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Abstract

Arsenic affects plants by disrupting their growth and metabolism while sele-
nium, an essential micronutrient has beneficial role in stress tolerance. Owing
to the antioxidative capacity of selenium, it can counteract detrimental effects
of arsenic induced stress in plants. The interactive influence of arsenate and
selenate on the growth, arsenic and selenium accumulation, activities of non-
enzymatic and enzymatic antioxidants, levels of ascorbate, a-tocopherol, total
glutathione and activities of glutathione regulatory enzymes along with cha-
racterization and quantification of phytochelatins in growing wheat ( 7riticum
aestivum L.) seedlings were investigated. Rate of arsenic accumulation was
increased in arsenate treated seedlings while in seedlings treated jointly with
arsenate and selenate, arsenic accumulation decreased. Arsenate stress re-
sulted decrease in ascorbate and total glutathione contents, activities of the
glutathione metabolism enzymes while significantly increased the levels of
a-tocopherol and phytochelatins (PC2 and PC4), along with activities of as-
corbate peroxidase and ascorbic acid oxidase in the test seedlings. The effects
were more pronounced in roots than in shoots. Joint application of arsenate
along with selenate was able to overcome the adverse effects caused by arsenic
alone to variable extents by exhibiting significant alterations of all parameters
tested, imparting better growth and thiol metabolism in the test seedlings.
Our results conclude that application of selenium fertilizer in arsenic conta-
minated soil might be favourable to improve growth and defense ability in
wheat against arsenic toxicity.
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1. Introduction

Arsenic is found naturally in soils. The most common source of arsenic conta-
mination is ground water, where concentrations range between 0.01 mg1™' to 4
mg:1™" [1]. Arsenic in soil exists in two biologically important states-arsenate (V)
and arsenite (III). Arsenite, biologically the more active and toxic form [2] is the
major source to arsenic toxicity readily reacting with the sulthydryl groups of
proteins and inhibiting biochemical pathways, while arsenate, the dominant
form available to plants in well aerated soil, acts as a phosphate analogue and in-
terferes with phosphorylation reactions [3].

Arsenic adversely affects the growth and development of plants resulting in
various biochemical and physiological disorders. Morphologically excess arsenic
causes stunted growth, leaf chlorosis and necrosis, reduction in leaf area and
photosynthetic activities. At the cellular level, arsenic induces oxidative stress,
evidenced by enhanced lipid peroxidation, H,O, production and ion leakage [4].
Arsenic is easily taken up by roots and transported to other parts of the plant,
being toxic to living cells at very low concentrations. These features make arsen-
ic a serious problem as the As-enriched plants can be transferred to the food
chain. Presence of arsenic in irrigation water effects plant metabolism and leads
to various physiological and structural disorders. Photosynthetic apparatus, cell
division machinery, energy production and redox states are major section of
plants that are badly affected by arsenic [5]. It also decreases root-shoot growth,
and causes wilting and necrosis of leaf blade.

Selenium (Se) displays metalloid characteristics and occurs in different oxida-
tion states like selenide, elemental selenium, selenite and selenate. Although not
classified as a micronutrient for higher plants, Se exerts a beneficial effect on
growth and stress tolerance of the plants by enhancing their antioxidative capac-
ity. At lower concentration, Se can protect plants against the damage induced by
heavy metals. Se levels lower than 1 mg-kg™ in the soil can enhance the plant
growth because Se acts as antioxidant to decrease lipid peroxidation and increase
GPx activity [6]. Low concentration of selenate below 20 uM may be beneficial
to the overall growth and metabolism in wheat seedlings [4].

Due to the similar physical and chemical properties (ie., similar valence
shells, electronic structures, and atomic radii), As and Se compounds can be bi-
ologically antagonistic to each other [7]. Owing to the antioxidant role of Se, it is
hypothesized that Se can counteract the detrimental effects of As stress in plants
[8]. It has been shown that Se addition reduced As uptake as well as its translo-
cation from roots to fronds in Chinese Brake fern (Pferis vittata) [9], in wheat
[4] and in rice [10] [11].

Glutathione (GSH) is an antioxidant that prevents damage to important cel-
lular components caused by ROS during arsenic stress. Glutathione exists in
both reduced (GSH) and oxidized (GSSG) form. An increased GSSG/GSH ratio
is considered indicative of oxidative stress [12] [13]. In the reduced state of glu-
tathione, the thiol group of cysteine is able to donate a reducing equivalent (H" +

e”) to other unstable molecules, such as ROS. In donating an electron, gluta-
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thione itself becomes reactive, but readily reacts with another reactive gluta-
thione to form glutathione disulfide (GSSG). Such a reaction is probable due to
the relatively high concentration of glutathione in cells produced in response to
stress. GSH can be regenerated from GSSG by the activity of GR or GPx.

Phytochelatins (PCs) are a family of small, cysteine rich polypeptides pro-
duced in all higher plants under metal stress condition. They are synthesized
from GSH through the actions of the PC synthase [14]. The polypeptides have
the general structure ()-Glu-Cys)n-Gly, in which n = 2 - 11 and PC2, PC3 are
the most common [15]. PCs, possess a high antioxidant capacity and are thought
to be the most important mechanism of detoxification in plants subject to metal
stress, and are involved in the accumulation, chelation, sequestration and meta-
bolism of metal ions [16]. Reports on As toxicity in plants show a clear role for
PCs in the detoxification of As [17] [18].

Wheat is a leading source of vegetable protein in human food. In arsenic
prone areas, farmers use arsenic contaminated groundwater for wheat cultiva-
tion causing direct harm to human health. In the present work, we investigated
the potential role of Se application in modulating As induced oxidative stress
and thiol metabolism in wheat. This would help in providing a basis for devel-
oping strategies to reduce risks associated with toxicity in arsenic contaminated

soil.

2. Materials and Methods

2.1. Plant Material and Arsenate Treatments

Wheat (Triticum aestivum L. cv. PBW-343) seeds obtained from State Agricul-
tural Research Station, Burdwan, West Bengal, were surface sterilized with so-
dium hypochlorite (5% v/v), followed by repeated washing in sterilized distilled
water. About 50 seeds for each treatment were spread over in autoclaved petridishes
(® 10 cm) lined with filter papers. The seeds were kept in dark and humid condi-
tions for 48 hours in a germinator at 25°C + 2°C. The germinating seeds were ex-
posed to 20, 50, 100 uM concentrations of sodium arsenate (Na,HAsO,-7H,0O; Lo-
ba-Chemie, India) solutions (w/v) with or without 10 uM concentration of so-
dium selenate (Na,SeO,: Loba-Chemie, India) solution (w/v) and exposed to 16
hour photoperiod (260 umol-m s~ PFD) for 19 days in presence of modified
Hoagland solution, pH 7.2 (containing KH,PO,, KNO,, Ca(NO,),, MgSO,, H,BO,,
MnCl,-4H,0, ZnSO,-7H,0, CuSO,-5H,0, H,Mo00,-H,0) [19]. 10 uM concentra-
tion of selenate was selected out of various concentrations tested along with ar-
senate to overcome inhibition of growth and metabolism induced by arsenic.

The seedlings were harvested after 21 days for the following studies.

2.2. Growth and Biomass Measurements

The root and shoot lengths of arsenic and selenium treated wheat seedlings were
measured after 21 days. From each treatment, 10 seedlings were harvested and
weighed. The seedlings were allowed to dry at 70°C for 4 days and then at 100°C
for 3 days. After the stipulated period, dry weights of the samples were taken and
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to determine water contents, the differences between fresh weight and dry weight

of the seedlings were recorded [20].

2.3. Estimation of Arsenic and Selenium Contents

Total arsenic and selenium contents were measured from arsenic treated root
and shoot of test seedlings after 21 days of growth by acid digestion of oven
dried samples. The dried samples were digested in a Microwave Digestor using 7
ml HNO, (65%), 5 ml HCI and 2 ml H,O, for 60 minutes [21]. Arsenic and sele-
nium concentrations of the samples were determined by Atomic absorption
spectrophotometer (ICP-AES) Model No.6300 DUO (Thermofischer) with flow
injection hydride generation system, using a standard curve prepared from known
concentrations of arsenic and selenium. The arsenic and selenium contents were

expressed in terms of mg-kg™ DW.

2.4. Assay of Ascorbic acid oxidase (AOX; EC 1.10.3.3) Activity

AOX activity was assayed according to the method of [22]. 1 g sample was ho-
mogenized in 5.0 ml 0.1 M sodium phosphate buffer (pH 7.0), centrifuged at
12,000 g for 20 minutes and supernatant was used to assay the enzyme activity.
Reaction mixture consisted of 3 ml of 0.1 M sodium phosphate buffer (pH 7.0), 1
ml of 0.025% ascorbic acid (w/v) and 1 ml enzyme extract. After 30 minutes of
incubation the reaction was stopped by adding 5 ml of 10% TCA (w/v) and ti-
trated with 0.02 M DCPIP solution. The difference between the blank and sam-
ple OD determined the AOX activity and expressed as mg ascorbic acid decom-

posed mg™' protein min".

2.5. Assay of Ascorbate peroxidase (APX; EC 1.11.1.11) Activity

1 g sample was homogenized in 5.0 ml 0.1 M sodium phosphate buffer (pH 7.0)
containing 10% PVP, centrifuged at 12,000 g for 20 minutes and supernatant
was used to assay the enzyme activity. Reaction mixture consisted of 0.1 M so-
dium phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, 0.1 mM H,0,, 0.1 mM
EDTA, and enzyme extract in a final volume of 700 pl. The change in absor-
bance at 290 nm was recorded after 1 minute. APX activity was calculated using
extinction coefficient of 2.8 mM™".cm™ for ascorbate oxidized at 290 nm and ex-

pressed as mg ascorbic acid decomposed mg™' protein min™' [23].

2.6. Estimation of Ascorbate Content

1 g sample was homogenized in 6.0 ml ice-cold 6% TCA and homogenates was
centrifuged at 11,500 g for 15 minutes at 4°C. Ascorbate contents were deter-
mined according to [24] with modifications. Reaction mixture consisted of 4 ml
of supernatant, 2 ml of 0.2% DNPH in 0.5 N HCl, 0.01 ml 10% thiourea in 70%
ethanol. The mixture was kept in boiling water bath for 15 minutes, cooled and 5
ml concentrated H,SO, was added. Absorbance of the mixture was recorded at
530 nm. A standard curve was prepared using known concentrations of ascorbic

acid. Ascorbate contents were expressed as pg ascorbate g”' FW.
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2.7. Estimation of a-Tocopherol Content

The a-tocopherol contents of the samples were assayed according to [25]. 1 g
tissue was chopped and placed in 20 ml 0.1 N H,SO,, kept overnight and filtered.
A mixture of 1.5 ml supernatant and 1.5 ml ethanol was centrifuged at 5000 g for
5 minutes at 4°C to mix thoroughly. In the mixture 1.5 ml xylene was added and
vortexed. In upper xylene fraction containing tocopherol, 1 ml 2,2-dipyridyl
reagent (Merck) was added. The absorbance of the mixture was recorded at 460
nm. Then 0.33 ml FeCl, was added to each tube and incubated for 15 minutes to
develop colour and absorbance was recorded at 520 nm. A standard curve was
prepared using DL-a tocopherol and amount of tocopherol present in the sam-

ple was expressed as pg tocopherol g~' FW.

2.8. Estimation of Total Glutathione (GSH) Content

Total glutathione contents were measured according to [26]. Samples were ex-
tracted in 5% (w/v) sulphosalicyclic acid (SSA) containing 10 mM EDTA and
centrifuged at 10,000 g for 20 minutes at 4°C. Total thiol contents were measured
from the reaction mixture containing 100 mM potassium phosphate buffer (pH
7.5), 1 mM EDTA, 6 U-ml™" glutathione reductase (GR), 10 mM DTNB and 0.16
mg-ml™' NADPH and absorbance was recorded at 412 nm using Hitachi U-2000
spectrophotometer. The quantity of thiol was calculated as pmol GSH g™' FW.

2.9. Assay of Glutathione reductase (GR; EC.1.6.4.2) Activity

1 g test sample was extracted in 3 ml 100 mM potassium phosphate buffer (pH
7.5) containing 0.5 mM EDTA, centrifuged at 15,000 g for 20 minutes at 4°C and
supernatants was collected [27]. The assay mixture contained 100 mM potas-
sium phosphate buffer (pH 7.5), 0.5 mM EDTA, 0.75 mM DTNB, 0.1 mM
NADPH and 1 mM GSSG. The mixture was incubated at 35°C and absorbance
was measured at 412 nm up to 5 minutes and the activity was calculated using
the extinction coefficient of 6.22 mM™".cm™". GR activity was calculated as nmol
of thiobis-2-nitrobenzoic acid formed min™"-mg™" protein and the activity was

expressed as nmol min~-mg™" protein.

2.10. Assay of Glutathione peroxidase (GPx; EC 1.11.1.9) Activity

GPx activity was measured according to [28]. 1 g sample from each treatment
was extracted in 220 mM Tris-HCI (pH 7.4) containing 250 mM sucrose, 50 mM
KCl, 1 mM MgCl,, 160 mM pS-mercaptoethanol and 0.57 mM PMSF. GPx activ-
ity was assayed in 20 mM sodium acetate buffer (pH 5.0) containing 30 mM
H,0, and 2 mM guiacol. The absorption at 470 nm was recorded and the activity
was calculated using the extinction coefficient of 26.6 mM™".cm™ and expressed

as nmol min~"-mg™' protein.

2.11. Assay of Glutathione-S-transferase (GST; EC 2.5.1.18) Activity

The activity of GST was measured according to [29]. 1 g each of root and shoot
samples were extracted in 100 mM Tris-HCI (pH 7.5) containing 2 mM EDTA,
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14 mM pB-mercaptoethanol and 7.5% PVP (w/v). After centrifugation at 15,000 g
for 15 minutes, supertanants were collected. Assay of enzyme activity was per-
formed in 100 mM potassium phosphate buffer (pH 6.5) containing 5 mM GSH
and 1 mM CDNB. The absorbance at 340 nm was measured and the activity of
GST was calculated by the extinction coefficient of 9.6 mM™".cm™ and was ex-

pressed as nmol min™'-mg™" protein.

2.12. Phytochelatin Isolation and Analysis

Phytochelatin analysis was performed by RP-HPLC method of [30] with slight
modifications. The washed samples were frozen in liquid nitrogen. 1.5 g pulve-
rized plant material was homogenized in 8 ml ice cold 6.3 mM DTPA containing
0.1% (v/v) trifluoroacetic acid (TFA). The extract was centrifuged at 13,800 g, at
4°C for 20 minutes, filtered through a syringe filter (0.22 uM). During derivati-
zation, 450 ul of 200 mM HEPPS buffer, pH 8.2 containing 6.3 mM DTPA was
mixed with 10 pl mBBr and 250 ul of crude extract, followed by derivatization at
45°C for 30 minutes in the dark. The reaction was interrupted by adding 300 pul 1
M MSA. The samples were used for HPLC analysis. The derivatives were sepa-
rated by Shimadzu Nova Pak C18 analytical column. 5 pl of the derivatized sam-
ple was injected. A gradient of 0.1% TFA and 100% ACN was used as 12% - 30%
ACN in 22 minutes, 30% - 55% ACN from 22 - 45 minutes, 55% - 100% ACN
from 45 - 60 minutes. The flow rate was 0.7 ml-min~". Flourescence was moni-
tored using a Shimadzu fluorescence detector. Excitation wavelength was 380
nm, emission wavelength was 470 nm. Total duration of analysis was 60 mi-

nutes.

2.13. Protein Estimation

In all the enzyme preparations, protein contents were estimated according to
[31]. For the assay, 0.1 ml enzyme extract, 0.9 ml buffer, 5 ml Lowry solution
(Solution A, B and C in ratio 98:1:1) were incubated for 20 minutes followed by
addition of 0.5 ml Folin ciocalteau reagent (diluted with distilled water 1:1), in-
cubated in darkness for 10 minutes, and then read at 660 nm. Standard curve

was prepared using bovine serum albumin (BSA) as standard.

2.14. Statistical Analysis

All the experimental data values were means from three independent series, each
done with two replicates, and the results presented as means *standard error
(SE), based on three replications. The significance of differences between the
mean values of control and arsenate/selenate grown samples were statistically
evaluated by two-sided Student’s t-test. The effects of stress on various parame-

ters of wheat seedlings were considered statistically significant at p < 0.05.

3. Results
3.1. Influence on Seedling Growth and Water Content

Arsenate exposure for 21 days to wheat seedlings caused a reduction in water
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contents along with reduction in root and shoot elongation. The inhibition was
linear with increasing concentrations of arsenate treatment (Figures 1(a)-(c)).
Compared to control, in root, the growth decreased by about 25%, 34% and 62%
and in shoot by about 13%, 34% and 47% in 20 puM, 50 uM, 100 uM arsenate
treatment respectively. During joint application of arsenate with selenate, rate of
growth also decreased in the treated seedlings but less than arsenate treatment
alone. In root, rate of growth decreased by about 13%, 26% and 38% and in
shoot by about 6%, 23% and 25% in 20, 50, 100 pM arsenate treatment along
with selenate (10 uM) treatment respectively over control.

In both root and shoot water contents decreased linearly with increasing con-
centrations of arsenate treatment (Figure 2). Compared to control, in root, wa-
ter contents decreased by about 9%, 36%, and 54% and in shoot by about 4%,
6%, and 18% in 20, 50, 100 pM arsenate treatment respectively. Selenate applica-
tion along with same levels of arsenate was found to exhibit very little increase in
water contents in both root and shoot with respect to seedlings having only ar-

senic treatment (Figure 2).
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Figure 1. (a) (b) Effect of various concentrations of arsenate and 10 uM concentration of
selenate applied either alone or in their combination on the growth of wheat (PBW-343)
seedling after 48 hours of germination. Seedlings were exposed to 16 hour photoperiod
for 19 days in presence of modified Hoagland solution, pH 7.2; (c) Effect of various con-
centrations of arsenate and 10 uM concentration of selenate applied either alone or in
their combination on the growth of wheat (PBW-343) seedling after 48 hours of germina-
tion. Seedlings were exposed to 16 hour photoperiod for 19 days in presence of modified
Hoagland solution, pH 7.2. The values are means of 3 experiments + SE. *indicates sig-
nificant at p < 0.05.
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Figure 2. Effect of arsenate and selenate applied either alone or in their combination on
the water content in root and shoot of 21 days old wheat (PBW-343) seedlings. The values
are means of 3 experiments + SE. *indicates significant at <0.05.

3.2. Arsenic and Selenium Contents

The arsenic contents in the arsenate treated 21 days old test seedlings were in-
creased significantly compared to control. The increment was linear with the in-

creasing concentrations of arsenate and was most in 100 uM arsenate treated
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seedlings and least in 20 uM treated seedlings. The accumulation of arsenate in
roots was more than the shoots (Figure 3). During joint application of arsenate
and selenate, the arsenic contents were less in the test seedlings, compared to the
seedlings that were treated with arsenate alone.

The selenium contents in the arsenate treated test seedlings was below the de-
tection level. During joint application of selenate with arsenate, the selenium
contents were higher in the test seedlings compared to the seedlings that were
treated with arsenate alone. The accumulation of selenium was more pro-

nounced in roots than in shoots (Figure 4).

80 [ As Root

[ As+Se Root
BZZ) As Shoot
60- V] As+Se Shoot
*
40- i )
20
*
*
NN 7
0 20 50 100

Arsenate (uM)

Arsenic content (mg kg'l DW)

Figure 3. Effect of arsenate and selenate applied either alone or in their combination on
the arsenic contents in roots and shoots of 21 days old wheat (PBW-343) seedlings. The
values are means of 3 experiments + SE. *indicates significant at p < 0.05.
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Figure 4. Effect of arsenate and selenate applied either alone or in their combination on
the selenium contents in roots and shoots of 21 days old wheat (PBW-343) seedlings. The
values are means of 3 experiments + SE. *indicates significant at p < 0.05.
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3.3. AOX and APX Activities

In the test seedlings the activity of AOX was significantly increased with the in-
creasing concentrations of arsenate treatment (Figure 5). Compared to control,
in root, the activity of AOX increased by about 61%, 82%, and 115% and in
shoot by about 17%, 38%, and 82% in 20, 50, 100 uM arsenate treatment respec-
tively. During the joint application of arsenate with selenate, the activity of AOX
was also increased in all treated seedlings but less than arsenate treatment alone.
In roots, the said activity increased by about 31%, 55%, and 81% while in shoot
that were about 18%, 22%, and 28% in 20, 50, 100 pM arsenate along with 10 uM
concentration of selenate treatment respectively over control.

Similarly, in the test seedlings the activity of APX was significantly increased
(Figure 6). Compared to control, in root, the activity of APX increased by about
37%, 87%, and 101% and in shoot by about 47%, 89%, and 110% in 20, 50, 100
uM arsenate treatment respectively. During the joint application of arsenate with
selenate, the activity of APX was also increased in the test seedlings but less than
arsenic treatment alone. In roots, the activity of the said enzyme was increased
by about 25%, 47%, and 90% while in shoots that were about 37%, 67%, and 87%

in 20, 50, 100 pM arsenate along with selenate treatment respectively.

3.4. Ascorbate Contents

In the test seedlings the total ascorbate contents were significantly decreased by
arsenate treatment (Figure 7). Compared to control, in root, the level of ascor-
bate decreased by about 19%, 31%, and 35% and in shoot by about 13%, 21%,
and 33% in 20, 50, 100 pM arsenate treatment respectively. During application
of arsenate with selenate, the ascorbate contents were also decreased in all treated
seedlings compared to control but more than arsenic treatment alone. In roots,
the ascorbate contents decreased by about 8%, 16%, and 23% while in shoot that

—l— As Root
--{J-- As+Se Root
—&A— As Shoot
--/\-- As+Se Shoot

=4
o))
1

=
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1

AOX activity (mg mg'1 protein min'l)
o <)
[\ (O8]
1 1

S
L

T
0 20 50 100
Arsenate (uM)

Figure 5. Effect of arsenate and selenate applied either alone or in their combination on
the AOX activity in roots and shoots of 21 days old wheat (PBW-343) seedlings. The val-
ues are means of 3 experiments + SE. *indicates significant at p < 0.05.
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Figure 6. Effect of arsenate and selenate applied either alone or in their combination on

the APX activity in roots and shoots of 21 days old wheat (PBW-343) seedlings. The val-
ues are means of 3 experiments * SE. *indicates significant at p < 0.05.

s3od 7 [ As Root
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Figure 7. Effect of arsenate and selenate applied either alone or in their combination on
the ascorbate content in roots and shoots of 21 days old wheat (PBW-343) seedlings. The
values are means of 3 experiments + SE. *indicates significant at p < 0.05.

by about 10%, 18%, and 25% in 20, 50, 100 uM arsenate along with 10 pM sele-

nate treatment respectively.

3.5. a-Tocopherol Contents

The total a-tocopherol contents were significantly increased in the test seedlings
by arsenate treatment (Figure 8). Compared to control, in root, the level of
a-tocopherol increased by about 34%, 104%, and 142% and in shoot by about
26%, 54%, and 69% in 20, 50, 100 pM arsenate treatment respectively. During

application of arsenate with selenate, the a-tocopherol contents were also in-
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creased in all treated seedlings compared to control but less than arsenic treat-
ment alone. In roots, the a-tocopherol contents decreased by about 18%, 79%,
and 105% while in shoot that by about 16%, 41%, and 52% in 20, 50, 100 uM ar-

senate along with selenate treatment respectively.

3.6. Total Glutathione (GSH) Contents

The total glutathione contents were significantly increased in the test seedlings
by arsenate treatment (Figure 9). Compared to control, in roots, the level of
glutathione increased by about 61%, 82%, and 115% and in shoots by about 43%,

*
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[ As+Se Root
BZZ As Shoot
V] As+Se Shoot
*
%
* *
*
104
0 20 50 100

Arsenate (uM)

N
o
1

w
o
[

Tocopherol (ug g' FW)
N
o
1

Figure 8. Effect of arsenate and selenate applied either alone or in their combination on
the a-tocopherol content in roots and shoots of 21 days old wheat (PBW-343) seedlings.
The values are means of 3 experiments * SE. *indicates significant at p < 0.05.
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Figure 9. Effect of arsenate and selenate applied either alone or in their combination on
the total glutathione content in roots and shoots of 21 days old wheat (PBW-343) seedl-
ings. The values are means of 3 experiments + SE. *indicates significant at p < 0.05.
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58%, and 72% in 20, 50, 100 uM arsenate treatment respectively. During com-
bined application of arsenate with selenate, the glutathione contents were also
increased in all treated seedlings but less than arsenic treatment alone. In roots
the glutathione contents increased by about 31%, 55%, and 84% while in shoots
by about 35%, 41%, and 52% in 20, 50, 100 uM arsenate along with 10 pM sele-

nate treatment respectively.

3.7. Influence on GR, GPx and GST Activities

In the arsenate treated test seedlings the activity of GR was significantly in-
creased (Figure 10(a)). Compared to control, in roots, the activity of GR in-
creased by about 17%, 35% and 66% and in shoots by about 66%, 87%, and 158%
in 20, 50, 100 pM arsenate treatment respectively. But joint application of arse-

nate with selenate, the activity of GR was also increased in the shoots but less
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Figure 10. (a) Effect of arsenate and selenate applied either alone or in their combination
on the GR activity in roots and shoots of 21 days old wheat (PBW-343) seedlings. The
values are means of 3 experiments + SE. *indicates significant at p < 0.05; (b) Effect of ar-
senate and selenate applied either alone or in their combination on the GPx activity in
roots and shoots of 21 days old wheat (PBW-343) seedlings. The values are means of 3
experiments + SE.* indicates significant at p < 0.05; (c) Effect of arsenate and selenate ap-
plied either alone or in their combination on the GST activity in roots and shoots of 21
days old wheat (PBW-343) seedlings. The values are means of 3 experiments + SE. *in-
dicates significant at p < 0.05.

than arsenic treatment alone, while in roots, activity of the enzyme was de-
creased in arsenate treatment over control. In shoots, GR activity increased by
about 4%, 15% and 53% and in roots it decreased by about 13%, 2%, and 1% in
20, 50, 100 uM arsenate along with 10 uM selenate treatment respectively.

The activity of GPx in the test seedlings was decreased by arsenate treatment
(Figure 10(b)). Compared to control, in roots, the activity of GPx decreased by
about 11%, 40%, and 63% and in shoot by about 13%, 29%, and 46% in 20, 50,
100 uM arsenate treatment respectively. During application of arsenate with se-
lenate, the activity of GPx was altered in all test seedlings compared to only ar-
senate treatment. Compared to control, the activity of GPx decreased in roots
but increased in shoots very little in stipulated concentrations of arsenate and
selenate treatment.

In the test seedlings, the activity of GST was increased by arsenate treatment
(Figure 10(c)). Compared to control, in roots, the activity of GST increased by
about 16%, 46%, and 99% and in shoots by about 50%, 86%, and 147% in 20, 50,
100pM arsenate treatment respectively. During the joint application of arsenate
with selenate, the activity of GST was also increased in all treated seedlings
compared to control but less than arsenic treatment alone. In roots, the GST ac-
tivity increased by about 14%, 19%, and 71% while in shoots that were about
53%, 52%, and 77% in 20, 50, 100 uM arsenate and 10 pM selenate treatment
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respectively.

3.8. Phytochelatin Contents

The chromatograms of phytochelatins obtained from the arsenate and selenate

treated root and shoot are shown in Figure 11(a) & Figure 11(b). In untreated

root and shoot samples, only mBBr satellite peaks along with low intensity PC2

and PC4 peaks were detected. In arsenate treated samples however, there were
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Figure 11. (a) HPLC chromatogram of phytochelatins (PC) from 21 days old root samples of arsenate and selenate treated 21 days
old wheat (PBW-343) seedlings. Retention time of PC2 is 16 mins., PC3 is 19 mins. and PC4 is 40 mins; (b) HPLC chromatogram
of phytochelatins (PC) from 21 days old shoot samples of arsenate and selenate treated 21 days old wheat (PBW-343) seedlings.
Retention time of PC2 is 16 mins., PC3 is 19 mins. and PC4 is 40 mins.

two thiol peaks for PC2 and PC4 that appeared beside the monothiols Cys, and

GSH with retention time (RT) at 16 and 40 minutes respectively. In addition, the
chromatograms of the individual PC2, PC3 and PC4 standards were included for
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the peak identification. The two unknown peaks with RT of approximately 16
minutes and 40 minutes were identified as PC2 and PC4 respectively after com-
parison with the standard mixture. The height of peak for PC2 was stimulated by
increasing arsenic (20 uM and 100 uM) exposure in both root and shoot of the
seedlings, whereas the PC4 peak height remained fairly constant. During the
joint application of arsenate with selenate, the two thiol peaks were again ob-
served but peak heights were less than arsenic treatment alone. The PC3 peak at

19 minutes was not observed in the test seedlings.

4. Discussion

4.1. Influence of Arsenic and Selenium Accumulation on Growth
and Water Content

It was observed that there was a gradual increase in accumulation of arsenic in
the test seedlings with increasing concentrations of arsenate. Thus arsenic ap-
plied in the form of arsenate entered in the plant system, which affected growth
and metabolism of the seedlings (Figure 3). Arsenic accumulation differed in
different parts of the test seedlings [32]. The roots showed more arsenic accu-
mulation in comparison to shoots. These observations were supported by [33]
in sugarbeet and [34] in radish. On joint application of arsenate with selenate,
the accumulation of arsenic in the test seedlings was lowered thereby showing
tolerance in the plants [11]. Similarly, selenium in form of selenate entered the
plants and was also able to check arsenic entry providing tolerance to the
plants.

Exposures to arsenic significantly altered both root and shoot growth of the
wheat seedlings. The rate of inhibition linearly increased with increasing con-
centrations of arsenic (Figures 1(a)-(c), Figure 2). The reduction in root growth
by arsenic treatment in various test seedlings has been reported by a number of
investigators [10] [35] [36]. The roots were inhibited to a greater extent than the
shoots possibly due to higher As accumulation in roots as in nutrient media the
roots are the first point of contact with the toxic arsenic species. The reduction
of shoot growth is dependent on the reduction of root growth [37]. Arsenate
causes several deleterious morphological effects on different stages of plant
growth and development [38]. The effects of arsenate on plant growth are asso-
ciated with low osmotic potential and nutrient imbalance.

The rate inhibition of root and shoot growth as well as water content was lo-
wered by the joint application of arsenic with selenium. Thus selenium has an

ameliorating effect on arsenic induced toxicity [4] [9].

4.2. Role of AOX and APX under Stress

AOX and APX are important enzymatic defense systems in plants which main-
tain the function of ascorbate-glutathione cycle to combat enhanced generation
of ROS. AOX oxidizes ascorbic acid, producing dehydroascorbic acid and water.
During abiotic stress, this enzyme becomes active to protect plant cells. In the

present study, an increase in the AOX activity was noticed in the test seedlings in
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response to arsenate. APX, mainly present in the plastid stroma and membrane,
removes H,O, through ascorbate-glutathione pathway. In this cycle, superoxide
is converted to H,0, by SOD. H,0, is removed by APX forming monodehy-
droascorbate which spontaneously dismutate to ascorbate and dehydroascor-
bate. Peroxidase requires a reductant to reduce H,O, into water; in plant cell this
reducing agent is ascorbate [39]. Enhanced production of oxygen free radical is
responsible for stress dependent peroxidation of membrane lipids. Increased
peroxidase activity degrades toxic substances like peroxide and phenols in
plants. In the test seedlings treated with arsenate, there was elevation in the ac-
tivity of APX. Upregulation of APX activity has been reported in arsenic exposed
rice [40], mung bean [41], beans [42] and maize [43]. Therefore, increased activ-
ities of the enzymes observed in the present study provide circumstantial evi-

dence for enhanced production of oxygen free radicals.

4.3. Influence of Ascorbate to Combat Stress

Plants have two component systems for regulating the balance of H,0,, and
therefore of ROS, within cells. One component includes a group of non-enzy-
matic antioxidants such as GSH, PC, ascorbate, carotenoids, and anthocyanin.
Ascorbate and GSH are unique among the non-enzymatic antioxidants in that
they can form a redox cycle. The ROS generated during As exposure induces an
increase in the oxidation state of the redox active pools of ascorbate and GSH
[44]. Superoxide and the hydroxyl radical can directly oxidize both ascorbate
and GSH, which act as nucleophilic scavengers. The synthesis of ascorbate, GSH
and PC increases in the plant, particularly in the roots [45] during As exposure.
The second component of the two-components is H,O, neutralizing system,
composed of monodehydroascorbate reductase, dehydroascorbate reductase and
glutathione reductase. Together, these enzymes efficiently recycle oxidized GSH
and ascorbate to allow further cycles of H,0, reduction. Ascorbate is the most
abundant antioxidant present in stroma of chloroplast, apoplast, cytosol as well
as vacuole of plant cell and have important role as electron donors. Ascorbate
pool in chloroplast contains a bulk of reduced ascorbate which protects photo-
synthetic machinery, and has an important role in the removal of H,0, and re-
generation of membrane bound carotenoids and a-tocopherol via the ascor-
bate-glutathione cycle. It can react directly by reducing superoxide, H,O, and
hydroxyl radical or quenching singlet oxygen [44] in a non enzymatic pathway
[46]. Ascorbate (reduced) also functions as a co-factor of APX enzyme, which
produces dehydroascorbate (oxidized). Since it is hydrophilic in nature, it can
scavenge free radicals in the aqueous phase of the cell. Ascorbate concentration
increased in hypocotyls, whereas decreased in roots of cucumber plants exposed
to arsenic [47]. Our results have demonstrated that the ascorbate contents of
wheat seedlings was profoundly decreased with arsenate treament. This decrease
was mainly due to either reduction of DHAR activity or increase in APX activity.
However, joint application of arsenate with selenate increased the level of ascor-

bate than those of arsenic treated seedlings.
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4.4. Influence of a-Tocopherol to Regulate Stress

A number of vitamins have been found to reduce the toxic symptoms of heavy
metals including arsenic [48] [49]. Vitamin E in the generic term used to de-
scribe atleast eight natural occurring compounds that possess the biological ac-
tivity of a-tocopherol. It is a low molecular mass antioxidant, interacts directly
with the oxidizing radicals and protects the cells from ROS [50]. In our experi-
ment the a-tocopherol level increased with the application of arsenate but de-
creased during its joint application with selenate. The lipid soluble, non enzy-
matic antioxidant, a-tocopherol checks the lipid peroxidation through limiting
the propagation of chain reaction of lipid peroxidation [51]. Vitamin E, as a
scavenger of free radicals, might be reacting with methyl radicals that might be
formed in the breakdown to provide protection. Additionally vitamin E may also
alleviate arsenic toxicity [52]. The protective mechanism of vitamin E against
stress could be attributed to its antioxidant property and its ability to stabilize

membrane by interacting with unsaturated fatty acid chain [53].

4.5. Role of Glutathione to Regulate Stress

Thiols, including cysteine, GSH, and PCs, play a major role in the maintenance
of redox status of the cell as well as in the detoxification of metals and metallo-
ids. An increase in its content may be attributed to an induction of the whole
sulphur assimilation pathway, from sulfate transporters to enzymes involved in
the assimilation into GSH and PCs. Glutathione exists in two forms, reduced
GSH and oxidized GSSG. The reduction potential of glutathione depends on the
intracellular GSH/GSSG ratio. Change in the redox ratio of glutathione mainly
depends on the pH and total GSH concentration [54]. GSH, a low molecular
weight thiol is an important constituent of plant defense system during the en-
vironmental stress. It is a redox buffer present abundantly in the plant cells. GSH
is one of the major sources of non-protein thiols in most plant cells. The chemi-
cal reactivity of the thiol group of GSH makes it particularly suitable to serve a
broad range of biochemical functions in all organisms. The nucleophilic nature
of the thiol group is important in the formation of mercaptide bond with metals
and for reacting with selected electrophiles. This reactivity along with the rela-
tive stability and high water solubility of GSH makes it an ideal biochemical to
protect plants against various stresses. It has been suggested that the GSH/GSSG
ratio, an indicative of the cellular redox balance, may be involved in ROS per-
ception. Typically, the GSH to GSSG ratio is quite high during unstressed condi-
tions, and upon As exposure, this ratio shifts towards GSSG This shift results in
the activation of signalling pathways that lead to programmed cell death, an im-
portant mechanism of stress resistance. A reducing intracellular environment is
needed to maintain protein structure and function. A high GSH/GSSG ratio is
maintained by GR.

GSH is related to defense pathways such as phytochelatin synthesis and as-
corbate-glutathione cycle. Arsenate is known to have a high affinity for all thiols
[55]. The reduction of arsenate to arsenite is catalyzed by arsenate reductase as a
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mechanism involved in detoxification because arsenite can more easily bind with
phytochelatins. Arsenate reduction is coupled to NADPH oxidation via the re-
duction of GSSG by GR, with the resulting GSH serving as the electron donor
for arsenate reductase [56]. GSH is a key component of the antioxidant network
that scavenges ROS, either directly by binding with ROS and detoxifies it
through a reaction catalyzed by GSTs or indirectly by participating in the ascor-
bate-glutathione cycle [12]. Rapid arsenate influx resulted in glutathione deple-
tion and phytochelatin production in Holcus lanatus [36]. Significant increase in
GSH and PCs upon arsenic exposure has been demonstrated in Hydrilla verti-
cillata [8]. [44] reported that protection from oxidative damage by a greater level
of ascorbate-glutathione pool is linked with arsenate tolerance in arsenic hyper-
accumulator Pteris vittata. With the application of arsenic, the GSH levels also
increases significantly in the cells of arsenic sensitive plants. This was supported
by the fact that GSH plays a central role in protecting cells against arsenic stress

[13]. This can be supported from the results obtained in our study.

4.6. Role of GR, GPx and GST to Combat Oxidative Stress

GR mainly operates in the chloroplasts and catalyzes the reduction of GSSG to
GSH with the accompanying oxidation of NADPH. GR plays an essential role in
cell’s defense against ROS by maintaining the reduced status of glutathione. The
activity of GR increases with the application of arsenic stress. This is because GR
plays an important role in the detoxification of arsenic induced ROS, possibly
via the glutathione-ascorbate cycle. The increment of GR activity is supported by
other investigators too. Enhanced GR activity results in higher amount of GSH
production, associated with an increase in ascorbate contents and thus better
protection against oxidative stress [57]. A decrease in GR activity can affect the
GSH/GSSG ratio, decrease the ascorbate pool and has impact on ascorbate redox
state with an overall decrease in stress tolerance. Arsenic mediated oxidative
stress causes cellular, molecular and physiological disturbances in various plant
species [58]. An increase in GR activity alone is not sufficient to confer stress to-
lerance. More likely, a coordinated and finely regulated action of all enzymes of
the ascorbate-glutathione cycle in conjunction with that of other ROS-proces-
sing enzymes in all cell compartments is required for plant stress tolerance.

GPx are important antioxidant enzymes in plants present in different subcel-
lular organelles. Their principal activity is to catalyze the reduction of excess
H,0,, organic hydro peroxides (ROOHs), and lipid hydroperoxides to H,0O and
alcohol using GSH and/or other reducing equivalents. GPx acts upon H,0O, and
forms GSSG that is further reduced to GSH by GR. [59] demonstrated that there
was a decline in GPx activity after 15 days in response to arsenate in tomato
plant which is in accordance to our results observed in arsenate treated wheat
seedlings.

GST is a superfamily of multifunctional enzymes known for their role in the
enzymatic detoxification of xenobiotics. It is a ubiquitous enzyme induced by

toxic metals and oxidative stress, performing a range of functional roles using
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GSH as a coenzyme. GSH protects the plants against a range of toxicants by
conjugating them or their metabolites through GSTs [60]. GSTs catalyze the
conjugation of toxic molecules with reduced glutathione (GSH) and target them
for ATP-dependent transport into the vacuole. An upregulation of upto 10 - 15
different GSTs has been demonstrated upon arsenate exposure in rice seedlings
[61] [62]. The GSH-dependent catalytic functions of GST include the conjuga-
tion and resulting detoxification of cytotoxic products. GST acts by catalyzing
the conjugation of GSH with electrophilic, often hydrophobic toxic compounds
to form derivatives that can be secreted from the cell, sequestered in the vacuole,
or catabolized. In our study, the level of GST increased linearly with the increas-
ing concentrations of arsenic [63]. Activation of enzymatic antioxidants like GR,
GST, GPx are reported to neutralize arsenic mediated oxidative stress in plants
[64].

4.7. Phytochelatin and Detoxification Mechanism

Phytochelatins (PCs) are low molecular mass, cysteine-rich polypeptides that
exhibit high affinity to chelate various metals, such as, e.g. Cd, Cu, Zn, As. The
oligomerization of GSH to produce PC is also induced during As exposure by
phytochelatin synthase activity [45]. Higher levels of GSH and phytochelatins
lead to more efficient metal sequestration. The PCs form a group of structures
consisted of different number of )-Glu-Cys dipeptide units followed by a ter-
minal Gly having general structure can be shown as ()-Glu-Cys) n-Gly with n =
2 - 11. Depending on the number of )-Glu-Cys units, PCs are classified as PC2,
PC3, PC4 and so on. Phytochelatins can increase the ability of plants to detoxify
the toxicity by binding with arsenic and maintain ionic homeostatis. It is evident
from the analysis of HPLC chromatogram peaks that arsenate exposure on
wheat seedlings lead to induction of PCs of different chain lengths (n = 2 - 4).
The results that we obtained correspond to previous studies on non-hyperac-
cumulating species viz., Agropyron repens, Glecoma hederacea, Leonurus mar-
rubiastrum, Lolium perenne, Urtica dioica, Oryza sativa and Zea mays, in which
the production of PC2 was predominant over a range of arsenic concentrations
[65] [66]. Phytochelatins form complex with metal ions and sequestered them
into the vacuole. The high PC2 synthesis in roots of wheat seedlings suggests
that the detoxification potential of roots is sufficient to prevent damage in the

seedlings.

5. Conclusion

In this paper, we conducted concentration-dependent study of sodium arsenate
and sodium selenate on growth and thiol metabolism of wheat seedlings. Based
on the changes occurring in growth and physiological attributes, wheat provided
an ideal system for studying the effect of arsenate toxicity. It can be also con-
cluded that selenium application at low concentration (10 pM) reduced the toxic
effects caused by arsenic in wheat seedlings by reducing arsenic uptake, sup-

pressing oxidative damage through increase in the level of antioxidants. Thus,
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use of selenium fertilizers in arsenic contaminated fields may have potential to

minimize the toxicity caused by arsenic in wheat.
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ACN, Acetonitrile;

AOX, Ascorbic acid oxidase;

APX, Ascorbate peroxidase;

As, Arsenic;

CDNB, 1-Chloro-2,4-dinitrobenzene;
DCPIP, 2,6-dichlorophenol indophenols;
DHAR, dehydroascorbate reductase,
DTNB, 5,5-Dithiobis-2-nitrobenzoic acid;
DTPA, Diethylene triamine penta acetic acid;
DW: Dry weight;

EDTA, Ethylene diamine tetra acetic acid;
FW, Fresh weight;

GSH, Glutathione reduced;

GSSG, Glutathione oxidized;

GPx, Glutathione peroxidase,

GR, Glutathione reductase;

GST, Glutathione-S-transferase,

H,0,, Hydrogn peroxide;

HEPPS, 4-(2-Hydroxyethyl)-piperazine-1-propanesulfonic acid;
OD, Optical density;

PCs, Phytochelatins;

PFED, Photon flux density;

PVP, Polyvinyl pyrollidone;

ROS, Reactive oxygen species;

Se, Selenium;

SOD, Superoxide dismutase;

TCA, Trichloroacetic acid;

TFA, Trifluoroacetic acid.
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