

where FW, DW, and TW are fresh weight, dry weight
and turgid weight, respectively.

ROOT:SHOOT RATIO

Shoots were weighed as soon as possible after their
excision. Roots were removed carefully, washed with
tap water and blotted with paper towels before
weighing. Dry weights of roots and shoots were
determined after drying in a forced draft oven at
70-80°C for 48 h.

LIPID PEROXIDATION

Lipid peroxidation was measured in terms of content
of malondialdehyde (MDA, ¢ = 155 mmol! cm™), a
product of lipid peroxidation, following the method of
Heath and Packer (1968). Leaf, petiole and root sam-
ples (0.5 g) were homogenized in 10 ml 0.1% (w/v)
trichloroacetic acid (TCA). The homogenate was cen-
trifuged at 15,000 g for 5 min. To 1 ml aliquot of
supernatant, 4 ml 0.5% (w/v) thiobarbituric acid
(TBA) in 20% (w/v) TCA was added. The mixture was
heated at 95°C for 30 min and then quickly cooled in
an ice bath. After centrifugation at 10,000 g for 10
min, the absorbance of the supernatant was recorded
at 532 nm. The value for nonspecific absorption at
600 nm was subtracted. MDA content was expressed
as nmol MDA per g fresh weight.

ANTIOXIDANT ENZYME ACTIVITY

The superoxide dismutase activity assay was based
on the method of Beauchamp and Fridovich (1971)
as modified by Dhindsa and Matowe (1981).
Samples (0.5 g) were homogenized in 5 ml cold 50
mM phosphate buffer (pH 7.0) containing 1 mM
EDTA, 0.05% (v/v) triton, 2% (w/v) polyvinyl-
polypyrrolidone (PVPP) and 1 mM ascorbic acid. In
the spectrophotometric assay, 1 ml reaction mixture
contained 50 mM phosphate buffer (pH 7.8), 0.1
mM EDTA, 13 mM methionin, 75 uM NBT, 2 uM
riboflavin and 50 pl plant extract. Riboflavin was
added last and the reaction was initiated by placing
the tubes under white fluorescent light. The reaction
was terminated after 10 min by removal from the
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TABLE 1. Changes in chlorophyll (Chl) and carotenoid content, chlorophyll stability index, relative water content and
root/shoot ratio in Ctenanthe setosa in response to drought stress. Means = SD of three replicates

l')rm}ght Rolling Chl content Carotenoid Chl stability Relative water content (%) Root : Shoot

pt:l‘l(_?d def’we [1119,_ g.l fresh content index (%]‘ Leaf Petiole ratio
(day) (%) weight)

0 (Control) 0 4.1+0.3 1.5+£0.3 - 94 £ 2 94 £ 2 0.83+0.03

32 19 3.810.1 1.3+£0.05 84.72+£5.5 89+0.5 92 +£2 0.78 £ 0.02

40 36 3.2+0.2 1.1+0.1 71.36 £ 6.4 87 1 84 +14 1.16 £ 0.25

48 55 3.5+0.1 1.0+0.2 77.27 £4.9 832 72+3 1.60 £ 0.04

56 72 3.5+0.3 1.2+0.1 78.49 £ 0.6 79+ 1 69+3 1.84 £ 0.11

64 79 4.1+0.4 1.4%+0.1 91.24 £ 4.1 78 £2 67 £4.5 2.67+0.19

light source. The reaction product was measured at RESULTS

560 nm. The volume of supernatant corresponding
to 50% inhibition of the reaction was assigned a
value of 1 enzyme unit.

The glutathione reductase activity assay was
based on the method of Foyer and Halliwell (1976).
The extraction solution for GR was the same as that
used for SOD. Activity was determined by monitor-
ing the oxidation of NADPH at 340 nm in 1 ml of
solution that contained 50 mM Tris-HCI, pH 7.8, 0.5
mM EDTA, 0.25 mM NADPH, 1 mM oxidized glu-
tathione, and 50 ul of the enzyme extract.

For peroxidase activity, the leaf, petiole and
roots were homogenized on ice in 10 ml cold sodium
phosphate buffer (pH 7.0). Activity was determined
spectrophotometrically according to Rodriguez and
Sanchez (1982). POD activity was analyzed in 50 mM
phosphate buffer (pH 6.5) containing 40 mM guaia-
col and 26 mM H,O,. The increase of absorbance at
420 nm was recorded within 180 sec after adding 26
mM H,0,. Protein content was determined according
to Bradford (1976). Bovine serum albumin was used
as the standard.

ELECTROPHORESIS FOR PEROXIDASE ISOENZYMES

Polyacrylamide gel electrophoresis was conducted
as described by Liu (1973). A separating gel of 8%
acrylamide was used. Enzyme extract in 50% gly-
cerol with 1% bromophenol blue was applied to the
gel. Electrophoresis was performed in a cold room
at 4°C using reservoir buffer (14.4 g glycine and 3 g
Tris per liter, pH 8.3) at 10 mA. For analysis of per-
oxidase isoenzymes, the gel was incubated for 1 h at
35°C in solution containing 0.1 g benzidine/100 ml
0.2 M sodium acetate buffer (pH 5.0) and 2.5 ml 3%
H,0,/100 ml benzidine solution.

STATISTICAL ANALYSIS

ANOVA of the means of three replicates was per-
formed with the Duncan Multiple Comparison test,
and significance was determined at p < 0.05.

CHLOROPHYLL AND CAROTENOID CONTENT,
CHLOROPHYLL STABILITY INDEX, RELATIVE WATER
CONTENT AND ROOT:SHOOT RATIO

Leaf rolling began on day 32 of the drought period,
and the degree of leaf rolling gradually increased in
C. setosa as the drought period increased. Leaf pig-
ment content was also affected by drought stress.
Chlorophyll and carotenoid content and the chloro-
phyll stability index decreased up to day 40 of
drought and increased later, approximately reaching
the control level on day 64 (Tab. 1). Relative water
content decreased in the leaf and petiole during the
drought period. On day 64, relative water content
was 94% in the control leaves and 78% in leaves of
the treated plants. RWC decreased more in the peti-
ole than in the leaves. Unlike RWC, the root:shoot
ratio increased during drought, reaching 0.83 in the
control plants and 2.67 in treated plants by the end
of the experiment (Tab. 1).

LIPID PEROXIDATION

As seen in Figure 1, lipid peroxidation, measured as
MDA content, increased up to day 40 of drought in
the leaf and petiole but decreased later. For exam-
ple, MDA content was 30.8 nmol g f.w. in control
leaves, 46.5 nmol g f.w. in 40-day-drought plants
and 25.1 nmol g f.w. in 64-day-drought plants. In
the root, however, lipid peroxidation increased up to
day 48 of drought (Fig. 1).

ENZYME ACTIVITY

The activity of superoxide dismutase did not signifi-
cantly change in drought-stressed leaves versus con-
trol leaves. SOD activity significantly decreased on
day 32 of drought in the petiole and root but
increased later, approximately reaching the control
level. The increases started on day 56 in petiole and
day 40 in root (Fig. 2).
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Fig. 1. Effects of drought stress on lipid peroxidation (malondialdehyde content) in Ctenanthe setosa. Different letters
indicate significant differences between means of three replicates (p < 0.05).
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Fig. 2. Effects of drought stress on activity of superoxide dismutase in Ctenanthe setosa. Different letters indicate sig-
nificant differences between means of three replicates (p < 0.05).

0.25 - d
=
E’ 0.2 1
=9
> a
g . 0.15 4 O Leaf
5 z ol @ Petiole
é Root
0.05 4
0

0 32 40 48 56 64
Days of drought

Fig. 3. Effects of drought stress on activity of glutathione reductase in Ctenanthe setosa. Different letters indicate sig-
nificant differences between means of three replicates (p < 0.05).
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Fig. 4. Effects of drought stress on activity of peroxidase in Ctenanthe setosa. Different letters indicate significant dif-

ferences between means of three replicates (p < 0.05).

Most changes in glutathione reductase activity
in leaf and petiole versus the control were not sta-
tistically significant. It was 0.093 U per mg protein
in control leaves and 0.117 U per mg protein in 32-
day-drought leaves; GR activity decreased on day
48 of drought, but not significantly. In root, GR
activity increased on day 32 of drought, again not
significantly. Later increases of GR activity in root
were statistically significant (Fig. 3).

Peroxidase activity changed significantly as
drought progressed. POD activity strongly increased
in leaf and petiole but decreased in root (Fig. 4).

PEROXIDASE ISOENZYMES

We determined the changes in the number and activ-
ity of peroxidase isoenzymes in leaves of C. setosa
subjected to drought stress. No new isoenzyme band
appeared for drought-stressed leaves. The activity of
the peroxidase isoenzyme represented by the band
at Rf 0.05 did not change over the drought period.
There was no significant difference in the activity of
the Rf 0.17 band isoenzyme between the control and
32-day-drought leaves, but later the activity of this
isoenzyme increased under drought stress. Another
isoenzyme band at Rf 0.20 was present for control
leaves; it was not observed for 32-day-drought
leaves, but appeared later (Fig. 5).

DISCUSSION

Drought stress caused significant declines in chloro-
phyll and carotenoid content and in the chlorophyll
stability index at early intervals of drought stress.
Decreased or unchanged Chl level during drought
stress has been reported in other species, depending
on the duration and severity of drought (Kyparissis

Rf Cont 32 40 48 64 days of drought

0.05 —

017 —
0.20 —

Fig. 5. Effect of drought stress on peroxidase isoenzyme
pattern in leaves of Ctenanthe setosa. Each well was
loaded with extract containing 20 ug protein.

et al., 1995). Higher Chl and Car content have also
been associated with the stress tolerance of plants
(Pastori and Trippi, 1992; Sairam, 1994; Kraus et
al., 1995). In the present study, the decrease of pig-
ment content may have resulted from the decrease
of RWC. The later increases may be attributable to
higher moisture at the inner surface as a result of
leaf rolling. The creation of a microclimate with
higher humidity near leaf surfaces by leaf rolling
may help protect scarce water resources, boosting
resistance to stress (Matthews et al., 1990).

Most research has shown decreased RWC in
response to drought stress (e.g., Fu and Huang,
2001; Shaw et al., 2002). In the present study, RWC
declined as the drought period increased but the
decrease of RWC was not higher despite the longer
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drought period. Higher RWC has been reported to
play a role in the stress tolerance of maize (Pastori
and Trippi, 1992) and wheat genotypes (Kraus et al.,
1995), and to be a good indicator of drought stress
tolerance (Shaw et al., 2002). C. setosa decreases
transpiration and water loss by leaf rolling, inhibit-
ing the decrease in RWC.

On the other hand, the root:shoot ratio
increased during drought stress in our experiments.
It has been reported that the root:shoot dry matter
ratio increases when drought stress develops
(Huang and Fry, 1998; Wu and Cosgrove, 2000).
Matthews et al. (1990) reported that resistant
sorghum lines were able to maintain higher water
status by increasing their root:shoot ratio as
drought stress intensified.

MDA accumulation is often used as an indicator
of lipid peroxidation (Smirnoff, 1995). In the pres-
ent study, MDA content increased in the early peri-
od of drought but then decreased. Similarly, Sairam
et al. (1997/1998) reported a general increase in
lipid peroxidation and a decrease in the content of
total chlorophyll and carotenoids. Increased MDA
accumulation has been correlated with reduction of
RWC and photosynthetic pigment content under
prolonged drought (Jiang and Huang, 2001).

SOD, GR and POD play a protective role in
scavenging ROS (Lin and Kao, 1998). In the pres-
ent study, SOD activity did not significantly change
in leaves. One mode of ROS formation is closure of
stomata as a result of drought and a consequent
decrease in CO, concentration in leaf mesophyll
tissue, resulting in accumulation of NADPH; oxy-
gen acts as an alternative acceptor of electrons,
leading to the formation of superoxide radicals
(Cadenas, 1989). Stomata were found to be open in
rolled leaves of C. setosa (Turgut and Kadioglu,
1998). In the present study, then, one reason for
the unchanged SOD activity may be that the stom-
ata were open during drought stress, lowering the
level of ROS formation. No significant changes in
SOD activity were found in Triticum aestivum
(Bartoli et al., 1999) and Lotus corniculatus leaves
(Borsani et al., 2001) exposed to drought stress.
SOD activity increased in Hordeum, Armeria and
Deschampsia (Smirnoff, 1993), decreased in
Corchorus (Chowdury and Choudhuri, 1985) and
did not change in alfalfa (Irigoyen et al., 1992) and
sunflower (Smirnoff, 1993) in response to water
stress. Thus there is no single, clear finding in the
literature. The level of response to drought
depends on the species, the developmental and
metabolic state of the plant, and the duration and
intensity of the stress (Smirnoff, 1993; Castillo,
1996).

GR activity did not significantly change in
drought-stressed leaf and petiole versus the control.
Unlike SOD and GR activity, POD activity increased
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during drought stress in leaf and petiole. A peroxi-
dase isoenzyme activity band at Rf 0.20 present for
control leaves was not present for 32-day-drought
leaves, but appeared later. The activity of an isoen-
zyme represented by the Rf 0.17 band increased ver-
sus the control during the drought period.
Increasing POD activity may contribute to drought
stress tolerance in this plant. Higher POD activity
has also been correlated with the relative drought
tolerance of crop plants (Gillham and Dodge, 1987).
In root, however, POD activity diminished but GR
activity increased. GR and POD are involved in scav-
enging the products of oxidative stress such as H,,0,,
and thus help in ameliorating the adverse effects of
oxidative damage (Sairam et al., 1997/1998).
Tanaka et al. (1990) reported results similar to
ours: increased POD activity and little change in
SOD activity in water-stressed spinach leaf.

We found Ctenanthe setosa to be tolerant to the
administered drought stress, protecting itself from
oxidative damage by increasing POD activity in
leaves and GR activity in root.
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