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Abstract This investigation was carried out with the aim of determining the effect of
paclobutrazol (PBZ) (0 and 2 mg l−1) and polyethylene glycol (PEG) (0, 2, 4 and 6 %w/v
of PEG 6000) treatments on antioxidant system of Stevia rebaudiana Bertoni under in vitro
condition. Analysis of data showed that PEG treatment significantly increased hydrogen
peroxide (H2O2) and phenolic contents, while PBZ treatment limited the effect of PEG on
them. Our data revealed that PEG treatment significantly increased total antioxidant capacity,
catalase (CAT), ascorbate peroxidase (APX), polyphenol oxidase (PPO) and peroxidase (POD)
activity, while it inversely decreased glutathione reductase (GR) activity. The superoxide
dismutase (SOD) activity was not affected by PEG treatment. PBZ treatment induced signif-
icantly higher levels of CAT and GR activity and lower levels of SOD activity in PEG-treated
plants. PBZ in combination with PEG resulted in no significant difference on APX activity
with PEG treatment alone. PBZ treatment prevented the effect of PEG on the PPO activity.
PEG (with or without PBZ) treatment increased the ascorbate pool, whereas total glutathione
level was not affected by PEG. Our finding indicated that PBZ reduced the negative effect of
PEG treatment by quenching H2O2 accumulation and increasing the CATactivity. Collectively,
the antioxidant capacity of S. rebaudiana in PEG treatment condition was associated with
active enzymatic and non-enzymatic defence systems which partly could be improved by the
PBZ treatment. In addition, a higher accumulation of phenolic compounds leads to a more
potent reactive oxygen species scavenging activity in S. rebaudiana.
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CAT Catalase
DHA Dehydroascorbate
EDTA Ethylenediaminetetraacetic acid
POD Peroxidase
GR Glutathione reductase
GSH Reduced glutathione
GSSG Oxidized glutathione
H2O2 Hydrogen peroxide
MDA Malondialdehyde
MS Murashige and Skoog
NADPH Nicotinamide adenine dinucleotide phosphate
NBT Nitroblue tetrazolium
PAGE Polyacrylamide gel electrophoresis
PBZ Paclobutrazol
PEG Polyethylene glycol
PPO Polyphenol oxidase
ROS Reactive oxygen species
SOD Superoxide dismutase
TEMED N,N,N′,N′-tetramethylethylenediamine

Introduction

Stevia rebaudiana Bertoni is a perennial shrub of the Asteraceae (Compositae) family native to
Paraguay and Brazil. It is often referred to as the sweet herb of Paraguay [21]. Steviol
glycosides are the compounds responsible for the sweet taste of S. rebaudiana. Stevioside
and rebaudioside A are the major steviol glycosides in the leaves of S. rebaudiana. Stevioside
is about 300 times sweeter than sucrose (0.4 % solution; [11]). S. rebaudiana is a drought-
sensitive plant [13] that its cultivation has spread to other regions of the world, including
Canada and some parts of Asia and Europe. The International Water Management Institute
predicts that by the year 2025, one third of the world's population will live in regions that will
experience severe water scarcity (www.iwmi.org). Plants grown under osmotic stress
conditions are seriously affected by oxidative stress. Therefore, it has become imperative for
us to understand the antioxidant mechanisms by which S. rebaudiana responses to water
deficit.

Drought stress promotes the production of reactive oxygen species (ROS), including
superoxide (O2−), singlet oxygen (1O2), hydroxyl (·OH) and hydrogen peroxide (H2O2).
ROS react with lipids, proteins and DNA, resulting in lipid peroxidation, protein denaturation
and DNA damage [39]. Plants have evolved in both enzymatic and non-enzymatic defence
systems for scavenging and detoxifying ROS. In enzymatic systems, superoxide dismutase
(SOD) scavenges O2− to H2O2, whereas peroxidase (POD), catalase (CAT), ascorbate perox-
idase (APX), glutathione reductase (GR), mono-dehydroascorbate reductase and
dehydroascorbate reductase decompose H2O2 to H2O at different cellular locations ([28];
Illustration 1). Polyphenol oxidase (PPO) oxidizes phenolics and takes part in the regulation
of the phenolic concentration in plants (Illustration 1). Some studies indicated that phenol-
oxidizing enzymes participate in the response to drought stress [42, 46]. The balance between
ROS production and activities of antioxidant enzymes determines whether oxidative signalling
and/or damage will occur [26].

Metabolites such as ascorbate, glutathione, phenolic compounds and tocopherol control the
levels of ROS in plant tissues. A major component of these defence mechanisms is the
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ascorbate–glutathione cycle involving four enzymes: APX, dehydroascorbate reductase, mono-
dehydroascorbate reductase and GR participate in the removal of H2O2 via recycling of the
reduced glutathione (GSH) pool, thus playing a central role during stress ([39]; Illustration 1).
Ascorbate and glutathione are not consumed in this pathway but participate in a cyclic transfer
of reducing equivalents, involving four enzymes, which permits the reduction of H2O2 to H2O
using electrons derived from nicotinamide adenine dinucleotide phosphate (NADPH) [28].

Leaf extract of S. rebaudiana has a great potential to use as a natural antioxidant agent [14].
In Stevia leaves, some compounds other than steviol glycosides, e.g. folic acid, pyrogallol,
phenolic and flavonoid, have ROS scavenging activity [18]. Kim et al. [18] suggested that the
high antioxidant activity of S. rebaudiana is due to the presence of phenolic compounds. With
this knowledge, we examined the phenolic compounds beside ascorbate and glutathione pools
to evaluate their antioxidant capacity in Stevia.

According to our previous experiments, polyethylene glycol (PEG) treatment reduced plant
growth, photosynthetic pigments, carbohydrates and proline amounts, while it increased
electrolyte leakage, MDA, α-tocopherol and glycine betaine contents in S. rebaudiana [13].
Paclobutrazol (PBZ), a plant growth regulator from triazole family, has been reported to
protect plants against drought stress [3, 22, 23, 45]. Also, Hajihashemi and Ehsanpour [13]
reported that the negative effects of PEG treatment in S. rebaudiana could partly be restored by
PBZ treatment. PBZ treatment reduced lipid peroxidation while it increased glycine betaine, α-
tocopherol, proline and protein contents in PEG-treated S. rebaudiana [13].

Maintaining a high level of antioxidants in Stevia may contribute to drought tolerance.
Therefore, the present investigation was carried out with the objective to study the effect of
PBZ and PEG treatments on antioxidant systems by measuring some enzymatic and non-
enzymatic antioxidants. To this end, we examined total antioxidant capacity; the amounts of
H2O2 and phenolic compounds; the activity of CAT, APX, PPO, SOD, GR and POD enzymes;
and ascorbate and glutathione pools.

Illustration 1 The antioxidant system of plant that involves some enzymatic and non-enzymatic antioxidants.
Not all reactions are depicted stoichiometrically
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Materials and Methods

Seeds of S. rebaudiana Bertoni were provided from Prairie Oak Publishing, 221 South
Saunders Street, Marville MO 64468. They were surface-sterilized in 70 % (v/v) ethanol for
1 min and 20 % (v/v) sodium hypochlorite solution for 15 min before being washed three times
in sterile distilled water. All subsequent operations were performed under aseptic conditions in
a laminar flow cabinet.

Culture Media Preparation and Culturing Conditions

The culture medium used for these initiation and multiplication experiments was Murashige
and Skoog (MS) [27]. Each was supplemented with 30 g l−1 sucrose. After the pH was
adjusted to 5.8, 8 g l−1 agar was added, after which the medium was dispensed into jars and
autoclaved. Four seeds were cultured per jar under aseptic condition. All cultures were
incubated at 26±1 °C under a 16-h photoperiod produced by white fluorescent lamps at
120 μmol photons m−2 s−1. The rooted plantlets were sub-cultured into the new MS medium.

PEG and PBZ Treatments

The study of the effects of PEG as drought stress on the performance of plants grown under
in vitro tissue condition can allow growing plants in rapid and under controlled conditions to
carry out experiments in identical conditions all year round. Although the addition of PEG to
in vitro culture is not a real drought stress comparable to open field conditions, our results
reported in the present study provide knowledge that could be used for field culture. Some
prior characterization of multiple parameters was done to select a meaningful level of PBZ (0–
10 mg l−1) and PEG (0–20 %w/v) (results not shown; [13]). The results (not shown)
demonstrated that 2 mg l−1 PBZ and 0–6 %w/v PEG were the most effective concentrations
[13]. Therefore, the subsequent experiments were done with PBZ treatment at 0 and 2 mg l−1

and PEG 6000 (molecular weight 6,000) at concentrations of 0, 2, 4 and 6 % (w/v). The
osmotic potential of 2, 4 and 6 % (w/v) of PEG at 25 °C is respectively −10.4×10−2, 20.6×
10−2 and 30.7×10−2 bar [25]. Similar rooted plants on basal medium of about 10-cm height
were transferred to medium supplemented with PBZ and PEG without the gelling agent (liquid
medium). Plants could not survive for long under PEG treatment, so the cultures were kept for
14 days to study their growth potential and regeneration capacity under different treatments.
All measurements were performed 2 weeks after transferring the plants to the described media.

H2O2 Content

Fresh leaves (0.25 g) were homogenized in an ice bath with 2.5 ml of 0.1 % (w/v) trichloro-
acetic acid. The homogenate was centrifuged at 12,000×g for 15 min. Then, 0.5 ml of the
supernatant was added to 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) with 1.0 ml of
1.0 M potassium iodide. The absorbance of supernatants was recorded at 390 nm. The contents
of H2O2 were calculated using a standard curve [41].

Total Antioxidant Capacity (FRAP Assay)

One gram of fresh leaves was homogenized in 9 ml of 0.1 M phosphate buffer (pH 7.6)
containing 0.1 mM ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged
at 13,000 rpm at 4 °C for 10 min. The supernatant was used for the measurement of
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“antioxidant power” according to Szôllôsi and Varga et al. [37]. The ferric reducing antioxidant
power (FRAP) mixture was consisted of 25 ml of 300 mmol l−1 acetate buffer (pH 3.6), 2.5 ml
of 10 mmol l−1 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mmol l−1 hydrochloric acid and 2.5 ml
of 20 mmol l−1 ferric chloride. Then, 1.5 ml of FRAP mixture was added to 0.5 ml of plant
extract, and samples were monitored at 593 nm at 25 °C for 5 min against the FRAP reagent as
a blank. The relative activities of the samples were assessed by comparing their activities with
that of L-ascorbic acid as a standard curve.

Protein Extraction and Enzyme Activity

Fresh leaf samples were used for protein and enzyme analysis. Leaves were frozen immedi-
ately in liquid nitrogen after harvesting and stored at −80 °C until further use. One gram of
leaves was homogenized in 3 ml of 50 mM sodium phosphate buffer (pH 7.8) including
1.0 mM EDTA, 4 mM dithiothreitol, 5 mMmagnesium sulphate, 10 % glycerol and 2 % (w/v)
polyvinyl polypyrrolidone. The homogenate was centrifuged at 13,000 rpm at 4 °C for 40 min.
The supernatant was used for protein analysis and enzyme activity assays. All assays were
done at 4 °C. Proteins were determined by the method of Bradford [7] using bovine serum
albumin (Sigma-Aldrich Co., USA) as a standard.

Superoxide Dismutase (SOD) (EC 1.15.1.1) Activity

The SOD activity assay was based on the method of Beauchamp and Fridovich [6] which
measures the inhibition of the photochemical reduction of nitroblue tetrazolium (NBT)
spectrophotometrically at 560 nm. One unit of enzyme activity was defined as the quantity
of SOD required to produce a 50 % inhibition of NBT reduction. The reaction mixture
contained 50 mM potassium phosphate buffer (pH 7.8), 33 mM NBT, 10 mM methionine
and 1.17 μM riboflavin. Three millilitres of the reaction medium was added. Reactions
were carried out at 25 °C under a light intensity of about 40 W for 30 min. Identical
solutions were kept in the dark and served as blanks. The absorbance was read
spectrophotometrically at 560 nm against the blank. SOD activity was expressed in
unit per milligram protein.

The SOD activity gel assay carried out was also based on the inhibition of NBT reduction
by SOD. Plant extracts containing equal amounts of proteins were subjected to discontinuous
polyacrylamide gel electrophoresis (PAGE) under non-denaturing and non-reducing condi-
tions. Native PAGE of SOD was performed on a 12 % resolving gel. After electrophoretic
separation, the staining for SOD activity was performed by a modified method of
Beauchamp and Fridovich [6]. The gel was soaked in a solution of 50 mM potassium
phosphate buffer (pH 7.8), 2.5 M NBT, 28 mM riboflavin and 28 mMN,N,N′,N′-
tetramethylethylenediamine (TEMED) in darkness for 20 min and then exposed to a
light box until the SOD activity bands became visible. The enzymes appeared as
colourless bands in a purple background.

Catalase (CAT) (EC 1.11.1.6) Activity

In order to determine CAT activity, the assay medium contained 50 mM potassium phosphate
buffer (pH 7.0), 15 mM H2O2 and 50 μl enzyme extract in a final volume of 3 ml. The
decrease in the absorbance of H2O2 was recorded at 240 nm for 3 min. One unit of activity was
defined as the amount of enzyme catalyzing the decomposition of 1.0 μmol H2O2min−1 mg−1

protein, calculated from the extinction coefficient (36 M−1 cm−1) for H2O2 [1].
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Peroxidase (POD) (EC 1.11.1.7) Activity

POD activity was determined as described by Plewa et al. [31]. The assay mixture was
consisted of 50 μl of the enzyme extract, 100 mM phosphate buffer (pH 7.0), 0.1 μM
EDTA, 10 mM guaiacol and 15 mM H2O2 in a total volume of 2 ml. Guaiacol oxidation
(tetraguaiacol formation) was monitored by reading the absorbance at 470 nm at the
moment of H2O2 addition and continued for 3 min. The difference in absorbance
(ΔA470) was divided by the molar extinction coefficient of tetraguaiacol
(26.6 mM−1 cm−1). The enzyme activity expressed as micromole per minute per
milligram protein.

Ascorbate Peroxidase (APX) (EC 1.11.1.1) Activity

APX activity was determined according to Asada and Takahashi [2]. The reaction
mixture (1.0 ml) contained 50 mM potassium phosphate buffer (pH 7.0), 0.5 mM
ascorbic acid, 1.0 mM H2O2 and 50 μl of enzyme extract. The absorbance was read
at 290 nm against the blank (extinction coefficient 2.9 mM−1 cm−1) for 3 min. The
enzyme activity was expressed in micromole ascorbate (ASC) per minute per milli-
gram protein.

Glutathione Reductase (GR) (EC 1.6.4.2) Activity

GR activity was measured according to Foyer and Halliwell [10], with minor modifications,
which depends on the rate of decrease in the absorbance of oxidized glutathione (GSSG) at
340 nm. The assay mixture was consisted of 50 μl of the enzyme extract, 100 mM
phosphate buffer (pH 7.8), 0.1 μM EDTA, 0.05 mM NADPH and 3.0 mM GSSG in a
total volume of 1.0 ml. The rate of NADPH oxidation was monitored by reading the
absorbance at 340 nm at the moment of H2O2 addition and was carried out for 3 min.
GR activity was calculated from the reduced GSSG concentration (extinction coeffi-
cient 6.2 mM−1 cm−1). The enzyme activity was expressed in micromole NADPH per
minute per milligram protein.

Polyphenol Oxidase (PPO) (EC 1.10.3.1) Activity

PPO activity was determined according to a modified version of the method as described by
Flurkey and Jen [9]. The assay mixture was consisted of 50 mM potassium phosphate buffer
(pH 6.5), 0.2 M catechol solution as a substrate and 50 μl enzyme extract in a total volume of
3 ml. Quinone formation was monitored by reading the increase of absorbance at
420 nm for 3 min. The enzyme activity was expressed as micromole quinone per
minute per milligram protein.

Phenol Content

The amount of phenolic compounds in leaves was measured using Folin and Ciocalteu's
reagent [36]. One hundred milligrams of fresh leaves was homogenized in 1.5 ml of 95 %
ethanol and kept for 24 h in the dark. The homogenates were centrifuged at 13,000 rpm for
10 min. To 1.0 ml of supernatant, 1.5 ml of 95 % ethanol and 5 ml of distilled water
were added. To this mixture, 0.5 ml of 50 % Folin's reagent and 1.0 ml of 5 %
sodium carbonate were added. After vortexing, the mixture was kept in the dark for
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1 h before reading each sample at 725 nm. Samples were quantified using a standard
curve based on a gallic acid.

Analysis of Ascorbate and Glutathione Pools

Two hundred milligrams of fresh leaves was ground with 1.5 ml of 5 % metaphosphoric acid
containing 1.0 mM EDTA and centrifuged at 14,000 rpm at 4 °C for 10 min. The ASC and
dehydroascorbate (DHA) content were measured according to a modified version based on the
method of Kampfenkel et al. [17]. Total glutathione, GSSG, and GSH were assayed according
to the method of Griffith [12].

Total ASC was determined in a reaction mixture of 1.0 ml containing 200 μl plant extract,
200 μl of 0.2 M phosphate buffer (pH 7.4) and 200 μl of 10 mM dithiothreitol. After shaking
and incubating at room temperature for 30 min, 100 μl of 0.5 %N-ethylmaleimide was added,
followed by incubation for 10 min at room temperature. ASC levels were determined in the
same way, except that dithiothreitol and N-ethylmaleimide were substituted with water.
Colouring was obtained by adding 200 μl of 10 % trichloroacetic acid, 200 μl of 42 %
phosphoric acid, 200 μl 2,2′dipyridyl dissolved in 70 % ethanol and 100 μl of 3 % ferric
chloride. After shaking, the mixture was incubated at 42 °C for 40 min, after which the
absorbance was recorded at 525 nm [17]. The concentration of DHA was calculated as the
difference between total ascorbate and ASC. A standard curve in the range of 0–100 μg ml−1

of ASC was prepared.
The levels of GSH were measured spectrophotometrically by monitoring the reduction of

5,5-dithio-bis-(2-nitrobenzoic acid) at 412 nm. In order to determine the glutathione pool,
400 μl of the supernatant was neutralized with 600 μl of 0.5 M phosphate buffer (pH 7.5). For
the GSSG assay, GSH was made by adding 20 μl 2-vinylpyridine to the neutralized extract,
whereas 20 μl water was added to the aliquots for the total glutathione pool (GSH+GSSG)
assay. Tubes were mixed until an emulsion was formed. The glutathione content in 1.0 ml of
reaction mixture containing 0.2 mM NADPH, 100 mM phosphate buffer (pH 7.5), 5 mM
EDTA, 0.6 mM 5,5′-dithiobis(2-nitrobenzoic acid) and 100-μl sample was obtained as
described above. The reaction was started by adding 3 units of GR and was monitored by
measuring the changes in the absorbance at 412 nm for 1 min. The concentration of GSH was
calculated as the difference between total glutathione and GSSG. A standard curve was
developed based on GSH in the range of 0–50 μM.

Statistical Analysis

The experiment included three biological replicates and each replication comprised up
to 12 plants. The experimental set-up was designed by using a randomized complete
block designs with three replications. The data were analyzed by the Duncan test's
SPSS (version 16) statistical package to assess significant differences (at 5 % level)
among means.

Results

To compare the effect of PEG and PBZ on the antioxidant system of Stevia, first, we measured
the H2O2 content. Data indicated that H2O2 content significantly increased in PEG-treated
plants, and the highest increase was observed in 6 % PEG, by about 64 % higher than that of
control plants without treatment (Fig. 1a). PBZ treatment alone did not increase H2O2 content.
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As expected, PBZ treatment limited the effect of PEG on H2O2 content. Interestingly, the
highest H2O2 content in PBZ-treated plants was observed in 6 % PEG+PBZ treatment, but it
was only by about 37 % higher than that of control plants without PBZ and PEG treatments.
Next, we were interested to know how the total antioxidant activity of plant was affected by
treatments, so we measured the total antioxidant capacity of plants with the FRAP method.
Results of the evaluations revealed a significant increase in the total antioxidant capacity of
plants in 4 and 6 % PEG (Fig. 1b). Surprisingly, PBZ treatment holds the total antioxidant
capacity of Stevia plants the same as PEG treatment alone, and no significant differences were
observed between PEG treatment and PEG+PBZ treatment.

In the next step of our study, APX, POD, SOD, CAT, PPO and GR were the selected
enzymes to study the effect of PEG and PBZ treatments on the enzymatic antioxidant defence
system of S. rebaudiana. Measurement of the activity of key enzyme of SOD, involved in the
first step of ROS detoxification processes, revealed that PEG treatment had no significant
effect on it (Fig. 2a). PBZ (with or without PEG) treatment significantly decreased SOD
activity as compared with PEG treatment alone. In PBZ+PEG-treated plants, SOD activity
was almost the same in different concentrations of PEG. Additionally, the native PAGE
analysis did not reveal any clear variations in SOD activities in different treatments of PEG
and PBZ (Illustration 2). Also, the noted reduction of SOD activity in PBZ-treated plants was
not detectable on the gel.

As the enzymes CAT, POD and APX catalyze dismutation reactions of H2O2 into H2O and
are indispensable for ROS detoxification during stress conditions, we measured their activities.
At first, we started with CAT because it is an important enzyme in the removal of H2O2

generated in peroxisomes. PEG treatment induced a significant enhancement in the CAT
activity, and the highest CAT activity was observed at 4 % PEG (48 % higher than that of
control plants without treatment). CAT activity significantly improved in PBZ treatment with
or without PEG. PBZ treatment increased CAT activity in the PEG-treated plants to a level
higher than that of PEG treatment alone. Regarding CAT, the greatest activity was observed in
4 % PEG+PBZ, by about 65 % higher than control plants without treatment.

As suspected, the activity of POD significantly increased in PEG treatment with the highest
activity observed at 4 and 6 % PEG (Fig. 2c). Although PBZ treatment alone and 2 % PEG+
PBZ treatment had no significant effect on POD activity, PBZ treatment with 4 and 6 % PEG
significantly increased it more than that in control plants without treatment. APX activity
significantly increased in PEG-treated plants higher than that of control plants without
treatment (Fig. 2d). PBZ treatment gave no significant effect on APX activity in PEG-
treated plants comparing with the PEG treatment alone. GR enzyme belongs to ascorbate–

Fig. 1 Effect of PEG treatment (0, 2, 4 and 6 %w/v) and paclobutrazol (0 and 2 mg l−1) on the H2O2 (a) and
FRAP (b) values in S. rebaudiana
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glutathione cycle that is a metabolic pathway to detoxify H2O2. PEG treatment showed no
significant effect on GR activity, with the exception of 6 % PEG which significantly decreased
GR activity, by about 30 % less than that of control plants without treatment (Fig. 2e). PBZ
treatment prevented the effect of PEG on GR activity. In PBZ+PEG treatment, GR showed a
significant higher activity than the same level of PEG without PBZ.

As phenols are important criterions to evaluate stress tolerance in plants, we examined the
activity of PPO and the phenol contents. The activity of PPO significantly increased under
PEG treatment, but there were no significant differences between different concentrations of
PEG (Fig. 2f). PBZ treatment significantly inhibited the effect of PEG treatment on PPO
activity because PPO activity in PBZ-treated plants was almost the same as in control plants

Fig. 2 Effect of PEG treatment (0, 2, 4 and 6 %w/v) and paclobutrazol (0 and 2 mg l−1) on the activity of SOD
(a), CAT (b), POD (c), APX (d), GR (e) and PPO (f) in S. rebaudiana

Illustration 2 Native PAGE, stained for SOD isoenzymes in S. rebaudiana under PEG treatment (0, 2, 4 and
6 %w/v) and paclobutrazol (0 and 2 mg l−1)
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without treatment. Analysis of phenolic contents revealed a considerable increase under PEG
treatment (Fig. 3). The highest amount of phenols was observed at 6 % PEG, by about 55 %
more than that in control plants. PBZ treatment by itself had no significant effect on phenols.
Interestingly, PBZ treatment limited the effect of PEG on phenols. In PBZ-treated plants, the
highest phenol content was detected in 6 % PEG+PBZ treatment which was by about of that
in 2 % PEG without PBZ.

To understand how PEG and PBZ treatments affect non-enzymatic antioxidants, the
ascorbate and glutathione pools were measured. Considering the ascorbate pool, a significant
increase was observed in the PEG-treated plants (Fig. 4). For example, in the 4 % PEG, the
increase in ASC (Fig. 4a), DHA (Fig. 4b) and total ascorbate (Fig. 4c) levels was about 59, 50
and 52 % more than that in the control plants without treatment respectively. In PBZ-treated
plants, the ascorbate pool was significantly higher than that in control plants, and it was almost

Fig. 3 Effect of PEG treatment (0, 2, 4 and 6 %w/v) and paclobutrazol (0 and 2 mg l−1) on the phenol content in
S. rebaudiana

Fig. 4 Effect of PEG treatment (0, 2, 4 and 6 %w/v) and paclobutrazol (0 and 2 mg l−1) on the ASC (a), DHA
(b), total ascorbate (c) and ASC/DHA ratio (d) in S. rebaudiana
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the same as that in plants treated with PEG alone. The value of the ASC/DHA ratio showed no
significant changes under PEG and PBZ treatments (Fig. 4d).

The total glutathione (Fig. 5c) and GSH (Fig. 5b) contents were not affected by PEG and
PBZ treatments (Fig. 5). The level of GSSG (Fig. 5a) did not show significant changes in PEG
treatment, while a significant reduction was observed in PBZ with or without PEG treatment.
The GSH/GSSG value significantly increased in PBZ-treated (with or without PEG) plants,
but PEG treatment had no significant effect on this ratio (Fig. 5d).

Discussion

Oxidative stress arises from an imbalance in the generation and metabolism of ROS, with more
ROS (such as H2O2) being produced than metabolized. H2O2 generation via superoxide during
electron transport was increased in response to environmental stresses such as excess excita-
tion (light) energy, drought and cold [4]. There have been many reports of the increased
activities of SOD under abiotic stresses induced with tissue culture techniques, including
heavy metals, salinity, and drought [5, 30, 32–34, 43]. As suspected, the higher H2O2 observed
in PEG treatment was slightly scavenged by PBZ treatment in S. rebaudiana. Surprisingly, a
correlation was observed between SOD activity and H2O2 contents in treated plants because
SOD activity similar to the H2O2 levels in PBZ+PEG treatment was less than that in PEG
treatment alone. Kraus and Fletcher [20] proposed that PBZ increased SOD activity, but in our
results, no such increase was observed. Therefore, it seems that plants do not apply the same
mechanisms against oxidative stress. Shukla et al. [35] have demonstrated that S. rebaudiana is
an accessible source of natural antioxidants. It is interesting that the total antioxidant capacity
was the same in both groups of PEG treatment and PEG+PBZ treatment, while lower H2O2

was observed in PEG+PBZ treatment. These data suggested that the reduction of

Fig. 5 Effect of PEG treatment (0, 2, 4 and 6 %w/v) and paclobutrazol (0 and 2 mg l−1) on the GSSG (a), GSH
(b), total glutathione (c) and GSSG/GSH ratio (d) in S. rebaudiana
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H2O2 accumulation in S. rebaudiana in the PBZ+PEG-treated plants might be corre-
lated to a lower SOD activity or higher scavenging activity by antioxidants. In other
words, these data strongly suggested that PBZ prevented the increase of H2O2 induced
by PEG.

The accumulation of H2O2, if accompanied by enhanced scavenging mechanisms like CAT
and POD enzyme activities, has been considered as an important antidrought mechanism to
cope with oxidative stress during water deficit conditions [24]. Our data showed that CAT
activity of the leaf extract of Stevia plants is more than POD and APX activities, so probably,
CAT is the most critical enzyme in Stevia in detoxifying H2O2. PBZ treatment improved CAT
activity in PEG-treated plants to a level higher than that of the same PEG treatment without
PBZ. In agreement with our finding, triadimefon (a triazole plant growth regulator) increased
CAT activity in Catharanthus roseus [16]. POD activity was significantly induced by PEG
treatment, while PBZ treatment slightly changed the effect of PEG on POD. In conclusion,
CAT is more active in PBZ-treated plants than in POD, so the lower accumulation of H2O2 in
PBZ-treated plants might be correlated to a higher CAT activity.

PPO is responsible for the oxidative browning which accompanies plant senescence,
wounding and responses to pathogens [38]. PPO activity and phenolic levels significantly
increased in PEG treatment, whereas PBZ treatment prevented the increase of phenolic
compounds and PPO activity stimulated by PEG. The present results support the correlation
between PPO enzyme and phenol contents. The role of induced leaf PPO activity is concom-
itant with increases in total phenolic content during drought stress [38]. Phenols are very
important plant constituents because of their scavenging ability, which is mainly due to their
hydroxyl groups [15]. PPO overexpression increases photo-oxidative damage during drought
stress, but its suppression had an increase in stress tolerance in tomato [38]. According to our
finding, a linear relationship between the H2O2 content and phenolic compounds in PEG and
PBZ treatments supports the tendency of the phenolic compounds and antioxidant activity in
S. rebaudiana.

The ascorbate–glutathione cycle has been shown to be of great importance in multiple
stress reactions [8]. Since APX and GR are key enzymes of the ascorbate–glutathione cycle
[28], this pathway could be a potential mechanism for the adaptation of S. rebaudiana to PEG
treatment. The present analyses demonstrated critical differences in response to PEG between
APX and GR activities. APX is involved in scavenging of H2O2 in the ascorbate–glutathione
cycle and utilizes ascorbic acid as the electron donor to produce DHA [28]. PEG treatment
increased APX activity which was followed by an increased ascorbate pool. Comparing ASC
and DHA contents, S. rebaudiana seemingly prefers to accumulate DHA rather than ASC. In
contrast with PEG, PBZ treatment alone had no significant effect on the APX activity and the
ascorbate pool. From our results, it can be deduced that the ascorbate pool acts as an effective
ROS scavenger in S. rebaudiana. It should be noticed that PBZ treatment was not effective to
limit the effect of PEG on the ascorbate pool and APX activity.

The total glutathione and GSH are stable under PEG and/or PBZ treatment, but a significant
reduction was observed in GSSG under PBZ treatment. Zhang and Kirkham [44] reported that
drought stress decreased GSSG level in Sorghum. The activity of GR significantly decreased in
PEG treatment. This was also observed in drought-sensitive Lycopersicon esculentum plants
under drought stress, whereas GR activity significantly increased in drought-tolerant
Lycopersicon peruvianum [40]. From our results, a correlation between GSSG and GR might
be inferred. The reduction of GR activity in PEG-treated plants was not followed by any
change in GSSG accumulation. The GSSG content in PBZ-treated plants decreased because
GR activity was constant and consumed GSSG. Comparison of two maize cultivars differing
in drought resistance showed that the more tolerant cultivar had a twofold higher GR activity
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when leaf discs were exposed to H2O2 and paraquat [29]. The results show that the reduction
in GSSG had no effect on the glutathione pool because Stevia plants would rather accumulate
GSH almost 100 times more than GSSG. In sunflower, GSSG was not generally detectable
[44]. DHA and GSH are the two major water soluble antioxidants which scavenge ROS to
maintain the integrity of cell structures and the proper functions of various metabolic pathways
[19]. In summary, the correlation between the ascorbate and glutathione pools cannot be easily
explained, and further research is warranted to explain some of our results. As mentioned
before, S. rebaudiana seemingly prefers to accumulate DHA and GSH. At this moment, it is
not known why the accumulation of ascorbate and glutathione did not follow the same trend in
S. rebaudiana.

In summary, the present study provided data that S. rebaudianamobilized APX, CAT, PPO
and POD enzymes together with the ascorbate pool to response to oxidative stress.
Furthermore, under these stresses, Stevia accumulated higher levels of phenolic compounds
to scavenge free radicals. PBZ reduced the negative effect of PEG treatment by limiting SOD
activity and H2O2 accumulation and increasing CAT activity. PBZ also decreased the effect of
PEG on PPO and phenols. The interaction between the production and the scavenging of ROS
maintains the plants in a relatively stable state. It should be noticed that the described results in
this investigation are limited to in vitro culture, and more research on PEG treatment of plants
growing in pots is warranted to draw a more reasonable conclusion. Our results reported in the
present study also provide knowledge that could be applied for improvement of drought
tolerance in Stevia using biotechnological approaches.
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