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ABSTRACT

The  trace  element  Selenium  (Se)  has  a  dual  role  in  the  growth  and  metabolism  of  plants.  Low
concentration of selenium (2 μM selenate) promotes growth and counteracts the detrimental effects
of abiotic stress  as opposed to higher levels (≥10 μM) where it acts as a pro-oxidant. We focused on
both individual and interactive influence of selenate and sulphate on thiol metabolism in seedlings of
rice cultivars, satabdi and khitish. Inhibition of ascorbate contents by about 17% on an average, in the
test  seedlings  treated  with  Se  correlated  with  increased  activities  of  ascorbate  peroxidase  and
ascorbate oxidase in the cultivars. The glutathione levels also increased significantly, on an average by
about 102% in roots and 74% in shoots of cv. satabdi compared to a rise, by about 49% in roots and
56% in shoots of cv. khitish. The elevated level of glutathione coincided with the stimulatory influence
of Se on its regulatory enzymes. Concomitantly the levels of α-tocopherol and phytochelatins were also
induced in both the test cultivars. Increase in α-tocopherol activity reached a maximum by about 47%
in roots and 80% in shoots of cv. satabdi whereas it increased by about 36% in roots and about 64% in
shoots of cv. khitish. Substantive increase in the levels of PC4 followed by PC2 and PC3 was also noted.
The effects  were  found to be less  conspicuous in  shoots  than in  roots.  Rice seedlings exposed to
combined Se and 10mM sulphate treatments showed improved growth and development as a result of
better thiol metabolism due to amelioration of the adverse effects caused by selenium alone on all the
parameters tested.

Introduction

Selenium  (Se)  displays  metalloid  characteristics  and
predominantly  occurs  in  four  oxidation  states
(selenide, elemental selenium, selenite and selenate).
It acts as a micronutrient under low concentrations (1)
while at higher concentrations it becomes toxic (2). It
has been documented that  1 mg kg-1 Se protects rye
grass  against  heavy  metals  induced  damages  by
decreasing  lipid  peroxidation  and  increasing
glutathione  peroxidase  (GPx)  activity  (3).  Selenium
also helps to alleviate stress in several plants viz., olive
(4), sunflower (5), cucumber (6), rice (7, 8) and wheat
(9) by regulating the production of antioxidants  and
thiol  metabolism.  The  inherent  defence  system
present  in  plants  may  be  enzymatic  and  non-
enzymatic.  Stress  supposedly  influences  the  protein
moiety  in  cells  leading  to  the  formation  of  various

important  molecules  like  organic  acids  and  amino
acids.  Se-amino  acids  play  a  significant  role  in  the
synthesis of chlorophyll precursors (10) and also help
to maintain  membrane integrity  and stability  of  the
photosynthetic  apparatus  by  reducing  the
accumulation  of  malondialdehyde  (MDA)  and
hydrogen  peroxide  (H2O2)  in  plant  cells  (1,  11).
Selenosis  or  Se  toxicity  occurs  in  plants  when  Se
concentration exceeds its critical level (12). Excess Se
restricts  growth  and  inhibits  the  absorption  of
essential  elements  like  N,  P,  S,  Mn,  Zn  and  Cu  and
causes chlorosis  (1,  13).  Increased lipid peroxidation
and elevated activity of antioxidant enzymes leads to
ROS  accumulation  evidently  in  Triticum aestivum L.
and Vicia faba L. under Se stress (14, 15). Selenosis is
also  responsible  for  the  interpolation  of
selenocysteine,  and  selenomethionine  instead  of
cysteine and methionine in plant and animal cells. As
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a result the tertiary structure of proteins is distorted
by  the  development  of  larger  diselenide  bridge
causing  detrimental  alterations  and  improper
functioning of the bio-enzymes (12).

Glutathione (GSH) in both oxidized (GSSG) and
reduced (GSH) states acts as an indicator of oxidative
stress and prevents the accumulation of ROS in plant
cells  under  various  stresses.  (8,  16).  GSH related  to
the  thiol  group  of  essential  amino  acid,  cysteine
possesses the ability to donate an electron and form
glutathione disulfide (GSSG) along with another GSH
molecule. GSH is mainly regenerated from GSSG by
the  activity  of  GR  or  GPx  (15).  The  non-enzymatic
antioxidants including reduced ascorbate  (AsA) and
glutathione  (GSH)  form  an  integral  part  of  the
ascorbate-glutathione  cycle  that  effectively  combat
oxidative stress in plants (17, 18). Activities of other
anti-oxidant  enzymes  viz.,  ascorbate  peroxidase
(APx), ascorbate oxidase (AOX),glutathione reductase
(GR), glutathione peroxidase (GPx) and Glutathione-S-
transferase  (GST)  also  plays  significant  role  in
eliminating cellular ROS production and protects the
plants from lethal damages (18, 19).

Heavy metal  toxicity  is  prevalent  abiotic  stress
having  fatal  consequences  in  both  animals  and
plants.  Complex  coordination  of  physiological,
biochemical and molecular processes helps the plant
cells  to  resist  and  survive  under  such  stressful
conditions  (20). Abiotic  or biotic  stresses can either
be avoided or tolerated by extracellular precipitation,
biosorption or by intracellular chelation through the
synthesis  of  amino  acids,  organic  acids  and
phytochelatins  among  others  in  living  organisms
especially plants (21). Phytochelatins (PCs) belong to a
family  of  small,  cysteine-rich  polypeptides
synthesized  from GSH with  the  help  of  enzyme PC
synthase in plants under oxidative stresses (22). The
PCs  have  a  common  structure  (γ-Glu-Cys)-n-Gly,
where n=2-11. Among the different forms of PCs, the
most stress-responsive PCs are PC2, PC3 and PC4 (23).
The  PCs  are  actively  involved  in  accumulation,
chelation,  metabolism  and  sequestration  of  toxic
ionic elements (24). Metal stresses principally induce
a concomitant rise in PC2 and PC3 levels in plants (25,
26).

Selenate  uptake in plants predominantly occurs
via  the  sulphur  assimilation  pathway  through
sulphate  transporters  present  in  the  root  plasma
membrane.  Accumulation  and  its  distribution
depend on the chemical  species,  concentration and
availability  of  the  element in the  soil  solution (27).
However, physical and chemical similarities between
selenate and sulphate help to govern the relationship
between selenate and sulphate metabolism in plants.
It has been reported that high sulphate concentration
restricts  the  entry  and  uptake  of  selenate  since
sulphate transporters  have  a  higher  selectivity  for
sulphate over selenate (28).

Rice  (Oryza sativa L.), a staple food for half the
world  population  is  a  member  of  the  grass  family
(Poaceae)  grown in  both  irrigated  areas  as  well  as
rain-fed  areas  with  high  rainfall.  Among  the  rice-
producing  states  in  India,  West  Bengal  is  in  the
leading position accounting for about 15 per cent of

the  total  production.  In  this  study  we  aimed  to
elucidate  the  effects  of  selenate  on  ascorbate-
glutathione cycle and  thiol metabolism in two high-
yielding  irrigated  cultivars  of  rice  viz.,  satabdi  (IET
4786) and khitish (IET 4094). We further attempted to
repair the  selenate  induced adverse responses with
sulphate treatments in the mentioned cultivars.

Materials and Methods

Experimental material and treatments

The seeds of rice (Oryza sativa  L.) cultivars, satabdi
(IET4786)  and khitish (IET4094) were procured from
the State Rice Research Station, Chinsurah, Hooghly,
West Bengal. The seeds were superficially disinfected
in sodium hypochlorite (NaOCl) (5% w/v) solution and
then  thoroughly  rinsed  with  sterilized  water.  Each
test  set  up  consisted  of  petridish  (diameter-10  cm)
with  50  seeds  arranged  carefully  on  moist  filter
paper. The petridishes were then placed carefully in
a germinator (LCGC Bio Analytic Solutions LPP) for 72
hr at 30 ± 2  oC. The germinated rice seedlings were
exposed  to  varying  grades  of  sodium  selenate
(NaSeO4.7H2O; Loba-Chemie, India) solution (2 μM, 10
μM, 20 μM and 50 μM) either alone or in combination
with 10mM sodium sulphate (Na2SO4; Merck, India) in
a  hydroponic  set  up  with  modified  Hoagland’s
solution, pH 7.2 (29) in 16 hr photoperiod for 18 days.
The mentioned concentration of sodium sulphate was
found  to  be  most  effective  after  screening
experiments with different concentrations of sodium
sulphate and was therefore selected. After a total of
21  days  the  seedlings  were  harvested,  washed
extensively  with  distilled  water.  Roots  and  shoots
were  separated  and  stored  at  -20  ºC  until  further
analysis.

Estimation of ascorbate contents

One  gram  tissue  was  extracted  in  6  ml  of  chilled
trichloroacetic  acid  (TCA)  (6%w/v)  and  centrifuged
(Remi  C  23) at  11500  gm for  15  mins  at  4°C.  The
method  of  Mukherjee  and  Chaudhuri  (30)  was
followed with minor modifications to determine the
ascorbate  contents.  The  reaction  mixture  (4  ml  of
supernatant,  2  ml  of  0.2%  2,4-dinitrophenyl
hydrazine (DNPH)  in  0.5(N)  HCl  and  0.01  ml  10%
thiourea  in  70%  ethanol)  was  incubated  in  boiling
water bath for 15 mins and then cooled. Finally, the
reactions were terminated by adding 5 ml H2SO4.  The
absorbance of the reaction mixture was noted at 530
nm using a Hitachi U-2000 spectrophotometer. With
the help of a standard curve, ascorbate contents were
estimated and expressed as milligram ascorbate per
gram fresh weight (mg ascorbate g-1FW).

Assay of ascorbate peroxidase (APX) activity

The  assay  of  APX  (EC  1.11.1.11)  was  performed
according to Nakano and Asada (31). The supernatant
obtained  from centrifuged  pulverized  test  tissue  (1
gm)  was  used  for  the  assay.  The  alterations  in
absorbance of the reaction mixture containing 700 μl
enzyme extract, 0.1 M sodium phosphate buffer (pH
7.0), 0.5 mM ascorbic acid, 0.1 mM H2O2 and 0.1 mM
ethylene diamine tetra acetic acid (EDTA) were noted
after 1 min at 290 nm. The extinction coefficient of
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2.8mM-1cm-1  was  applied  to  measure  oxidation  of
ascorbate  by  the  said  enzyme  at  290  nm  and
expressed as milligram ascorbic acid decomposed per
mg protein  per min (mg ascorbic  acid decomposed
mg-1protein min-1).

Assay of ascorbic acid oxidase (AOX) activity

The  activity  of  AOX  (EC  1.10.3.3)  was  measured
according  to  Olliver  (32).  The  reaction  mixture
containing  1ml  enzyme  extract,  3  ml  sodium
phosphate buffer 0.1 M (pH 7.0) and  1  ml of 0.025%
ascorbic acid (w/v) was incubated for 30 min. After
the  stipulated  time of  incubation,  the  reaction  was
terminated by adding 5 ml of 10% TCA (w/v). The test
set  ups  were  then  titrated  with  2,6-dichlorophenol
indophenol (DCPIP) and the alterations in absorbance
readings  in  blank  and  sample  helped  to  calculate
enzyme  activity  expressed  as  mg  ascorbic  acid
decomposed mg-1 protein min-1.

Estimation of α-tocopherol contents 

The  α-tocopherol  contents  of  the  sample  were
estimated  (33).  1g  fresh  tissue  was  chopped  and
placed  in  20ml  0.1  N  H2SO4,  kept  and  filtered.  A
mixture of 1.5 ml supernatant and 1.5 ml ethanol was
centrifuged at 5000 gm for 5 min to mix thoroughly.
In  the  mixture  1.5  ml  xylene  was  added  and
vortexed.  The  upper  xylene  fraction  containing
tocopherol was taken in a tube, and to it 1 ml 2, 2-
dipyridyl reagent (Merck) was added and mixed. The
absorbance of the mixture was recorded at 460 nm.
Then 0.33 ml ferric chloride (FeCl3) was added to each
tube and incubated for 15 min to develop colour and
absorbance  was  recorded  at  520  nm.  A  standard
curve  was  prepared  using  DL-α  tocopherol  and
amount  of  tocopherol  present  in  the  sample  was
expressed as μg g-1 FW.

Estimation of total glutathione contents

Standard  procedure  was  followed  for  total
glutathione assay (34). Sample tissue homogenised in
a solution containing sulphosalicylic acid (SSA) (5%w/
v) and 10 mM EDTA were centrifuged at 10000 gm for
20 min. The final reaction mixture consisted of 100
mM  potassium  phosphate  buffer  (pH  7.5),  1  mM
EDTA, 6U ml-1 glutathione reductase (GR), 10 mM 5,5-
dithiobis-2-nitrobenzoic acid (DTNB) and 0.16 mg ml-1

NADPH to a total volume of 1 ml. The absorbance of
the reaction mixtures was measured using a Hitachi
U-2000 spectrophotometer measured at 412 nm. The
total thiol contents were estimated and expressed as
micromole GSH per gram fresh weight (μmol GSH g-1

FW).

Assay of glutathione reductase (GR) activity

The  GR  (EC  1.6.4.2)  activity  was  assayed
spectrophotometrically  (35).  3  ml  of  100  mM
potassium phosphate  buffer (pH 7.5)  containing 0.5
mM EDTA was used during homogenization of plant
tissue  (1  gm)  which  was  then  subjected  to
centrifugation  at  4°C,  15000  gm for  20  min.  The
reaction  solution  consisted  of  enzyme  extract,  100
mM phosphate  buffer  (pH 7.5),  0.5  mM EDTA, 0.75
mM  DTNB,  0.1  mM  nicotinamide  adenine
dinucleotide  phosphate (NADPH)  and  1  mM
glutathione (oxidized)  (GSSG) in a final volume of 1

ml.  On  completion  of  incubation  at  35  °C,  the
absorbance of the test solutions was measured at 412
nm for about 5 min. The extinction coefficient of 6.22
mM-1cm-1  was  applied  to  measure  the  GR  activity
ultimately expressed as µmol min-1 mg-1 protein.

Assay of glutathione peroxidase (GPx) activity

The activity of GPx (E.C. 1.11.1.9) was estimated (36).
500 mg of tissue samples were pulverized in 1 ml of
50 mM chilled KH2PO4 buffer (pH 7.0) containing 100
mM KCl,  1 mM ascorbate,  5 mM β-mercaptoethanol
and  10%  (w/v)  glycerol.  The  supernatant  (20  μl)
collected  from  centrifugation  of  the  homogenised
tissue  at  11500  gm for  10  mins  was  mixed  with
KH2PO4 buffer 100 mM (pH 7.0), 1 mM EDTA, 1 mM
sodium azide (NaN3), 0.12 mM NADPH, 2mM GSH, 1
unit GR, and 0.6 mM H2O2 to initiate the reaction. The
rate of  NADPH oxidation at  340 nm for  1  min was
measured using a Hitachi U-2000 spectrophotometer.
The  extinction  coefficient  of  6.62  mM-1 cm-1 was
required  to  calculate  the  enzyme  activity.  Data
expressed as nanomole of NADPH oxidized per min
per mg protein (nmol min-1 mg-1 protein). 

Assay of glutathione-S-transferase (GST) activity

Glutathione-S-transferase  (EC  2.5.1.18)  activity  was
measured as per the protocol (37). 100 mM Tris-HCl
(pH  7.5)  containing  2  mM  EDTA,  14  mM  β-
mercaptoethanol  and  7.5%  poly  vinyl  pyrollidone
(PVP) (w/v) was used during homogenisation of 1 gm
of test tissue which was then centrifuged for 15 min
at 15000 gm. The reaction mixture consisted of the
required  amount  of  the  supernatant  in  100  mM
potassium  phosphate  buffer  (pH  6.5)  containing  5
mM  Total glutathione (reduced) (GSH) and 1 mM  1-
chloro-2,4-dinitrobenzene (CDNB).  At  340  nm  the
absorbance  was  measured  and  an  extinction
coefficient of 9.6 mM-1cm-1was used to calculate the
enzyme activity expressed as micromol per min per
mg protein (µmol min-1mg-1protein).

Phytochelatin isolation and analysis

The phytochelatins  were estimated (38)  with minor
modifications. The plant samples were homogenized
in liquid nitrogen. 8 ml of chilled Diethylene triamine
penta acetic acid (DTPA) (6.3 mM) containing 0.1% (v/
v)  trifluoro  acetic  acid (TFA)  was  used  in  the
homogenisation  of  1.5  gm pulverized  plant  tissue.
Centrifugation of the homogenised samples was done
at  13800  gm for  20  mins  at  2°C.  The  supernatants
were collected and filtered  through a syringe filter
(0.22 μM). Derivatization involved incubation at 45°C
for  30  min  of  the  test  set  ups  consisting  of  10  μl
monobromobimane (mBBr) and 250 μl of the crude
extract mixed thoroughly with 450 μl of 200 mM 4-(2-
Hydroxyethyl)-piperazine-1-propanesulfonic  acid
(HEPPS) buffer 200 mM, (pH 8.2) containing 6.3 mM
diethylene triamine penta acetic  acid  (DTPA) in the
dark. 300 μl of 1(M) methane sulfonic acid (MSA) was
used to terminate the reactions and the samples were
later  subjected  to  high  performance  liquid
chromatography (HPLC) analysis.  The derivatives (5
μl)  were injected and separated by Shimadzu Nova
Pak  C18  analytical  column  following  an  autocratic
gradient of 0.1% TFA and 100% acetonitrile (ACN) as
12–30%  ACN  in  22  mins,  30–55%  ACN  from  22–45

PLANT SCIENCE TODAY  443



mins  and 55–100% ACN from 45–60  min.  The  flow
rate  was  0.7  ml  min-1.  A  detector  (Shimadazu
fluorescence and refractive index detector) was used
to  monitor  the  fluorescence  utilising  the  excitation
wavelength  at  380 nm and emission wavelength  at
470 nm. The total  duration of analysis  was 60 min.
Phytochelatin  contents  were  expressed  in  terms  of
microgram per gram fresh weight (µg g-1 FW).

Estimation of protein contents

Estimation of protein contents was carried out using 
bovine serum albumin (BSA, Sigma) as standard (39).

Statistical analysis

Experiments were carried out thrice in a completely
randomized design (CRD). All  the  parameters  were
tested three times with two replicates in each time.
Thus,  six  sets  of  data  for  every  treatment  in  each
parameter were obtained. Each treatment comprised
of a single petridish with an average of 50 seeds. The
data  point  was  expressed  as  mean  ±  SE  of  three
independent replicates. One way analysis of variance
(ANOVA)  was  used  to  compare  the  data  and
significant differences among the mean values at p ≤
0.05 was considered statistically significant.

Results 

Influence on ascorbate contents

In  the  rice  seedlings  of  both  test  cultivars,  low
concentrations  of  selenate  increased  the  total
ascorbic acid contents, which decreased at its higher
concentrations  (Fig.  1). The  level  of  ascorbate
increased  by  about  34%  and  32%  in  roots  and  by
about  36%  and  33%  in  shoots  respectively  of  cv.
satabdi  and cv.  khitish  over  control.  The  ascorbate
contents  were further enhanced by about 11% and

18% in roots and by about 12% in shoots of 10 μM
selenate treated cv. satabdi and cv. khitish seedlings
respectively.  However,  in  20  and  50  μM  selenate
treated rice seedlings the ascorbate level declined by
about 10% and 15% in roots and by about 10% and
17%  in  shoots  of  cv.  satabdi  respectively.  In  cv.
khitish the total ascorbate contents initially increased
very little in roots and then decreased by about 6%
under 20 and 50 μM selenate treatments respectively.
In shoots of cv. khitish the ascorbate level decreased
by  about  4%,  and  11%  treated  with  said
concentrations of Se respectively compared to water
control. However, the increment observed was less in
the  tolerant  variety  cv.  khitish  compared  to  the
sensitive cultivar cv. satabdi.

The level of  ascorbate  contents  induced in test
seedlings of both cv. satabdi and cv. khitish subjected
to the joint application of selenate and sulphate was
more with respect to water control but less compared
to  selenate  treatment  only.  The  ascorbate  contents
increased significantly by about 44% in roots and by
about  49% in  shoots  of  2  μM selenate  and  10  mM
sulphate  treated test  seedlings of cv. satabdi.  In cv.
khitish  seedlings,  exposed  to  same  selenate  and
sulphate doses, the ascorbate contents also increased
significantly by about 35% in roots and by about 38%
in shoots over control. Combined doses of 10, 20, 50
μM selenate and 10 mM sulphate increased the said
contents in descending order by about 37%, 15% and
11%  in  roots  and  by  about  32%,  16%  and  11%  in
shoots of cv. satabdi respectively. In cv. khitish, the
ascorbate  level  similarly  increased  by  about  26%,
10% and 6% in roots and by about 16%, 5% and very
little in shoots under familiar selenate and  sulphate
treatment respectively over control.

Influence  on  ascorbate  peroxidase  (APX)  (EC
1.11.1.11) activity
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Fig. 1. Effect of different concentrations of selenate applied either alone or in their combination with sulphate (10 mM) on the ascorbate
contents  of  21  days  old  cv.  satabdi  and  cv.  khitish  seedlings.In  each  treatment values  are  the  mean ±SE of  three  repeats  with  two
replicates.*indicates statistically significant at p ≤ 0.05 with respect to control.



Peroxidases are enzymes that transfer a single e- to
H2O2 with the help of ascorbic acid. In our study the
APX activity increased considerably with increase in
selenate concentrations in both the test cultivars (Fig.
2). APX activity increased by about 9% in roots and
by about 13% and 10% in shoots of cv. satabdi and cv.
khitish  respectively  under  2μM  selenate  treatment

over  control.  The enzyme activity  was significantly
promoted by about 40%, 94% and 136% in roots and
by about 50%, 100% and 150% in shoots of cv. satabdi
seedlings  under  10,  20,  50  μM  selenate  treatment
respectively.  In  cv.  khitish,  the  enzyme  activity
similarly increased by about 42%, 91% and 142% in
roots  and  by  about  77%,  90%  and  157%  in  shoot
under said concentrations of selenate over control.

Application  of  combined  10  mM  sulphate and
selenate,  increased  the  enzyme  activity  in  both
cultivars  but  to  a  lesser  degree  compared  to  test
seedlings  treated with selenium alone.  Under 2 μM
selenate  and  sulphate treatment,  the  APX  activity
increased by about 8% in roots and 11% in shoots of
cv.  satabdi  and  by  about  8%  in  roots  and  12%  in
shoots of cv. khitish over control.

Further,  an  increment  of  about  15%,  56% and
120%  in  roots  and  about  24%,  69%  and  121%  in
shoots were recorded in cv. satabdi seedlings treated
simultaneously  with  10,  20,  50  μM selenate  and 10
mM  sulphate respectively over water control. In cv.
khitish, the APX activity was also induced by about
31%, 74% and 89% in roots and by about 31%, 74%
and  96%  in  shoots  of  test  seedlings  treated  with
similar  factorial  combinations  of  selenate  and
sulphate.

Influence on ascorbic acid oxidase (AOX) (EC 
1.10.3.3) activity

The  activity  of  AOX  showed  a  dose-dependent
increase  with  the  increasing  concentrations  of

selenate in both the test cultivars (Fig. 3). Under 2 μM
selenate  treatment,  the  AOX  activity  increased  by
about 10% and 6% in roots and shoots of cv. satabdi
respectively  compared  to  an  average  increase  of
about 7% in cv. khitish seedlings over water control.
The  AOX  activity  further  increased  by  about  14%,
23% and 31% in roots and by about 9%, 11% and 12%

in shoots of 10,  20 and 50 μM selenate  treated rice
seedlings  of  cv.  satabdi  respectively.  In  cv.  khitish,
the  AOX activity  also  increased by about  12% 14%
and  15%  in  roots  and  by  about  8%,  9%  and  10%
under  10,  20  and  50  μM  selenate  treatment
respectively over water control.

The  joint  application  of  selenate  and  10  mM
sulphate  promoted AOX activity  but  also  narrowed
the  effect  of  selenium  used  singly  in  both  test
cultivars. The enzyme activity increased by about 4%
and 6% in roots and by about 2% and 5% in shoots of
2 μM selenate treated test seedlings of both cultivars
with  respect  to  control.  Further,  the  said  activity
increased by about 6%, 11% and 15% in roots and by
about 8%, 9% and 10% in shoots of 10, 20 and 50 μM
selenate  and  sulphate  treated  test  seedlings  of  cv.
satabdi  respectively  .The  AOX  activity  similarly
increased by about 7%, 11% and 13% in roots and by
about 7%, 9% and 10% in shoots of 10, 20 and 50 μM
selenate  and  sulphate  treated  cv.  khitish  test
seedlings respectively over control.

Influence on α-tocopherol contents

Total  α-tocopherol  contents  were  significantly
increased in the test seedlings by selenate treatment
(Fig.  4). Compared  to  control,  the  level  of  α-
tocopherol increased by about 2% in roots and 5% in
shoots of 2 μM selenate treated rice seedlings of cv.
satabdi while in cv. khitish α-tocopherol increased by
about 1% in roots and 2% in shoots respectively over
control. After that, the α-tocopherol contents steadily
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Fig. 2. Effect of different concentrations of  selenate applied either alone or in their combination with sulphate (10 mM) on ascorbate
peroxidase (APX) activity of 21 days old cv. satabdi and cv. khitish seedlings.  In each treatment values are the mean ±SE of three repeats
with two replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.



increased by about 12%, 27% and 47% in roots and by
about 11%, 36% and 80% in shoots of 10, 20 and 50
μM  selenate  treated  seedlings  of  cv.  satabdi.  This
trend  was  reflected  in  cv.  khitish  where  the  said
contents were elevated by about 6%, 22% and 36% in
roots and by about 7%, 25% and 64% in shoots under
10, 20 and 50 μM selenate treatments with respect to
control.

Combined application of sulphate with selenate
showed variable effect on the α-tocopherol contents

in all  treated seedlings compared to control.  The α-
tocopherol contents under 2 μM selenate  treatment
registered  very  little  increase  in  both  roots  and
shoots  of  cv.  satabdi  and  cv.  khitish  under  2  μM
selenate-sulphate  treatment with respect to control.
In  cv.  satabdi,  the  margin  of  increment  in  α-
tocopherol  contents  was  narrowed  down  by  about
7%, 15% and 21% in roots and by about 8%, 33% and
44%  in  shoots  under  10  μM,  20  μM  and  50  μM
selenate-sulphate treatments.  In cv. khitish the said
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Fig. 3.  Effect of different concentrations of  selenate applied either alone or in their combination with sulphate (10 mM) on ascorbate
oxidase (AOX) activity of 21 days old cv. satabdi and cv. khitish seedlings. In each treatment values are the mean ±SE of three repeats with
two replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.

Fig. 4. Effect of different concentrations of selenate applied either alone or in their combination with sulphate (10 mM) on α-tocopherol
contents  of  21  days  old  cv.  satabdi  and  cv.  khitish  seedlings.  In  each  treatment  values  are  the  mean ±SE of  three  repeats  with  two
replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.



contents increased by about 4%,11% and 13% in roots
and by about 4%,18% and 46% in shoots respectively
under  combined  10,  20,  50  μM  selenate-sulphate
treatments over water control. It may be noted that
cv.  satabdi  being  sensitive  to  salt  stress  showed
higher  accumulation  of  α-tocopherol  contents  than
cv.  khitish  which  could  withstand  selenium  stress
more comparatively.

Influence on total glutathione contents

The  total  glutathione  contents  were  significantly
increased in the test seedlings by selenate treatment
in both cv. satabdi and cv. khitish seedlings  (Fig. 5).
In  2  μM  selenate  treated  test  seedlings  the  total
glutathione contents increased significantly by about
60% and 14% in roots and shoots respectively of cv.
satabdi and by about 17% and 8% in roots and shoots
respectively  of  cv.  khitish  seedlings.  Compared  to
control,  in cv. satabdi,  the level of total  glutathione
significantly increased by about 66%, 107% and 133%
in roots and by about 49%, 80% and 95% in shoots
respectively under 10, 20, 50 μM selenate treatments.

In  cv.  khitish  test  seedlings  treated  with  said
concentrations of selenate, the total glutathione level
was also enhanced by about  35%, 64% and 79% in
roots  and  by  about  43%,  56%  and  68%  in  shoots
respectively over water control.

During  the  combined  application  of  selenate
with 10 mM sulphate,  the promotive effect on total
glutathione  contents  was  narrowed  in  all  treated
seedlings  compared  to  those  treated  with  selenate
only. The glutathione contents increased in roots and
shoots by about 49% and 11% in cv. satabdi and by
about 17% and 37% in cv. khitish respectively treated
with  2  μM  selenate  and  sulphate  solution.  An
increment  of  about  49%,  87%  and  107%  occurred

under combined 10, 20, 50 μM selenate and sulphate
treatments  in  roots  of  cv.  satabdi  while  in  of  cv.
khitish roots the increment was by about 35%, 64%
and  72%  respectively.  Similarly  in  shoots  the
increment  was by  about  23%,  60% and 88% in cv.
satabdi and by about 31%, 55% and 60% in cv. khitish
respectively under said treatments over control.

Influence  on  glutathione  reductase  (GR)  (EC
1.6.4.2) activity

In the selenate treated test seedlings,  the activity of
GR  was  significantly  increased  (Fig.  6) in  both
cultivars with respect to control. Under 2 μM selenate
treatment, the GR activity increased by about 4% and
9% in roots and by about 5% in shoots of cv. satabdi
and  cv.  khitish  respectively.  The  activity  of  GR
increased significantly compared to control by about
34%, 50% and 55% in roots and by about 34%, 42%,
and  62%  in  shoots  of  10,  20,  and  50  μM  selenate
treated  cv.  satabdi  seedlings  respectively.  In  cv.
khitish, the GR activity was also promoted by about
23%, 34% and 43% in roots and by about 35%, 40%

and  45%  in  shoots  respectively  under  similar
treatments over control.

Co-application of selenate with 10 mM sulphate
also  stimulated  the  activity  of  GR  but  at  a  lesser
degree  than  that  under  selenium  treatment  alone.
The  enzyme  activity  increased  on  an  average  by
about 5% and 12% in roots and by about 5% in shoots
of cv. satabdi and cv. khitish respectively under 2 μM
selenate and sulphate treatment. Further it increased
in cv. satabdi roots by about 29%, 36% and 46% and
in shoots by about 27%, 37% and 48% under 10, 20
and 50 μM selenate-sulphate treatments respectively
over control. In cv. khitish, the GR activity increased
by about 14%, 37% and 39% in roots and by about
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Fig. 5. Effect of different concentrations of selenate applied either alone or in their combination with sulphate (10 mM) on total glutathione
contents  of  21 days old cv.  satabdi  and cv.  khitish seedlings.  In  each treatment values are  the mean ±SE of  three repeats  with two
replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.



29%,  39%  and  43%  in  shoots  under  a  similar
combination of test doses over control.

Influence  on  glutathione  peroxidase  (GPx)  (EC
1.11.1.9) activity

The activity of GPx in the test seedlings was increased
by selenate treatment in both test cultivars (Fig. 7).
The activity of GPx increased by about 14% and 15%
in roots and by about 8% and very little in shoots in 2
μM selenate treated test seedlings of cv. satabdi and
cv. khitish respectively over control. This promotive
effect  increased  considerably  by  about  73%,  107%,
and 139% in roots and by about 87%, 115% and 130%
under 20, 50, 100 μM selenate treatment respectively
in cv. satabdi test seedlings. Considerable increment
also  occurred in cv.  khitish  where the  GPx activity
was enhanced by about 59%, 87% and 123% in roots
and by about  53%,  70% and 124% in shoots  under
said treatments over water control. 

Application  of  combined  selenate  with  10  mM
sulphate  increased  the  activity  of  GPx  in  all  test
seedlings but at a lesser degree compared to selenate
treatment  singly.  The  activity  of  GPx  increased  by
about 24% and 9% in roots and by about 5% and very
little  in  shoots  of  cv.  satabdi  and  cv.  khitish
respectively  under  2  μM  selenate  and  sulphate
treatment.  A  gradual  but  significant  increment  by
about 67%, 78% and 81% in roots and by about 36%,
86% and 144% in shoots of cv. satabdi occurred when
treated  with  stipulated  concentrations  of  selenate
and  sulphate  solutions.  In  cv.  khitish,  the  enzyme
activity was also up-regulated by about 48%, 67% and
102% in roots and by about  28%, 55% and 91% in
shoots under similar treatments over control.

Influence on glutathione-S-transferase (GST) (EC
2.5.1.18) activity

The  activity  of  GST  showed  a  dose-dependent
increase in both the test seedlings with an increase in
selenate treatment over water control (Fig. 8). Under
2  μM  selenate,  the  GST  activity  increased  on  an
average  by  about  11%  in  roots  and  very  little  in
shoots  of  cv.  satabdi  and  cv.  khitish  respectively.
After that, in cv. satabdi the activity of GST increased
considerably  by  about  28%,  61% and  87% in  roots
and by about  19%, 23% and 34% in shoots treated
with  10,  20,  50  μM  selenate  solutions  respectively.
This  pattern was reflected in cv.  khitish  where the
enzyme activity  also  increased  by  about  25%,  37%
and 76% in roots and by about 15%, 22% and 31% in
shoots  under  10,  20,  50  μM  selenate  treatment
respectively over control. 

Application  of  selenate  and  sulphate  together
narrowed the promotive effect of GST activity in all
treated seedlings compared to control and also at a
lesser  degree  than  selenium  treatment  alone.  The
joint  application  of  2  μM  selenate  and  10  mM
sulphate increased GST activity by about 5% and very
little in roots and shoots respectively of cv. satabdi.
On the contrary,  it  registered an increase  of  about
14% in roots and 5% in shoots of cv. khitish under
similar treatment. The GST activity also increased by
about 15%, 20% and 73% in roots and by about 2%,
6%  and  16%  in  shoots  treated  with  10,  20,  50  μM
selenate and 10 mM sulphate doses respectively in cv.
satabdi.  In  cv.  khitish,  the  GST  activity  similarly
increased by about 16%, 18% and 20% in roots and by
about  7%,  10%  and  15%  in  shoots  under  said
conditions  of  selenate  and  sulphate  treatments
respectively over control.
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Fig. 6.  Effect of different concentrations of  selenate applied either alone or in their combination with sulphate (10 mM) on glutathione
reductase (GR) activity of 21 days old cv. satabdi and cv. khitish seedlings. In each treatment values are the mean ±SE of three repeats with
two replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.



Influence on phytochelatin production 

HPLC  chromatogram  peaks  showed  that  selenate
exposure  on  21  days  old  rice  seedlings  lead  to
elevation  of  PCs  varying  in  chain  lengths  (n  =  2-4)
(Fig. 9-12). The inductions in phytochelatin contents
were  found  to  be  more  in  case  of  cv.  satabdi  as
compared to that of cv. khitish, a probable indication
of more sensitivity of cv. satabdi towards selenate. At

50 µM selenate treatments, the accumulation of PC’s
was found to be maximum in both the cultivars. PC2
increased on an average by about 378% and by about
210% in roots and by about  601% and by 228% in
shoots  of  cv.  satabdi  and  cv.  khitish  seedlings
respectively  over  their  controls.  Increase  in  PC3
occurred on an average by about 158% and by about
150%  in  roots  and  by  74%  and  55%  in  shoots  of
selenate treated cv. satabdi and cv. khitish seedlings
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Fig. 7.  Effect of different concentrations of  selenate applied either alone or in their combination with sulphate (10 mM) on  glutathione
peroxidase (GPx) activity  of 21 days old cv. satabdi and cv. khitish seedlings.  In each treatment values are the mean ±SE of three repeats
with two replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.

Fig. 8. Effect of different concentrations of selenate applied either alone or in their combination with sulphate (10 mM) on the glutathione-S-
transferase (GST) activity of 21 days old cv. satabdi and cv. khitish seedlings. In each treatment values are the mean ±SE of three repeats
with two replicates.*indicates statistically significant at p ≤ 0.05 respectively with respect to control.



respectively over their controls. The accumulation of
PC4 was escalated on an average by about 353% and
by 302% in roots whereas in shoots, it increased by

about  386%  and  by  295%  in  cv.  satabdi  and  cv.
khitish over their respective controls.
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Fig. 9. Effect of selenate on phytochelatins (PC2, PC3 and PC4) in the root of 21 days old cv. satabdi and cv. khitish seedlings.  Values are the
mean ± SE of three repeats with two replicates in each treatment. .*indicates statistically significant at p ≤ 0.05 respectively with respect to
control.

Fig. 10. Effect of selenate and sulphate on phytochelatins (PC2, PC3 and PC4) in the root of 21 days old cv. satabdi and cv. khitish seedlings.
Values are the mean ± SE of three repeats with two replicates in each treatment.

Fig. 11. Effect of selenate on phytochelatins (PC2, PC3 and PC4) in the shoot of 21 days old cv. satabdi and cv. khitish seedlings. Values are
the mean ± SE of three repeats with two replicates in each treatment. *indicates statistically significant compared to control.



The elevated levels of PC2, PC3 and PC4 declined
on  an  average  by  about  159%,  36%  and  80%
respectively  in roots  and by nearly 409%, 14% and
65%  respectively  in  shoots  of  cv.  satabdi  seedlings
raised under sulphate supplemented conditions. For
cv. khitish the increments in PC2, PC3 and PC4 were
also  reduced  to  about  129%,  83%  and  113%
respectively in roots and to about 71%, 32% and 173%
respectively  in  shoots  on  an  average  over  their
respective controls.

Overall  induction  of  phytochelatins  production
was higher in cv. satabdi amounting to about 325%
compared to that of cv. khitish, where it was about
173% indicating that cv. satabdi suffered more under
selenate  treatments  as  compared to  that  of  khitish,
showing its sensitivity towards selenate. In both the
cases,  accumulation of PC4 was maximum followed
by  PC2.  Least  accumulation  of  PC3  was  observed
under selenate treatments (Supplementary Figs. 2, 3,
4, 5).

Discussion

The present study showed that a low concentration of
sodium  selenate  treatment  had  positive  effects  on
growth.  Contrastingly,  high  selenate  levels  induced
variable  responses  in  both  the  cultivars  relative  to
water  control  (Supplementary  Figs.  1a,  1b).  It  has
been  well  documented  that  low  selenate
concentrations  stimulates  plant  growth  while  at
higher  levels,  plant  growth  is  diminished  due  to
reduction in biomass and photosynthetic pigments (1,
40, 41). Selenium provoked oxidative stress at higher
concentrations leads to reactive oxygen species (ROS)
production.  Plants  possess  an  efficient  antioxidant
defence system to deal with such ROS under diverse
stresses  and  protect  themselves  from  cellular
damages  (1,  42).  Antioxidants  such  as  glutathione
(GSH),  ascorbic  acid  (ASA),  α-tocopherol,  phenolic
compounds,  carotenoids  (lipid-soluble  compounds)
along  with  specific  enzymes  such  as  ascorbate
peroxidase  (APX)  catechol  peroxidase  (CPX)  and
ascorbate  oxidase  (AOX)  effectively  function  in
quenching  ROS  and  restore  cellular  homeostasis
through the ascorbate-glutathione cycle.

Ascorbic  acid  (vitamin  C)  synthesized  in  the
mitochondria is considered as a powerful antioxidant
and scavenger of oxygen radicals (O2•− and OH•) that
regenerates  α-tocopherol  which  synergistically  acts
with other antioxidants to reduce oxidative damages
and  provides  membrane  stability  (43).  Our  results
reveal  enhancement  in  ascorbate  contents  under  2
µM  selenate in  both  the  cultivars,  however,  with
higher  doses  of  selenate treatments  ascorbate
contents  declined  in  a  dose-dependent  manner  in
both the cultivars showing greater variations in cv.
satabdi than cv. khitish and coincides with the study
conducted in rice cultivar  MTU 1010 under salinity
stress (44). Increase in ascorbate contents under 2 µM
selenate occurred due to the antioxidative nature of
selenate under mentioned dose. Again, enhancement
of  ascorbate  due  to  addition  of  sulphate  in  the
selenate stressed seedlings lowered the levels of ROS
and contributed to alleviation of  selenate toxicity in
the test seedlings.

Ascorbate  peroxidase  reduces  H2O2 to  water
using  ascorbate  as  an  electron  donor (45). In  the
study activity  of  APX increased in  both  cv.  satabdi
and  cv.  khitish  with  an  increase  in  selenate
concentrations. This is in line with results obtained in
rocket tops and strawberry seedlings (42, 46). Greater
increments in APX activity in both root and shoot of
cv. satabdi with respect to cv. khitish was a response
of the former cultivar to withstand stress due to its
partial sensitive nature in comparison to that of cv.
khitish. Increase in said enzyme activity also reduced
the  levels  of  its  substrate,  ascorbate  in  both  the
cultivars.  Modifications  induced  in  redox  and  cell
signalling processes due to stress have been shown to
boost  APX  activity  that  enhances  its  ability  to
scavenge  ROS  (47).  Sulphate  treatments  along  with
selenate on  the  other  hand,  narrowed  down
increments  in  APX  activity  that  lowered  ascorbate
accumulation in both the tested cultivars.

The oxidation of ascorbic acid by AOX produces
dehydroascorbic  acid (DHAR) and  water (H2O).
Ascorbic  acid  oxidase reduces  accumulated  H2O2  in
plant  tissues and  protects  cells  from  ROS  induced
damages. Application  of  selenate enhanced  AOX
activity in both root and shoot of cv. satabdi and cv.
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Fig. 12. Effect of selenate and sulphate on phytochelatins (PC2, PC3 and PC4) in the shoot of 21 days old cv.satabdi and cv. khitish seedlings.
Values are the mean ± SE of three repeats with two replicates in each treatment



khitish.  Stimulation of  enzyme activity  to a  greater
extent  might  be  a  response  to  withstand  stress.
However, such increments were relatively higher in
cv. satabdi than cv. khitish indicating its sensitivity to
stress.  Sulphate  treatment  under  selenate stress
however, had a significant effect on cv. satabdi and
lowered AOX activity than cv. khitish.

Low molecular weight antioxidant α-tocopherol
interacts  directly  with oxidizing  radicals  and limits
the chain propagation reaction of lipid peroxidation
thus  protecting  the  cells  from  ROS  (48).  Selenate
treatments enhanced α-tocopherol levels in both the
cultivars but enhancements in cv. khitish were lesser
in comparison to that of cv. satabdi, possibly due to
its  superior  ability  to  endure  stress.  On  the  other
hand, the joint application of sulphate with selenate
lowered α-tocopherol levels to a greater extent in cv.
satabdi  indicating  a  better  recovery  of  stress  than
that of cv. khitish.

The  most  abundant  thiol  glutathione (GSH)
conserves  the  cellular redox  by  maintaining  the
protein thiol groups in the reduced state. Glutathione
scavenges ROS and an increase in GSH contents may
be ascribed to induction of the sulphur assimilation
pathway  in  the  study.  Irrespective  of  varietal
differences, the level of GSH was higher in root than
shoot.  Moreover,  enhancement  in  GSH  contents
occurred to a greater extent in cv. satabdi compared
to  that  of  cv.  khitish  due  to  its  susceptibility  to
selenate. Significant increase in GSH under  selenate
exposure provides protection from oxidative damage
as demonstrated  in  Azolla  caroliniana  Kaulf  (49).  It
was reported  that enhanced ROS production due to
high concentrations of selenate leads to an imbalance
in  the  production  of  GSH,  thiols  (-SH),  ferredoxins
(Fd.red)  and/or  NADPH,  that  play  vital  role  in
selenate assimilation  (50). GSH not only participates
in  the  regeneration  of  ascorbate  via
dehydroascorbate  reductase,  it  also  reacts  with
singlet  oxygen and OH-  radicals  to  protect the  thiol
groups  of  proteins  (51).  Ascorbic  acid  and  GSH
provide reducing power necessary to quench excess
ROS produced in plants due to stress (52).

The enzyme glutathione reductase (GR) catalyzes
the  reduction of  oxidized  glutathione  (GSSG)  to  its
reduced  state  (GSH)  and  mainly  operates  in  the
chloroplasts (53). GR has an essential role in cellular
defence  by  maintaining  the  reduced  status  of
glutathione.  Dose  dependant  increment  in  the
activity  of  GR was prominent  in  both  the  cultivars
with higher increment in cv. satabdi compared to cv.
khitish, pointing its sensitivity to selenate treatments.
It  has  been documented  that  enhanced  GR activity
results in more GSH production and better protection
against oxidative stress (54).  Similar to our study an
increase in GR activity with increased GSH contents
were  noted  in  Azolla caroliniana Kaulf and Pteris
vittata  L (49,  50).  Co-application  of  sulphate  along
with selenate lowered GR activity due to less uptake
of Se in the presence of S and ultimately lowered ROS
production.

Glutathione  peroxidase  (GPx)  localized  in  the
cytoplasm or bound to the cell wall reacts with H2O2

forming GSSG which is then reduced to GSH by GR.

Evidence of a positive relationship between selenate
concentration and GPx activity suggests the existence
of a selenate-dependent GPx in plants (55). Moreover,
selenate supplementation causes an increase in the
activity of GPx which shows this enzyme functions to
antagonise ROS formation in plants  (49).  Our study
registered elevation in GPx activity in both the tested
cultivars exhibiting greater variations  in cv. satabdi
than cv. khitish. Such significant increase in the level
GSH  in  selenate-treated  rice  seedlings  may  be
correlated to the high activity of GR which allowed
the reducing agent (GSH) to subdue ROS production
with the help of GPx or APX. Our study is in line with
another report  where  GPx  has been reported to be
activated  by  selenate and  acts  as  a  powerful
scavenger  of  H2O2  in  ryegrass  (55).  The  joint
application of sulphate along with selenate however,
lowered selenate uptake,  decreased ROS production
and  consequently  down-regulated  GPx  activity  in
both the cultivars.

Glutathione-S- transferases catalyze the addition
of GSH to electrophilic substrates and sequester them
to the vacuoles, thus protecting cells from oxidative
damage  due  to  environmental  stresses  (56).
Increments in GST activity with increase in  selenate
concentrations  in  both  the  cultivars  corroborates
with the earlier studies (57, 58). The elevation in GST
activity with selenate treatment was prominent in cv.
satabdi  than  in  cv.  khitish  possibly  because  of  cv.
satabdi  succumbed  more  to  the  stress  induced  by
selenate treatments. The joint application of sulphate
along  with  selenate  lowered  selenate  uptake  and
thereby lowered GST activity in both the cultivars.

Presence of sulphate in selenium solution acts as
a limiting  factor  and hinders  uptake of  selenate in
plant tissues due to the chemical similarity between
selenate and sulphate (59). Selenate forms analogues
with  sulphate  and  causes  structural  changes  in
proteins  especially  in  methionine  and  cysteine
forming non- functional proteins and enzymes (60).
The wrong incorporation of SeCys/SeMet in place of
Cys/Met  in  protein  chain  resulting  in  malformed
selenoproteins are detrimental to protein functioning
and alter redox potential that affects enzyme kinetics
(61). Increase in selenate uptake raised H2O2 contents
and  coincided  with  an  increase  in  GPx  and  GST
activities due to oxidation of GSH by seleno-products.
Our  study  showed  that  increments  in  the  total
glutathione  contents  and  activities  of  its  related
enzymes  under  selenate treatment  were  narrowed
down with the application of  10 mM sulphate  with
selenate. Similar observations were already reported
in  rocket  plants  (Eruca  sativa  L.)  (62).  Presence  of
sulphate in treatment solution helped to counteract
the  oxidative  stress  generated  by  selenate by
enhancing  the  production  of  GSH  and  other
antioxidants (14).

Literature states that the stimulatory effects on
the enzymes of the sulfur reduction pathway due to
metal stress regulate sulfur uptake and transport in
the  cells  (63,  64).  In  the  present  study  similarly,
selenate  stress boosted up the enzyme activities  of
the  ascorbate  glutathione  cycle,  although
differentially  in  the  tested  cultivars.  Selenate
treatments  also  enhanced  the  levels  of  GSH,  the
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substrate  necessary  for  PC  synthesis  and
corresponded  with  significant  increments  in  the
levels of phytochelatins (PCs) that have an exclusive
role  in  heavy  metal  detoxification  to  maintain
cellular  homeostasis  (65).  Selenium  exposure  in
both the cultivars stimulated PC synthesis in roots as
well as in shoots for detoxification of selenate that
enhanced the tolerance of the test seedlings. Greater
accumulation of  PC2,  PC3 and PC4 occurred in cv.
satabdi  revealing  its  sensitivity  to  selenate.
Conversely,  corresponding  increments  in  PC
accumulation in cv. khitish were lesser as indicated
by  the  lower  PC2,  PC3  and  PC4  peak  heights
suggesting  its  relatively  tolerant  nature.  Similar
studies of PC induction in rice seedlings have been
addressed under arsenic and chromium toxicity that
enabled vacuolar sequestration of heavy metals (66,
67).  However,  induction of PC3 synthesis  as in the
present study was not noted under arsenate stress
in  cv.  khitish  (66).  Such  enhancements  in  PC
production  helped  to  bind  the  heavy  metal  via
sulphydrl  and  carboxyl  groups  rendering  survival
under metal stressed environment (68). S treatments
on  the  other  hand,  lowered  PC  accumulation  as
indicated by the decreased peak heights of PC2, PC3
and  PC4  in  both  the  varieties.  This  could  be
probably  due  to  repression  of  sulphate/selenate
transporters in the presence of competing sulphate
under  sulphate  supplementation.  Such  sulphate
enrichment  has  been  documented  to  prevent  the
negative  impacts  of  high  selenate  accumulation in
Diplotaxis tenuifolia L. (69).

Conclusion

The dualistic nature of selenate is apparent from our
present  work  that  is  reflected  by  Se-induced
promotive effects  at 2 μM concentration as opposed
to the higher concentrations (10 μM to 50 μM) where
selenate induced  changes  in  the  ascorbate-
glutathione  cycle  hindered growth.  Although
exogenous selenate  had similar  influences  on roots
and shoots of the cultivars satabdi and khitish still a
partial tolerant nature of the latter cultivar has been
detected.  Selenate  treatments  not  only  altered  the
activities of the  ascorbate-glutathione cycle  enzymes
but  also  stimulated  phytochelatins  production  in  a
differential  manner  in  the  tested  cultivars.  Co-
application of sulphate along with selenate however,
helped to  restore the  damages  induced by  selenate
alone  in  both  the  cultivars  and  improved  growth.
Therefore,  our  study  would  be  helpful  for  devising
future  strategies  where  application  of  sulphate
enriched fertilizer in selenate-prone soils might serve
to counter the adverse effects of  selenate in growth
and metabolism of the tested rice cultivars.
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