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Summary. Drought stress is considered as a restricting factor for plant products. Therefore,
many compounds have been applied to minimize the harmful effects of stress. Brassinosteroid
is one of the compounds with antioxidative characteristics. In this experiment, when the fourth
leaf of tomato plants appeared, 24-epibrassinolide was sprayed to the leaves at 0.01 and 1 uM
concentrations for 3 days with one day interval. Then three levels of drought stress (control, 3 and
5 days withholding water) were applied. Thereafter, the interaction effects of 24-brassinosteroid
(BR,,) and water stress on some biochemical and antioxidative parameters of tomato plants were
investigated. Peroxidation of lipids and H,O, content were reduced in the plants which were treated
with BR .. The intensity of some bands of stress enzymes (GPOD and APX) in the electrophoretic
pattern was different in stressed plants treated with 24-epibrassinolide when compared with the
plants under drought stress. An increase in the activity of antioxidant enzymes (POD, SOD, CAT,
APX) and antioxidative compounds content including ascorbate, carotenoids and proline was
observed in drought stress plants after pretreatment with BR. Based on our observations that
pretreatment with 24-epibrassinolide caused a decrease in MDA together with an increase in
antioxidant enzymes, it is likely that BR mitigated damage caused by water stress.

Key words: drought stress, brassinosteroid, antioxidative system, tomato, proline, lipid
peroxidation.

Abbreviations: BR—brassinosteroid, MDA—malondialdehyde; TBA—thiobarbituric acid;
TCA—trichloroacetic acid ; EBL-epibrassinolide; HBL—homobrassinolide; CAT—catalase;
POD-peroxidase; APX-ascorbate peroxidase; ROS-reactive oxygen species; BR,, - 24-
epibrassinolide; H,O, - hydrogen peroxide; PMSF-phenylmethylsulfonyl fluoride; PVP-
polyvinylpyrrolidone; EDTA-ethylendiamine tetraacetic acid.
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INTRODUCTION

Drought stress is defined as a
condition in which water availability
to plants is so low that it is unfavorable
for the growth of a plant species (Zhu,
2001). Reactive oxygen species (ROS) are
enhanced during drought stress through the
disruption of electron transport system and
oxidizing metabolic activities occurring in
chloroplast, mitochondria and microbodies
(Sofo et al., 2005). Plants eliminate ROS
produced in non-stressful conditions
through production of non-enzymatic and
enzymatic antioxidants (Inze and Montagu,
2000), whereas during severe drought
conditions the production of ROS exceeds
the capacity of the antioxidative systems
to remove them, causing oxidative stress
(Sofo et al., 2005). In these conditions cells
could be protected either by the endogenous
molecular systems or exogenously applied
compounds that mitigate the stress (Ingram
and Bartels, 1996).

One of this compounds which
has antioxidative characteristics is
brassinosteroid (Haubrick and Assmann,
2006). Brassinosteroids (BRs) are common
plant-produced compounds that can
function as growth regulators (Bishop et
al.,2006). In addition, it has been suggested
that BRs could be included in the category
of phytohormones (Haubrick and Assmann,
2006). Exogenous application of BR may
influence a range of diverse processes of
growth and development in plants (Cao et
al., 2005; Ozdemir et al., 2004). It is now
clear that BRs provide protection against
a number of abiotic stresses (Vardhini and
Rao, 2003). Treatment with BRs enhanced
growth of wheat (Shahbaz et al, 2008),
French bean (Upreti and Murti, 2004) and
tomato plants (Ogweno et al., 2008) under
drought stress. Several studies have shown

that BRs alter the antioxidant capacity of
plants under stress condition (Yin et al.,
2008). Zhang et al. (2008) reported that
treatment with 24-epibrassinolide increased
the activity of some antioxidative enzymes
causing mitigation of oxidative stress.

The present study was an attempt to
carry out investigations on the effect of
brassinolide on tomato plants under drought
stress, with the aim 1) to characterize
the variation in the antioxidant ability of
different concentrations of BR under mild
and severe drought stress conditions; 2)
to investigate the possible mechanisms
responsible for drought tolerance in plants
treated with two concentrations of BR, and
elucidate the possible mechanisms that
might be involved in the BR-promoted
antioxidant responses to drought.

MATERIALS AND METHODS

Growth of plants and experimental
design

Tomato plants (Lycopersicon
esculentum, Var. Tomba (BB204) were
grown from seeds in trays of compost until
the seeds germinated. After germination,
when the second leaf appeared, the
seedlings were transferred to plastic pots
with a 1l-cm diameter containing sand,
loam and peat (2:1:1) in a greenhouse.
Each seedling was placed in one pot. The
seedlings were irrigated with water once a
day. At the same time, seedlings were also
irrigated with Hoagland's solution (pH
6.7) once a week (on soil media around the
root) to prevent mineral deficiency. Then
the tomato plants with 3 fully expanded
leaves (about 15 days after growing in the
pot), were left to grow in a growth chamber
at a day/night temperature of 26/18°C,
16/8 hour (light/dark) photoperiod and
6000 lux light intensity for 5 days. After
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the adaptation period in the growth
chamber, 24-epibrassinolide  (Sigma
chemicals, USA) dissolved in ethanol
was sprayed on the leaves at 0.01 and
1 uM concentrations for 3 days (Tween-
20 (0.01%) used as surfactant). Then three
levels of water stress (control, 3 days and
5 days withholding water) were applied.
Four replicates were assigned for each
treatment. After treatment, the third leaf of
plants was harvested. The harvested leaves
were rapidly frozen in liquid nitrogen and
stored at -80°C for biochemical analysis.

Fresh weight (FW) and dry weight
(DW) measurements

The interaction effect of drought and
24-epibrassinolide on FW and DW of the
shoot was analyzed. After treatment (24-
epiBL and withholding water), the roots
were cut off. FW and DW of shoots with
the third leaf were also measured. For DW
determination, the samples were oven
dried at 80°C for 48-72 h.

Biochemical assays

The content of H,O, was determined
according to Alexieva et al. (2001). Leaf
tissue (500 mg) was homogenized in
ice bath with 5 cm® of cold 0.1% (m/v)
trichloroaceticacid(TCA). Thehomogenate
was centrifuged (12,000%g, 15 min, 4°C)
and 0.5 cm® of the supernatant was added
to 0.5 cm’ of 100 mM potassium phosphate
buffer (pH 7.0) and 1 cm® of 1 M KI. The
absorbance was read at 390 nm.

The level of lipid peroxidation in plant
tissues was measured by determination of
MDA (Heath and Packer, 1969) and other
aldehydes (Meirs et al., 1992), breakdown
products of lipid peroxidation. MDA
content was determined with thiobarbituric
acid (TBA) reaction. 0.2 g tissue sample
was homogenized in 5 ml 0.1% TCA. The
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homogenate was centrifuged at 10,000xg
for 5 min. 4 ml of 20% TCA containing
0.5% TBA was added to 1 ml aliquot of
the supernatant. The mixture was heated at
95°C for 15 min and cooled immediately.
The non-specific absorbance of the
supernatant at 600 nm was subtracted from
the maximum absorbance at 532 nm
for MDA measurement, and at 455 nm
for other aldehydes. The level of lipid
peroxidation was expressed as pmol
of MDA formed using an extinction
coefficient of 155 mM™' cm™ and for other
aldehydes the extinction coefficient was
0.457x10°M'cm™.

Proline was extracted and its
concentration determined by the method
of Bates et al. (1973). Leaf tissues were
homogenized in 3 % sulfosalicylic acid
and the homogenate was centrifuged at
3,000xg for 20 min. The supernatant was
treated with acetic acid and ninhydrin,
boiled for 1 h, and then the absorbance was
determined at 520 nm. Proline (Sigma) was
used for a standard curve.

The amount of carotenoids were
determined according to the method of
Lichtenthaler et al. (1987). Leaf samples
(0.25 g) were homogenized in acetone
(80%). Extract centrifuged at 3,000xg and
absorbance was recorded at 646.8 nm and
663.2 nm for chlorophyll assay and 470 nm
for carotenoids assay by a UV-Visible
spectrophotometer (Cary50, Germany).
Pigment content was calculated according
to the following formulae:

Chla=(1225A_,,—2.79A

663.2 646.8)

Chlb=(2121A, ,~5.1A,,)
Car= (1000 A, ,— 1.8 Chl a — 85.02
Chl b)/198

470
Ascorbic acid (ASA) and dehydro-
ascorbic acid (DHAS) were determined as
described by Mc de Pintoetal. (1999).0.5 g
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of leaf tissue was homogenized in 10 ml
meta phosphoric acid (5%) and centrifuged
(15 min at 1000xg). 300 pl of supernatant
was used for the ASA assay and 750 pl
potassium phosphate buffer (100 mM, pH
7.2) and 300 pl distilled water were added
to the extract. 300 pl of the supernatant
was used for the DHAS assay and 750 pl
potassium phosphate (100 mM, pH 7.2)
and 150 pl of dithiotheritol (10 mM) were
added. The samples were incubated at room
temperature for 10 min, and then 150 pl of
0.5% N-ethylmaleimide was added. Both
samples were vortexed and incubated at
room temperature for 10 min. To each
sample 600 pul of 10% (w/v) TCA, 600 pul
of 44% (v/v) orthophosphoric acid, 600 pl
of 4% (w/v) bipyridyl in 70% (v/v) ethanol
and 10 ul of 3% FeCl, were added. After
vortex-mixing, samples were incubated at
40°C in a water bath for 20 min, and then
samples were vortexed again and incubated
at 40°C water bath for another 20 min.
The absorbance of samples was recorded
at 525 nm. A standard curve of ASA and
DHAS was used for the calculation of
ASA and DHAS concentration. ASA,
DHAS and total ascorbic acid (ASA +
DHAS) concentrations were expressed as
mg g fw.

Assay of enzymes activity

Frozen leaf samples (0.5 g) were used
for enzyme extraction. Samples were
ground in 2 ml of 50 mM phosphate buffer
(pH 7.2) using pre-chilled mortar and
pestle. The phosphate buffer contained
1 mM EDTA, 1 mM PMSF and 1% PVP-
40. Then the extract was centrifuged at 4°C
at 17,000xg for 10 min. The supernatant
was used for measurements of enzyme
activity.

A photochemical method published
by Giannopolitis and Reis (1977) was

used to determine superoxide dismutase
(SOD EC 1.15.1.1)) activity. The reaction
solution (3 ml) contained 50 uM NBT, 1.3
uM riboflavin, 13 mM methionine, 75 nM
EDTA, 50 mM phosphate buffer (pH 7.8),
and 20-50 pl of the enzyme extract. The
test tubes containing the reaction solution
were irradiated under light (15 fluorescent
lamps) at 78 umol m?s™ for 15 min. The
absorbance of the irradiated solution was
read at 560 nm using a spectrophotometer
(Cary 50). One unit of SOD activity was
defined as the amount of enzyme that
inhibited 50% p-nitro blue tetrazolium
chloride (NBT) photoreduction.

The activity of ascorbate peroxidase
enzyme (APX, EC 1.11.1.1) was measured
using the method of Nakano and Asada
(1981). The reaction mixture contained
50 mM potassium phosphate buffer
(pH 7.0), 0.5 mM ascorbic acid, 0.15 mM
H,0,, 0. mM EDTA and 50 pl enzyme
extract (supernatant). Oxidation of ascorbic
acid was considered as the decrease in the
absorbance at 290 nm 2 min after the start
of the reaction. One unit of APX oxidizes 1
mM ascorbic acid in one min at 25°C.

Catalase (CAT, EC 1.11.1.6) activity
was assayed spectrophotometrically by
monitoring the decrease in the absorbance
of H,0, at 240 nm using the method of
Dhindsa et al. (1981). The assay solution
contained 50 mM potassium phosphate
buffer (pH 7.0) and 15 mM H,O, The
reactionwas started by theadditionof 100 pl
enzyme extract to the reaction mixture and
the change in absorbance was followed 1
min after the start of the reaction. One unit
of activity was considered as the amount of
enzyme which decomposes 1 mM of H,O,
In one minute.

Peroxidase (GPOD, EC 1.11.1.7)
activity was determined using the
guaiacol test (Plewa et al., 1991). The
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tetraguaiacol formed in the reaction has
a maximum absorption at 470 nm and
thus the reaction can be readily followed
spectrophotometrically. The enzyme was
assayed in a solution containing 50 mM
phosphate buffer (pH 7.0), 0.3% H,O, and
1% guaiacol. The reaction started by the
addition of 20 ul enzyme extract at 25°C.
One enzyme unit was calculated on the
basis of the formation of ImM tetraguaiacol
for 1 min.

Native PAGE and activity staining

Native polyacrylamide gel electro-
phoresis (PAGE) was performed at 4°C,
180 V, following Laemmli (1970). For
APX, the enzyme solutions were subjected
to native PAGE on a 12% polyacrylamide
gel. For POD and CAT 10% and 7% PAG
were used.

APX activity was detected following
the procedure described by Mittler and
Zilinskas (1993). The gel equilibrated
with 50 mM sodium phosphate buffer
(pH 7.0) contained 2 mM ascorbate for
30 min. Then gels were incubated in a
solution containing the same buffer, 4
mM ascorbate and 2 mM H,O, for 20 min.
Then the gel was washed in the buffer
for 1 min and submerged in a buffer
containing 28mM TEMED and 2.45 mM
NBT for 10-20 min with gentle agitation
in the presence of light.

For CAT activity detection, the gel was
incubated in 3.27 mM H, O, for 25 min and
then the gel was washed in distilled water
and submerged in a solution composed
of 1% potassium ferricyanid and 1%
ferric chloride for 4 min (Woodbury et al.
1971).

For POD activity detection, the gel
was incubated in 25 mM potassium
phosphate buffer (pH 7.0) and then the
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gel was submerged again in a buffer
containing 18 mM guaiacol and 25 mM
H,0O,, till the POD activity-containing
band was visualized (Fielding and Hall,

1978).

Statistical analysis

All experiments were performed in 4
replicates, using completely randomized
design. Data were statistically analyzed by
one-way analysis of variance using SPSS
and the means were separated by Duncan’s
multiple range test at 0.05 probability level.

RESULTS

Growth

Water deficit decreased the dry and
fresh weight of the shoot. However, 24-
epibressinolide at the tested concentrations
(0.01 and 1 uM) significantly increased
shoot fresh and dry matter under normal
and stress conditions (Fig. 1A, B). Shoot
dry matter increased by 27% and 70%
under mild and severe drought stress at
1 uM BR treatment, respectively. 1 uM
BR,, treatment increased fresh weight by
30% and 50% under normal and severe
drought conditions, respectively.

H,O, content and lipid peroxidation

H,O, content increased significantly
under drought stress, and nearly tripled
in severe drought treatment (Fig. 1E).
Both levels of BR treatment decreased
significantly H,O, content under both
normal and stress conditions. Similarly, the
contents of MDA and other aldehydes were
reduced in plants treated with 24-epiBL
under drought stress, especially in severe
stress (Fig. 1C, D). It was obvious that
drought stress increased lipid peroxidation
in plants.
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Fig. 1. The effects of BR and drought stress on the shoot weight, lipid peroxidation, H O, and
proline content in L. esculentum plants which were grown for one month under controlled
conditions. Plants were divided into three groups: two groups were pretreated with BR and
another group was sprayed with distilled water. The three groups were subjected to water
stress for 3 and 5 days. The control plants were irrigated daily. Values are means of four
replicates and SEM significant differences are at P<0.05 according to Duncan’s test.

Proline content

Drought stress markedly increased
proline content. This increase was
significantly elevated by pretreatment
with BR,, at both levels of stress (Fig.
1F). Treatment with 1 uM BR under mild
or severe drought stress increased proline
content 3- and 4-fold, respectively in
comparison with controls.

Ascorbate and carotenoids content
Drought regime caused a significant
increase in ascorbate pool. The content
of dehydroascorbate was also increased
due to drought stress. Mild stress had a
more obvious effect on these parameters
than severe stress. Drought stress did not
significantly affect ascorbic acid content
(Fig. 2A, B, C). Exogenous application
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Fig. 2. The effects of BR and drought stress on ascorbate (ASA, DHAS, total AS)
and carotenoids content in L. esculentum plants which were grown for one month
under controlled conditions. Description of variants as in Fig. 1. Values are means
of four replicates, and SEM significant differences are at P<0.05 according to

Duncan’s test.

of 0.01 uM BR,, did not alter these
parameters under normal conditions. Both
concentrations of BR elevated these three
parameters under drought stress (Fig. 2).
Carotenoids content was not influenced
by 24-epibrassinolide treatment under
normal growth conditions, but it decreased
significantly under severe drought stress
(Fig. 2D). However, an increase in
carotenoids content was found in EBR-
treated plants under mild and severe
stress.

Enzyme activities

Drought stress increased significantly
the activity of SOD and CAT, but GPOD
and APX activities declined by severe
drought (Fig. 3). Exogenous application
of BR in drought stressed plants enhanced
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the activity of these enzymes at both levels
of stress, except APX and SOD activities
where there was no significant difference
between BR levels applied under mild
drought stress (Fig. 3).

Four POD isoforms were visualized on
activity staining gels (Fig. 4A). The highest
intensity in POD isoforms was observed
in POD4 when BR,, was applied. Gels
stained for CAT revealed only one band
(Fig. 4B). The four ASA-specific APX
bands were present in tomato plants and
they increased not only in drought stressed
plants, but also due to BR treatments under
stress conditions. Intensity of activity
staining of APX increased especially under
mild stress and it was higher than that of
well-watered controls and severe stressed
plants (Fig. 4C).
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DISCUSSION

Adecreaseinplantgrowthwasobserved
under drought stress (Fig. 1A, B) (Zhu,
2001). Brassinosteroids, especially BR,
caused an increase in plant biomass (Li et
al., 2008). Zhang et al. (2008) found that
application of BRs could partially alleviate
the detrimental effect of water stress on
growth of soybean through improving
antioxidant system and promoting dry
weightaccumulation. BRs participate in the
processes of gene expression, transcription
and translation in normal and stressed
plants (Zhang et al., 2008; Mazorra et al.,
2002). It was reported that promotion of
growth in stressed seedlings of Robinia
Pseudoacacia (Li et al., 2008), sorghum
(Vardhini and Rao, 2003), wheat (Shahbaz
et al., 2008) and rice (Anuradha and Rao,
2003) under stress conditions might be
related to enhanced levels of nucleic acids,
soluble proteins and photosynthesis.

Drought stress caused an increase in
the formation of reactive oxygen species
(ROS) that are responsible for various
damages to macromolecules (Zhu,
2001). In the present study, the H,O,
content and lipid peroxidation (MDA and
other aldehydes content) increased by
increasing the drought stress (Fig. 1C, D,
E). Pretreatment with BR, . decreased the
accumulation of MDA and H,O, contents
under drought stress. BRs, especially
BR,, have anti-stress effects on plants,
helping them to overcome low and high
temperature stress, drought and pathogen
infection (Yin et al., 2008). Zhang et al.
(2008) and Li et al. (2008) stated that BR
treatment declined MDA content under
drought stress in soybean and Robinia
pseudoacacia plants, respectively. It has
also been reported that BR, reduces H,O,
and MDA contents in the leaves of tomato
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plants subjected to high temperature
(Ogweno et al., 2008). It has been assumed
that BRs act as secondary messengers
for the induction of antioxidant defense
system in stressed plants and thereby could
effectively scavenge ROS in plants under
stress (Mazorra et al., 2002).

The content of proline in tomato plants
which were under drought stress and 24-
epibrassinolide  treatments  increased
progressively with increasing drought
level and concentration of BR (Fig. 1F).
It has been reported that BR treatments
induce the expression of biosynthetic
genes of proline (Ozdemir et al., 2004).
There are several reports that application
of BRs elevated proline content in plants
(Vardhini and Rao, 2003). Proline as a
cytosolic osmoticum and a scavenger
of OH’ radical can interact with cellular
macromolecules such as DNA, protein and
membranes and stabilize the structure and
function of such macromolecules (Kavir
Kishor et al., 2005).

Carotenoid (Car) pigments protect
chlorophylls from photo-oxidative
destruction (Presad et al., 2005). The
decline in Car content with increasing
the stress level was noticeable (Fig. 2B).
The content of Car was significantly
higher in BR-treated plants under drought
stress compared to the controlplants (Fig.
2B). Janeczko et al. (2007) reported that
treatments with BR,_increased Car content
at 2°C in rape leaves.

Drought stress caused accumulation
of ascorbate pool (Fig. 2C). There was a
significant decrease in ASA concentration
under mild to severe stress. Yang and Wang
(2007) reported that a decrease in ASC
under stress may be due to an increase in
oxidation and a reduction in regeneration
of ASC. The content of ascorbate in BR-
treated plants under drought stress was
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significantly higher than controls (Fig. 2A).
Ascorbic acid is a key nonenzymatic
antioxidant that participates in redox
regulation in different cell compartments
to protect plant cells from oxidative stress
(Chen et al., 2007). Ascorbic acid reduces
O, and regenerates reduced o-tocopherol
(Bartoli et al., 1999). APX oxidizes ASA
to dehydro ascorbate (DHAS) through
the gluthathione-ascorbate cycle. Thus,
the high APX activity likely determined
the low level of ASA, which is the main
substrate of APX (Fig. 2 A, B). The
function of ASC in the detoxification of
H,O, is dependent on APX (Chen et al.,
2007). As the key redox couple in plant
cells, the ratio of ASA/DHAS and its redox
cycling can modulate the expression of
genes and activities of the redox sensitive
transcription factors and enzymes (Pastori
and Foyer, 2002).

Antioxidative enzymes aid cells in
removing harmful oxygen species. SOD,
GPOD, APX and CAT are important
antioxidant enzymes that detoxify ROS.
Our results showed that treatment of
tomato plants with BR,, was effective in
increasing the activity of these enzymes
under drought stress (Fig. 3). It has been
found that BRs can induce the expression
of some antioxidant genes and enhance
the activities of antioxidant enzymes such
as SOD, POD, APX and CAT (Mazorra
et al., 2002; Cao et al., 2005). Several
reports indicated that BRs application
resulted in the enhancement of antioxidant
enzymes activity under various stresses
(Shahbaz et al., 2008; Vardhini and Rao,
2003). Zhang et al. (2008) and Ozdemir
et al. (2004) showed that BR treatment
increased antioxidant enzyme activities
in soybean and rice plants under stress
conditions. Mazorra et al. (2002) reported
that BR-enhanced antioxidant enzyme

activities play an important role in drought
tolerance. SOD detoxifies superoxide
anion free radicals by forming H,O,, which
is harmful to the chloroplast, nucleic acids
and proteins. H,O, can be eliminated by
CAT, POD and APX. The induction of
SOD activity has been shown to coincide
with an increase in POD and CAT activity
(Li et al., 2008).

Conclusion

Although BRs and ROS are thought
to act as secondary messengers in
the induction of antioxidant defenses
in stressed plants, the relationship
between BRs and ROS in stress-signal
transduction remains still unclear (Cao
et al., 2005). However, the present study
indicated that foliar sprayed brassinolide
caused a number of physiological and
biochemical changes in the seedlings,
including  increased shoot mass,
content of antioxidants (ascorbate and
carotenoids) and free proline content
as well as SOD, CAT, POD and APX
activities. In contrast, treatment with
brassinolide decreased MDA and H,O,
content. The response of the antioxidant
enzymes to exogenously applied BR,,
was different. It depended on the level
of stress and the BR concentration. The
most effective dose of 24-epibressinolide
under stress conditions was found to be
1 uM. The highest effect of BR,, was
found in plants which were under severe
drought stress. The mechanism of BR in
alleviation of the severe drought stress
needs further investigations.

Overall, the results indicated that
treatment with brassinolide could reduce
the effects of water stress in tomato plants.
Thus, it may be an useful management
tool in afforestation projects in arid and
semiarid areas.
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