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ABSTRACT

Hydroponic experiments were performed to investigate physiological mechanisms of selenium (Se)
mitigation of As toxicity in sunflower. The exposure of plants to 10 uM arsenic (As) inhibited
biomass production and intensively increased accumulation of As in both roots and leaves. As also
enhanced hydrogen peroxides (H,O,) content and lipid peroxidation as indicated by
malondialdehyde (MDA) accumulation. Presoaking seeds with Se (5, 10 and 20 yM) markedly
alleviated the negative effect of As on plan growth and led to a decrease in oxidative damages as
evidenced by the lowered H,O, and MDA content. Se particularly enhanced the activities of
catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX), but lowered that of
superoxide dismutase (SOD). As important antioxidants, ascorbate (AsA) and glutathione (GSH)
contents in sunflower leaves exposed to As were significantly decreased by Se treatment. These
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sunflower seedling.

results reveal the potentiating effect of selenium in regulating Arsenic induced oxidative stress in

Keywords: Antioxidants; arsenic; selenium; Helianthus annuus; oxidative stress.

1. INTRODUCTION

Arsenic (As) is ubiquitous in nature appearing in

various chemical forms, mainly due to
differences in soil redox potential, pH and
biological activity. Inorganic As species are

considered more toxic than organic ones [1].
Arsenic, like other metals and metalloids can
either be taken up by plants or washed down into
the groundwater, and present a risk to human
health. However, the most important factor
determining whether arsenic in the soil gets into
the plant-based food crops we eat every day, is
the genetic makeup of the plant itself [2].

Arsenic affects the growth and development of
plants, and causes toxicity resulting in various
biochemical and physiological disorders [3]. At
the morphological level, an excessive amount of
As causes stunted growth [4], leaf chlorosis and
necroses [5], reduction in leaf area and
photosynthesis activities [6]. At cell level, Arsenic
induces oxidative stress as evidenced by
enhanced lipid peroxidation, hydrogen peroxide
(H20,) production and ion leakage [3].

Despite the fact that arsenic is a nonessential
element for plants, it is easily taken up by roots
and transported to other parts of the plant, being
toxic to living cells at very low concentrations [3].
This feature makes arsenic a serious problem
since the As-enriched plants can be transferred
to the food chain. Therefore, this toxic element
could be incorporated into the human diet
through edible plants, causing toxicity [7].

Selenium, in contrast, is an essential
micronutrient  necessary for  antioxidative
reactions and hormone balance in human and
animal cells. The antioxidant and
anticarcinogenic properties attributed to some
seleno compounds [8] justify the increasing
interest in growing selenium-enriched
vegetables, which represent an important source
of this element in the human diet [9]. According
to current thinking, higher plants do not require
Se, and the question of whether Se is an

essential element to plants remains
controversial. Recent studies suggest that
selenium may be beneficial to biological

functions in plants [10,11] due to its antioxidative

action. However, Se often exerts a dual effect on
plant growth. At lower concentration, Se can
protect plants against the damage induced by
heavy metals, drought [12], UV-B [13], salt [14],
water [15] and high temperature [16]. Whereas at
higher dose, Se acts as a pro-oxidant and cause
damage to plants [10].

It is of considerable interest to know whether
external Se could act as a regulator or capable of
initiating antioxidant intervention strategy to
respond to oxidative stress brought about by As.
In fact, accumulating evidence suggested that Se
exerts positive effects, such as, growth
improvement, increase of antioxidative capacity,
reduction of reactive oxygen species (ROS) and
lipid peroxidation product [17]. Consequently, the
main objective of this study was to investigate
the potential role of external Se in modulating
As-induced oxidative stress and to provide a
basis for developing strategies to reduce risks
associated with As toxicity.

2. MATERIALS AND METHODS
2.1 Plant Material and Growth Conditions

Seeds of sunflower (Helianthus annuus) were
sterilized and divided into two groups. One half
of the seeds were soaked in Se (5, 10 and 20
UM) as selenate solution (Na,SeO, 10 H,0) for
24 h, the other half of the seeds was soaked in
water (control), and then the both groups were
allowed to germinate on moist filter paper in the
dark. Four-day-old, dark grown seedlings, were
transferred to plastic beakers (6 L capacity, 6
plants per beaker) filled with nutrient solution
containing: 1.0 mM MgSOQ,, 2.5 mM Ca(NOj;),,
1.0 mM KH,PO,, 2.0 mM KNO3;, 2.0 mM NH,CI,
50 pyM EDTA-Fe-K, 30 pM H3;BO; 10 uM
MnSQO,, 1.0 uM ZnS0Oy4, 1.0 yM CuSO, and 30
MM (NH4)sMo70,4. After an initial growth period
of 5 days, treatments were performed by adding
10 pM Na,HAsO, to the nutrient solution. As
dose used in this work are chosen appropriately
to expose the plants to moderate levels of As.
Plants were grown in a growth chamber with a
16-h-day (25°C)/8-h-night (20°C) cycle, an
irradiance of 150 pmol m? s”, and 65-75%
relative humidity. The nutrient solution was
buffered to pH 5.5 with HCI/KOH, aerated, and
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changed twice per week. After 4 days of As-
treatment, roots of the harvested plantlets were
soaked in 20 mM EDTA for 15 min to remove
adsorbed metals and washed carefully using
distiled water to eliminate any contamination.
Primary leaves were harvested and immediately
stored in liquid nitrogen. Three independent
culture experiments were performed in order to
check reproducibility. For biomass production, As
determination and biochemical analyzes, five
plantlets from each replication of all treatments
were selected.

Total

2.2 Determination of Arsenic

Concentrations

Dry plant material was powdered and wet-
digested in acid mixture (HNO3:HCIO,4, 3:1, v/v)
at 100°C. As concentrations were determined by
atomic absorption spectrophotometer (Perkin-
Elmer, Analyst 300) using an air-acetylene
flame.

2.3 Determination of Lipid Peroxidation,
Hydrogen Peroxide Production,
Glutathione (GSH) and Ascorbate
(AsA) Pool

The level of lipid peroxidation in plant leaves was
determined by estimation of the thiobarbituric
acid reactive substances (TBARS) which was
expressed as the malondialdehyde (MDA)
concentration based on the method of Hodges et
al. [18]. Briefly, fresh leaf sample (0.2 g) was
ground in 0.1% (w/v) trichloroacetic acid (TCA)
and the homogenate was centrifuged at 10.000 g
for 5 min. To 1 mL supernatant, 4 mL (TBA) [5%
TBA (w/v) in 20% TCA (w/v)] was added. The
mixture was heated at 100°C for 30 min and then
cooled in an ice bath. After centrifugation at
10.000 g for 10 min, the absorbance of the
supernatant was measured at 532 nm. The value
was corrected for the non specific absorption at
600 nm. Lipid peroxidation level was expressed
as nmol MDA formed using an extinction
coefficient of 155 mM™ cm™.

Hydrogen peroxide (H.,O,) levels were
determined according to Sergiev et al. [19]. Leaf
tissue (0.5 g) was homogenized in an ice bath
with 5 mL TCA (0.1%, w/v). The homogenate
was centrifuged at 12.000 g for 15 min and 0.5
mL of the supernatant was added to 0.5 mL
potassium phosphate buffer (10 mM, pH 7.0) and
1 mL potassium iodide (KI) (1 M). The
absorbance of the supernatant was measured at
390 nm and the concentration of H,O, was

obtained using a standard curve. Results were
expressed as nmol g"'DW.

Glutathione (GSH) concentration was determined
by the method of Ellman [20] based on the
development of a yellow colour when 5,5-
dithiobis-2-nitrobenzoic acid (DTNB) was added
to compounds containing sulfhydryl groups. 500
pL tissue homogenate in phosphate buffer were
added to 3 mL 4% (v/v) sulfosalicylic acid. The
mixture was centrifuged at 3.000 g for 15 min.
Then, 500 ul supernatant were taken and added
to Ellman’s reagent. The absorbance was
measured at 412 nm after 10 min of reaction.
Total GSH concentration was expressed as pmol
g'Fw.

Ascorbate (AsA) concentration was determined
spectrophotometrically by using dinitrophenyl-
hydrazine according to Mukherjee and
Choudhuri [21]. The assay is based on the
reduction of Fe*" to Fe®* by AsA. Briefly, leaf
samples were powdered in liquid nitrogen and
extracted in 6% (w/v) trichloroacetic acid (TCA),
2% (wi/v) dinitrophenyl-hydrazine in 50% H,SO,
and 10% (v/v) thiourea in 70% ethanol. The
homogenate was boiled in a water bath for 15
min, cooled at room temperature, and
centrifuged at 1.000 g for 10 min at 4°C. The
resulting pellet was dissolved with 80% H,SO,.
The absorbance was measured at 530 nm. A
calibration curve was prepared using ascorbic
acid as standard and utilised for calculations.
Results were expressed as umol g'1 FW.

2.4 Determination of Antioxidative
Enzyme Activities

Frozen leaf tissue (0.4 g) was homogenized in 4
mL ice-cold extraction buffer (50 mM potassium
phosphate, pH 7.0, 0.4% PVPP) using a pre-
chilled mortar and pestle. The homogenate was
squeezed through a nylon mesh and centrifuged
for 30 min at 14.000 g at 4°C. The supernatant
was used for assays of the activities of
superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) and glutathione
peroxidase (GPX). All spectrophotometric
analyses were conducted at 25°C by using a

Perkin Elmer's LAMBDA 25/35/45 UV/Vis
spectrophotometer.
SOD (EC1.15.1.1) activity was assayed by

measuring its ability to inhibit the photochemical
reduction of nitroblue tetrazolium (NBT) following
the method of Beauchamp and Fridovich [22].
The reaction mixture (1 mL) included 50 mM
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phosphate buffer (pH 7.4), 13 mM methionine,
75 uM NBT, 0.1 mM EDTA, 2 uM riboflavin and
100 pL enzyme extract. The reaction was
allowed to proceed for 15 min illuminated with
fluorescent tubes. Absorbance of the reaction
mixture was read at 560 nm. SOD activity was
expressed as U mg'1 protein. One unit of SOD
activity was defined as the amount of enzyme
that caused 50% inhibition of photochemical
reduction of NBT.

CAT (EC1.11.1.6) activity was assayed by the
decomposition of hydrogen peroxide according
to Aebi [23]. The reaction mixture (1 mL)
consisted of 100 mM phosphate buffer (pH 7.0),
0.1 mM EDTA, 0.1% H,O, and 100 yL enzyme
extract. The decrease of H,O, was monitored at
240 nm and quantified by its molar extinction
coefficient (€=39.4 mM” cm'1). CAT activity was
expressed as U mg'1 protein.

APX (EC1.11.1.1) activity was determined by the
method of Nakano and Asada [24]. The reaction
mixture (2 mL) contained 50 mM phosphate
buffer (pH 7.8), 0.1 mM EDTA, 0.3 mM
ascorbate, 0.1 mM H,O, and 100 pL enzyme
extract. The reaction was initiated by addition of
H,0O; and the oxidation rate of ascorbic acid was
estimated by following the decrease in
absorbance at 290 nm. Activity of APX was
calculated by wusing the molar extinction
coefficient for ascorbate (¢=2.8 mM™' cm™). APX
activity was expressed as U mg™ protein.

GPX (EC 1.11.1.9) activity was measured by a
spectrophotometric method according to Drotar
et al. [25]. The reaction mixture (250 pL)
contained 2 mM glutathione, 1 mM NADPH,
1mM EDTA, 2mM t-butyl hydroperoxide and
0.5 ug of glutathione reductase in 100 mM
sodium phosphate buffer (pH 7.0) and 10 ug of
extracted proteins. The rate of NADPH oxidation
was measured at 340 nm. GPX activity was
expressed as U mg'1 protein.

2.5 Determination of Soluble Protein

Concentration

Soluble protein concentration was measured
according to Bradford [26] using the bovine
serum albumin (BSA) protein assay reagent
(Pierce, BSA Protein Assay Kit, USA) with BSA
as the standard protein.

2.6 Statistical Analysis

All statistical analyses were carried out with
GraphPad Prism 4.02 for Windows (GraphPad

Software, San Diego, CA). Significant differences
between treatment effects were determined by 1-
way ANOVA, followed by Tukey’'s post-hoc test
for multiple comparisons with statistical
significance of P<0.05. Number of replications
(n) in tables/figures denotes individual plants
measured for each parameter among 13-day-old
plants. Results were expressed as mean *
standard error of the mean (mean + SEM).

3. RESULTS

3.1 Effects of Se Pretreatment on Growth
Response and As Distribution

In the present study, we have examined the
effect of As on developing sunflower seedling
after 4 days treatment of hydroponic culture, and
the subsequent effect of Se in conferring
tolerance to As toxicity. Exposure to As (10 uM)
decreased both root and leaf fresh weights by
about 55% and 40%, respectively (Table.1).
Under As stress conditions, pre-soaking with Se
significantly promoted plant growth and markedly
alleviated As-induced growth inhibition (Table.1).
The best-growing seedlings were consistently
apparent with lower Se (5 uM) dose (increase by
about 27% and 32% in root and leaf fresh
weights, respectively, compared to As-treated
plant). Whereas, at higher Se doses (20 uM), no
significantly  difference  was observed as
compared to As-treated plants (Table 1).

The effects of Se supplementation on As
contents in sunflower leaves are summarized in
Table 2. As addition to the nutrient solution
resulted in a high accumulation of this metal
within plant organs reaching 4.201 mg g'1 DW in
roots and a value of 0.0641 mg g”' DW in leaves
(Table 2). Pretreatment with Se significantly
decreased As concentration in both roots and
leaves. The most prominent effect was at 5 yM
Se, the concentration that significantly decreased
As accumulation by about 21% and 39%, in roots
and leaves, respectively. Contrarily, at highest
Se dose, no significantly difference was
observed as compared to As-treated plant
(Table 2).

3.2 Effects of Se Pretreatment on MDA,
H.0,, Glutathione (GSH) and
Ascorbate (AsA) Pool in Leaves of
Sunflower Seedlings under As Stress

Lipid peroxidation (MDA) increased upon As
exposure by nearly 2 times as compared to the
control (Table 3). Pretreatment with Se before As
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application decreased the level of MDA by about
40% and 28% at 5 and 10 uM, respectively. By
contrast, no major changes were observed at
higher Se dose (20 uM) or in the presence of Se
alone (Table 3).

Table 1. Effects of Se pretreatment on
biomass accumulations in sunflower seedling
submitted during 4 days to As stress. Data
are means * SEM (n=5). Values within rows
followed by the same letter(s) are not
significantly different according to Tukey’s
test, (P<0.05)

Se (uM) As in nutrient solution

0 (uM) 10(uM)
Root FW (g plant™)
0 1.65010.07b 0.750+0.09e
5 1.89040.09a 1.03040.09¢
10 1.850+0.08a 0.900+0.07d
20 1.62010.09b 0.735+0.08e
Leaf FW (g plant”)
0 2.220+0.08b 1.32+0.04e
5 2.780+0.09a 1.95+0.02c
10 2.750+0.08a 1.50+0.01d
20 2.450+0.06b 1.25+0.02e

Table 2. Effects of Se pretreatment on (As)
concentrations (ug g'1DW) in roots and leaves
of sunflower seedling submitted during 4
days to As stress. Data are means * SEM
(n=5). Values within rows followed by the
same letter(s) are not significantly different
according to Tukey’s test, (P<0.05)

Se (uM)  As concentration (mg g™ DW)
Roots Leaves

0 4.201+0.145a 0.0641+0.097a

5 3.3204£0.110b 0.0390+0.064b

10 3.692+0.122b 0.0445+0.056b

20 4.090+0.134ac 0.0580+0.058ac

The effects of Se and As on H,O, production are
summarized in Table 3. Compared to control,
treatment of plant with 10 uM As increased H,0,
content by nearly 3 times. Se alone did not
significantly affect H,O, production. By contrast,
presoaking with 5 uM of Se decreased leaf H,O,
content by 41% relative to As-stressed plants
grown without Se application.

GSH concentration increased under As stress
conditions by about 47%. Such an increase was
obviously less pronounced in Se-pretreated
plants before As application (Table 3). AsA
concentration significantly increased (+47%)
under As stress conditions as compared to

control (Table 3). This increase was reduced by
Se pretreatment by about 31.6% and 27.75%,
respectively, at 5 and 10 pM. In plants pretreated
with Se and non-subjected to As stress, no
significant difference with the control was
detected in leaf MDA, H,O,, GSH, and AsA
concentrations.

3.3 Effects of Se Pretreatment on
Antioxidant Enzyme Activities in As-
treated Plant Leaves

Arsenic application increased SOD activity by
about 46% as compared to the control (Fig. 1A).
By contrast, CAT, APX and GPX activities were
decreased in As treated leaves by about 41, 45
and 34% (Fig. 1B-D). Se application decreased
SOD activity upon As exposure and alleviated
the inhibitory effect of As on CAT, APX and GPX
activities. The most obvious effect was at 5 pM
Se, the concentration that induced an increase of
28.5%, 30% and 21% in CAT, APX and GPX
activities, respectively (Figs. 1B-D). In plants
pretreated with Se and non-subjected to As
stress, no significant difference with the control
was detected in leaf antioxidant enzyme
activities.

4. DISCUSSION

The present study was performed to investigate
the pronounced role of Se in protecting plant
from As induced oxidative stress in sunflower
seedling. In our experiment, the exposure of
plants to As treatment decreased both root and
leaf fresh weights and increased As
accumulation within plant organs. In agreement,
mungbean exposed to As showed depleted
shoot and root dry biomass [27]. Upon
translocation to the shoot, As can severely inhibit
plant growth by slowing or arresting expansion
and biomass accumulation, as well as
compromising plant reproductive capacity
through losses in fertility and fruit production [28].

The underlying mechanisms of As tolerance in
plants are not completely  explained.
Understanding the biochemical and molecular
responses to As stress is essential for the holistic
perception of plant resistance mechanisms under
As stress. The effects of various environmental
stresses on plants are known to be mediated, at
least partially, by an enhanced production of
reactive oxygen species (ROS) [29,30]. ROS and
MDA are the well known markers for determining
the extent of oxidative stress and considered to

105



Issam et al.; JABB, 3(3): 101-109, 2015; Article no.JABB.2015.037

be the most important contributors to growth
inhibition. Our results indicated that As exposed
plants had enhanced levels of H,O, and MDA
which together affected the cell membrane
functionality and integrity. These were in turn
interfering with the biosynthesis of photosynthetic
machinery and impaired the subsequent growth.
A drastic increase in H,O, may have as
consequence a lower extensibility of plant cell

walls, which can rapidly terminate growth [29].
This could explain the decrease in fresh mass
observed in sunflower leaves treated with 10 uM
of As.

Increase of H,O, content may also inactivate
enzymes by oxidizing their thiol groups.
However, in As-stressed plants pretreated with
Se, H,0, level and lipid peroxidation were much

Table 3. Effects of Se pretreatment on MDA, H202, GSH and AsA concentration in sunflower
leaves submitted during 4 days to As stress. Means of n=5*SEM from three independent
experiments. Different letters mean significance of difference between the treatments (P<0.05,

Tukey’s test)
Treatment MDA H,0, GSH AsA
Se (MM) As (uM) (nmolg '1FW) (nmol g '1FW) (umol g 1 FW) (pmolg'1 FW)
0 0 37.03+0.610c 50.21+£0.110d 13.65+£0.381d 6.67+0.260c
5 0 38.17+0.418¢c 48.56+0.319d 13.50+£0.318d 5.89+0.140c
10 0 37.29+0.501¢ 49.57+0.415d 12.87+0.388d 6.20+£0.282c
20 0 40.35+0.411c 51.09+0.354d 13.36+0.424d 6.45+£0.158c
0 10 72.50+0.625a 148.05+0.311a 26.08+0.579a 11.75+£0.393a
5 10 43.58+0.555b 87.32+0.358¢c 17.30+£0.450b 8.04+0.170b
10 10 52.26+0.544b 96.27+0.408¢c 20.10+£0.301c 8.49+0.167b
20 10 68.75+0.412a 131.35+£0.532ab 24.18+0.419a 10.5940.220a
35 3 A 10 a
9 a 1- a B
30 b 8 : - T
j%‘ 25 c : T 7 b b
2 | d d d g d c
;En 15 = - - g i
§ 10 § 3
5 2
1
[ 0
0 5 10 20 0 5 10 20
Se (uM) Se (um)
(0 um) As ™ (10 M) As (0 M) As W (10uM) As
25 35
g ¢ 2 aT c a a a o
T T 3 3 =
2 b T
T b c £ 25 b b .
§_ 1.5 d - ; 2 d
2 § 15
> 1 2
: 5
0.5 05
0 0]
) 5 10 20 0] 5 10 20
Se (UM) Se (kM)
(0uM) As - (10 uM) As (0 M) As M (10 uM) As

Fig. 1. Effects of Se pretreatment on SOD (A), CAT (C), APX (D) and GPX (E) activities in
sunflower seedling submitted during 4 days to As stress. Data are means * SEM (n=5). Values
within rows followed by the same letter(s) are not significantly different according to Tukey’s

test, (P<0.05)
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lower than in plants treated with As only. Se
subdued H,O, and MDA formation is supported
by several recent reports [16,27,30], which
indicated the protective effect of Se in lowering
H,0, and lipid peroxidation rate under As stress
conditions.

Recent studies have shown that, at low
concentrations, Se can protect plants from
various abiotic stresses by enhancing the
antioxidant capacity [11,13,14,30]. The present
study was performed to analyze the mechanisms
of the beneficial effect of Se on sunflower plants
exposed to toxic As dose. Se pretreatment
enhanced plant growth under As application and
the most prominent effect was observed at lower
Se dose. Whereas, at high dose Se acts as a
pro-oxidant and cause damage to plants [10].
Ameliorative impact of lower Se dose on
sunflower seedling can be attributed to the role
of Se in nutrient uptake [31], stomatal regulation
[32] and photosynthetic capacity [27]. Se is
believed to possess a strong ability to combine
with heavy metals, such as Cd, Hg, Ag and Pb,
to form nontoxic Se-metal complexes [31,33].
However, in plants, nontoxic Se-metal complexes
have not yet been detected.

The present work has provided strong evidence
of the protective role of Se against oxidative
stress resulting from As stress. It is possible that
in the presence of Se, a portion of the oxidative
radicals is removed in a non-enzymatic way [34].
Data obtained in this paper indicate that
sunflower seedling tried to cope with the As-
induced oxidative stress by strengthening their
antioxidant capabilities, since the AsA and GSH
levels were significantly increased upon As
exposure. Furthermore, our data suggest that
when Se-pretreated plants must cope with As-
induced oxidative damages, their AsA utilization
is higher than that occurring under As stress
only. This is substantiated by the behavior of
APX, the activity of which was more enhanced in
Se-pretreated plants subjected to As than in
those subjected to As only. Under As stress
condition, the reduction in leaf AsA content
induced by Se could be due to a less efficient
recycling of the AsA oxidized forms.

The data suggest that Se plays an important
antioxidant role in protecting plants from
oxidative stress. In Se-pretreated plants, the
initially decreased activies of SOD and
increased activities of CAT, APX and GPX
cooperatively controlled the As-induced H,O, at
high homeostatic levels contrarily to the mode

during plant—pathogen interactions [35]. It seems
to suggest that Se-reduced H,O, permit
sunflower seedling to respond more effectively to
As-induced oxidative damage. It is well
established that CAT has a high reaction rate but
a low affinity for H,O,, whereas APX has a high
affinity for H,O, and is able to detoxify low
concentrations of H,O, [36]. Therefore, it is
possible that stimulation of CAT and APX
activities by Se decreases the level of H,O, in
sunflower leaves, which may be a possible
mechanism in plant defense strategy against As-
induced oxidative stress. The possible
mechanisms of the Se-enhanced resistance
and/or tolerance of plants to As stresses have
not been fully clarified.

5. CONCLUSION

Accumulating evidence suggested that Se
activates protective mechanisms that can
alleviate oxidative stress in both enzymatic and
non-enzymatic ways. Therefore, based on these
findings, Se might be able to down regulate As-
induced oxidative damages through the inhibition
of ROS production and indirectly by regulation of
antioxidative system including GSH biosynthesis.
The regulation of ROS levels by Se may be a key
mechanism for counteracting Arsenic toxicity in
sunflower plants.
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