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Abstract A hydroponic experiment was conducted to deter-
mine the possible effect of exogenous glutathione (GSH) in
alleviating chromium (Cr) stress through examining plant
growth, chlorophyll contents, antioxidant enzyme activity,
and lipid peroxidation in rice seedlings exposed to Cr toxicity.
The results showed that plant growth and chlorophyll content
were dramatically reduced when rice plants were exposed to
100 uM Cr. Addition of GSH in the culture solution obviously
alleviated the reduction of plant growth and chlorophyll con-
tent. The activities of some antioxidant enzymes, including
superoxide dismutase, catalase (CAT) and glutathione reduc-
tase in leaves, and CAT and glutathione peroxidase in roots
showed obvious increase under Cr stress. Addition of GSH
reduced malondialdehyde accumulation and increased the
activities of these antioxidant enzymes in both leaves and
roots, suggesting that GSH may enhance antioxidant capacity

Highlights » Exogenous application of GSH alleviated the reduction
of plant growth and chlorophyll contents in Cr-stressed rice plants.

» Exogenous application of GSH reduced MDA accumulation and
enhanced the antioxidant capacity in Cr-stressed rice plants.

» Exogenous application of GSH decreased Cr uptake and root-to-
shoot transport in Cr-stressed rice plants.
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in Cr-stressed plants. Furthermore, exogenous GSH caused
significant decrease of Cr uptake and root-to-shoot transport
in the Cr-stressed rice plants. It can be assumed that GSH is
involved in Cr compartmentalization in root cells.
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Introduction

Chromium (Cr) is the 21st most abundant element in Earth's
crust and is toxic to plants without any function in plant
metabolism [1]. In recent years, Cr contamination has be-
come a serious issue worldwide for agricultural production
and environment due to poor Cr management in industrial
and agricultural practices [2]. Chromium occurs naturally in
several oxidation states, with the trivalent (Cr (III)) and
hexavalent (Cr(VI)) being the most stable and common
forms [3]. Although both Cr (IIT) and Cr (VI) are toxic to
plants, hexavalent Cr is considered to be much more toxic
than its trivalent form. Chromium inhibits seed germination
and plant growth, disrupts nutrient and water relations, indu-
ces inactivation of mitochondrial electron transport, decreases
the activity of antioxidant enzymes, and causes ultrastructural
damage of the chloroplast and cell membrane [4-7].
Oxidative stress is one of the most important damages for
plants exposed to various abiotic stresses [8]. It was reported
that Cr stress enhanced lipid peroxidation and produced
reactive oxygen species (ROS), including H,O,, O, , and
OH, resulting in oxidative damage to plants [5, 9, 10]. In
order to control the level of ROS and protect the cells from
oxidative injury, plants have developed an antioxidant de-
fense system, which is mainly composed of antioxidant
enzymes, such as superoxide dismutase (SOD), guaiacol
peroxidase (POD), catalase (CAT), ascorbate peroxidase
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(APX) and glutathione reductase (GR), and non-enzymatic
antioxidants, such as ascorbate, glutathione (GSH), flavo-
noids, carotenoids, and tocopherols [8, 11].

A low molecular weight tripeptide (y-glutamylcys-
teinyl-Gly), i.e., reduced GSH, is the most abundant source
of non-protein thiols in plant cells, which is related to
regulation of cell differentiation, death and senescence,
pathogen resistance, and enzymatic activity [12]. GSH also
participates in the maintenance of redox homeostasis in the
cells and plays a crucial role as an antioxidant in cell defense
and protection against various stresses, such as chilling,
drought, salinity, and heavy metal [13—15]. Acting as a free
radical scavenger, GSH is a part of the ascorbate—glutathi-
one cycle, essential for scavenging of hydrogen peroxide
(H,05,) [15]. Furthermore, GSH also works as a precursor in
the synthesis of phytochelatins, which have a high affinity in
binding heavy metals and are transported as complexes into
the vacuole, leading to inactivation of heavy metals in the
plant cells [16]. It is well documented that GSH plays an
important role for organisms in their tolerance to heavy
metals. Zhu et al. [17, 18] found that overexpression of
glutathione synthetase and ~-glutamyl-cysteine synthetase
increased Cd accumulation and enhanced Cd tolerance in
Brassica juncea. Xiang et al. [19] also reported that genet-
ically modified Arabidopsis plants with low GSH levels
were hypersensitive to Cd stress.

The importance and physiological mechanism of endog-
enous GSH in fighting against abiotic stresses have been
intensively studied [15, 20]. However, little research has
been focused on the possible effect of exogenous GSH in
alleviating Cr toxicity. In this study, a hydroponic experi-
ment was conducted to investigate the effect of GSH in
alleviating Cr toxicity.

Materials and Methods
Plant Growth and Treatments

Two rice genotypes (Oryza sativa L. cvs. Xiushui 113 and
Dan K5) were used in this experiment. In our previous study,
Xiushui 113 and Dan K5 were found to have low- and high-
grain Cr accumulation, respectively [21]. Rice seeds of the
two genotypes were surface sterilized in a 2% H,O, solution
for 10 min and then rinsed with tap water for 20 min, followed
by washing with deionized water five times. The seeds were
soaked in deionized water 25°C for 2 days and germinated at
35°C in the dark for 1 day. The seedlings were transferred to a
plastic net floating on deionized water in a controlled growth
chamber with photoperiod of 16 h light/8 h dark and light
intensity of 225+25 pumol m > s '. The light/dark temper-
atures were set at 30/22°C, and relative humidity was kept at
85%. After 2 weeks, 14 uniform rice seedlings were
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transplanted into a 4-L plastic container containing nutrient
solution (seedlings per pot) in a greenhouse with ambient light
intensity, temperature (34°C day/25°C night), and humidity
(approximately 75%). The rice plants were grown in a hydro-
ponic solution prepared according to the protocols of Yoshida
et al. [22] with the following salts (in millimolars): NH4NO3,
1.45; NaH,POy, 0.32; K,S0,, 0.5; CaCl,, 1.0; MgSO4-7H,0,
17, MnC12'4H20, 9.1x 1073; (NH4)6M0024'4H20, 5.2x%
1074, H3BO;5, 1.8x1072; ZnSO,4-7H,0, 1.5x10 %
CuSO0,-5H,0, 1.6x107*, and Fe-citrate, 3.6x10 2. The pH
value of the culture solution was adjusted to 5.1+0.01 using
1 M HCI or NaOH solution as required. Culture solutions
were renewed every 4 days. Half strength nutrient solution
was applied for the first 4 days and then changed to complete
nutrient solution for 1 week. Thereafter, potassium dichromate
(K5Cr,05) and GSH were added to the nutrient solutions to
form six treatments as follows: (1) control (without GSH and
Cr), (2) GSH 50 (50 uM GSH), (3) GSH 100 (100 uM GSH),
(4) Cr (100 uM Cr), (5) Cr+GSH 50 (100 uM Cr+50 uM
GSH), and (6) Cr+GSH 100 (100 uM Cr+100 pM GSH).

Measurement of Plant Growth and Metal Concentration

After a 20-day treatment, rice seedlings were sampled, im-
mersed into 20 mM EDTA-Na2 for 3 h, and rinsed in
running distilled water. Fifteen plants with similar size were
selected from three replications, and the lengths of shoot and
root were simultaneously measured with a centimeter scale.
Then, the plants were separated into shoots and roots, dried
at 80°C for 48 h, and weighed. Plant sample (1 g) was
digested with 6 ml concentrated HNO; at 150°C for 1 h
and then with 2 ml concentrated HCIO, at 215°C for 2 h
[23]. The final digestion was diluted to 25 ml with deionized
water and filtered. Chromium concentration was determined
via flame atomic absorption spectrometry (AA6300, Shi-
madzu, Kyoto, Japan). The translocation factor (TF) of Cr
was calculated as TF (percent)=[Cr]shoot/[Cr]rootx 100%.

Estimation of Photosynthetic Pigments

After the 20-day treatment, about 0.2 g of fresh leaves was
extracted with a 10-ml mixture of acetone and ethanol (v/v=
1:1) in the dark at room temperature until leaf color disap-
peared completely. Light absorbance at 663, 645, and
470 nm was determined using a spectrophotometer
(AA6300, Shimadzu, Tokyo, Japan). The concentrations of
chlorophyll (a, b) and carotenoids were calculated using
adjusted extinction coefficients [24].

Estimation of Malondialdehyde

The level of lipid peroxidation was expressed as malondial-
dehyde (MDA) content and was determined as 2-
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thiobarbituric acid (TBA) reactive metabolites according to
the method of Hodges et al. [25]. After the 20-day treatment,
fresh samples (both leaf and root, approximately 0.5 g) were
homogenized in 4.0 ml of 1% trichloroacetic acid (TCA)
solution and centrifuged at 10,000xg for 10 min. The su-
pernatant was added to 1 ml 0.5% (w/v) TBA made in 20%
TCA. The mixture was incubated in boiling water for
30 min, and the reaction was stopped by placing the tubes
in an ice bath. The samples were centrifuged at 10,000x g
for 5 min, and the absorbance of the supernatant was
recorded at 532 nm. The value for non-specific absorption
at 600 nm was subtracted. The amount of the MDA-TBA
complex (red pigment) was calculated from the extinction
coefficient of 155 mM ' em ™.

Assay of Antioxidant Enzyme

After the 20-day treatment, fresh samples (both leaf and
root, approximately 0.5 g) were homogenized with 8 ml
50 mM phosphate buffer solution (pH 7.8) in an ice bath
and then centrifuged at 10,000xg for 15 min at 4°C The
supernatant was designated as crude enzyme extract and
stored at 4°C for the assays of various antioxidant enzyme
activities and soluble protein content.

Superoxide Dismutase (EC 1.15.1.1) SOD activity was
assayed by the nitroblue tetrazolium (NBT) method [26] by
measuring the photoreduction of NBT at 560 nm. The reaction
mixture (3 ml) contained 50 mM sodium phosphate buffer
(pH 7.8), 13 mM methionine, 75 uM NBT, 10 uM EDTA,
2 mM riboflavin, and enzyme extract (100 pl). The reaction
was started by placing the tubes below two 15-W fluorescent
lamps for 10 min and then stopped by switching off the light.
The absorbance was measured at 560 nm. One unit of SOD was
defined as the quantity of enzyme that produced 50% inhibition
of NBT reduction under the experimental conditions.

Guaiacol Peroxidase (EC 1.11.1.7) POD activity was
assayed according to the method of Putter [27] with some
modification. The reaction mixture (3 ml) consisted of
100 ul enzyme extract, 100 ul guaiacol (1.5%, v/v),
100 ul H,O, (300 mM), and 2.7 ml 25 mM potassium
phosphate buffer with 2 mM EDTA (pH 7.0). Increase in
the absorbance was measured spectrophotometrically at
470 nm (¢=26.6 mM ' cm™ ).

Catalase (EC 1.11.1.6) CAT activity was assayed using the
method described by Aebi [28]. The assay mixture (3.0 ml)
contained 100 pl enzyme extract, 100 ul H,O, (300 mM),
and 2.8 ml 50 mM phosphate buffer with 2 mM EDTA
(pH 7.0). The CAT activity was assayed by monitoring the
decrease in the absorbance at 240 nm as a consequence of
H,0, consumption (€=39.4 mM ' cm™").

Ascorbate Peroxidase (EC 1.11.1.11) APX activity was de-
termined according to Nakano and Asada [29]. The reaction
mixture consisted of 100 ul enzyme extract, 100 pl ascor-
bate (7.5 mM), 100 pl H,O, (300 mM), and 2.7 ml 25 mM
potassium phosphate buffer with 2 mM EDTA (pH 7.0). The
oxidation of ascorbate was determined by the decrease in
absorbance at 290 nm (¢=2.8 mM ' cm ™).

Glutathione Reductase (EC 1.6.4.2) GR activity was
assayed according to Garcia-Limones et al. [30]. The reaction
mixture consisted of 100 pul enzyme extract, 100 ul NADPH
(2.4 mM), 100 pl oxidized glutathione (GSSG, 10 mM), and
2.7 ml 25 mM potassium phosphate buffer with 2 mM EDTA
(pH 7.0). The oxidation of NADPH was determined by its
absorbance decrease at 340 nm (6=6.2 mM ' cm ™).

Glutathione Peroxidase (EC 1.11.1.7) GPX activity was
assayed according to Nagalakshmi and Prasad [31]. The reac-
tion mixture consisted of 200 pl enzyme extract, 100 pl NaCl
(1.14 M), 100 ul GSH (5 mM), 100 ul NADPH (2 mM),
100 ul H,0, (2.5 mM), 10 ul GR (25 Uml "), and 380 ul
25 mM potassium phosphate buffer with 2 mM EDTA
(pH 7.0). The oxidation of NADPH was determined by its
absorbance decrease at 340 nm (6=6.2 mM ' cm ™).

Statistical Analysis

The whole experiment was set up in a randomized block
design. Statistical analysis was performed by a statistical
package, SPSS version 13.0 (SPSS, Chicago, IL). ANOVA
was used to confirm the significance of the factors. Signif-
icant differences among the means were compared by Dun-
can's multiple range tests (P<0.05).

Results
Plant Growth Parameters

Compared to the control, Cr stress significantly decreased
shoot and root lengths and shoot dry weight of the two
genotypes, causing 33%, 20%, and 42% reduction for
Xiushui 113, and 33%, 26%, and 49% reduction for Dan
KS, respectively (Table 1). However, Cr stress had little
effect on root dry weight of both genotypes. Without Cr
addition, addition of exogenous GSH showed little effect on
length and dry weight of both shoots and roots relative to the
control. However, GSH addition alleviated the reduction of
these growth parameters caused by Cr stress. Hence, the
treatment of Cr+GSH had greater values in shoot and root
lengths, and shoot dry weight, than the treatment of Cr alone
for the two rice genotypes (Table 1). It may be suggested
that the Cr-induced growth inhibition was alleviated by
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Table 1 Effects of exogenous GSH addition on lengths and dry weights of shoots and roots of rice seedlings under non-stress and Cr stress for

20 days
Cultivars Treatments Shoot length (cm) Root length (cm) Shoot dry Root dry
weight (g plant ") weight (g plant )

Xiushui 113 Control 45.27+033 a 24.02+0.53 be 0.26+0.02 a 0.06+0.01 bed
GSH 50 45.57+0.85 a 25.15+0.33 ab 0.26+0.00 a 0.06+0.01 bed
GSH 100 43.50+1.03 b 25.92+0.14 a 0.2740.01 a 0.06+0.01 abc
Cr 30.35+1.53 d 19.22+40.29 ef 0.15+0.02 fg 0.06+0.01 bed
Cr+GSH 50 31.42+0.99 d 19.70+0.54 de 0.16+0.02 ef 0.06+0.01 ab
Cr+GSH 100 31.14+0.77 d 20.70+1.31 d 0.19+0.01 cd 0.07£0.01 a

Dan K5 Control 41.37+1.19 ¢ 23.08+1.02 ¢ 0.19+0.01 cd 0.04+0.00 e
GSH 50 42.97+1.11 be 24.24+0.68 be 0.21+0.01 be 0.04£0.00 e
GSH 100 42.63+0.86 bc 23.75+1.11 be 0.23+0.01 b 0.05£0.00 de
Cr 27.71+0.83 e 16.98+0.54 g 0.10+£0.00 h 0.04+0.00 e
Cr+GSH 50 30.28+0.57 d 17.01+£1.29 g 0.14+£0.01 g 0.05+0.00 cde
Cr+GSH 100 31.17+0.41 d 17.86+0.98 fg 0.18+0.01 de 0.06+0.00 bed

Significance of F values Genotype * * * *
Cr * * * ns
GenotypexCr ns HoEE ns ns
Genotypex GSH *E ns HAk ns
CrxGSH roxx ns *x ns
Genotypex Crx GSH ns ns ns ns

Values (means+SE, n=3) with different letters in the same column are significantly different at P<0.05 according to Duncan's test

ns not significant, Control basal nutrient without GSH and Cr, GSH 50 basal nutrient+50 pM GSH, GSH 150 basal nutrient+100 pM GSH, Cr
100 uM Cr, Cr+ GSH 50 100 uM Cr+50 uM GSH, Cr+ GSH 100 100 uM Cr+100 uM GSH

*P<0.001; **P<0.01; ***P<0.05

GSH application. Moreover, the alleviation of Cr toxicity by
exogenous GSH was genotype dependent, with Dan K5
being more affected than Xiushui 113.

Chromium Concentration and Translocation in Plants

Addition of Cr stress (100 uM) in culture solution increased
Cr concentrations in both shoots and roots, with roots hav-
ing much higher Cr concentration than shoots (Fig. 1a and
b). Under Cr stress, GSH addition markedly reduced shoot
Cr concentration of the two genotypes. On the contrary, root
Cr concentration was significantly higher for the plants

exposed to exogenous GSH than the plants under Cr stress
alone. In addition, higher level of GSH (100 uM) signifi-
cantly alleviated Cr accumulation in roots (Fig. la and b).
The translocation factor (TF, ratio of [Crlgoo/[Cr]root) Of Cr
was reduced significantly in the GSH treatment, and the
reduction was larger for Dan K5 than for Xiushui 113

(Fig. 1c).

Photosynthetic Pigment Content

As shown in Table 2, Cr stress significantly reduced the
contents of chlorophyll b (Chlb), total chlorophyll (Chla+ b)
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Fig. 1 Effects of exogenous GSH addition on Cr concentration in shoots
(a) and roots (b) and Cr translocation factor (¢) of two rice genotypes
under non-stress or Cr stress. GSH and chromium were simultaneously
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added to 25-day-old seedlings for 20 days. Values are means=+SE of three
replicates. Bars with different letters within a parameter are significantly
different at P<0.05 according to Duncan's test



Glutathione-Mediated Alleviation of Chromium Toxicity in Rice

259

Table 2 Effects of exogenous GSH addition on the contents of chlorophyll a (Chla), chlorophyll b (Chld), total chlorophyll (Chla+5), and

carotenoid (Car) of rice seedlings under non-stress or Cr stress for 20 days

Cultivars Treatments Chlg (mg g ' FW)  Chlb (mg g ' FW)  Chla+b (mg g ' FW)  Car (mg g ' FW)
Xiushui 113 Control 2.34+40.19 cde 1.06+0.08 a 3.32+0.09 bed 0.84+0.04 bed
GSH 50 3.51£0.20 a 0.86+0.05 b 4.37+£0.24 a 1.13£0.06 a
GSH 100 2.22+0.07 de 1.10£0.07 a 3.62+0.14 b 0.89+0.05 be
Cr 2.28+0.00 cde 0.63+0.01 d 2.90+0.02 ef 0.75+0.00 de
Cr+GSH 50 2.28+0.16 cde 0.65+0.06 d 2.97+0.21 def 0.78+0.06 de
Cr+GSH 100 2.55+0.24 be 0.69+0.05 d 3.23+0.31 cde 0.84+0.08 bed
Dan K5 Control 2.39+0.20 cde 0.73£0.07 cd 3.12+0.27 de 0.82+0.07 bed
GSH 50 2.45+0.23 cd 1.09+0.09 a 3.27+0.03 bede 0.89+0.08 be
GSH 100 2.24+0.14 cde 1.02+0.08 a 3.26+0.20 cde 0.82+0.05 bed
Cr 2.12+0.10 ¢ 0.53+0.03 ¢ 2.65+0.14 f 0.68+0.04 ¢
Cr+GSH 50 2.38+40.22 cde 0.67+0.07 d 3.04+0.29 de 0.79+0.06 cd
Cr+GSH 100 2.7740.11 b 0.81+0.02 be 3.58+0.08 be 0.93+0.02 b
Significance of F values Genotype * ns wox *
Cr £ sk ek sk
GSH ok ok kK ko
GenotypexCr ok ns wE HAK
Genotypex GSH HE HE HAK *
CrxGSH wox ns oK wox
Genotype x Crx GSH o wx o o

Values (means+SE, n=3) with different letters in the same column are significantly different at P<0.05 according to Duncan's test

ns not significant, Control basal nutrient without GSH and Cr, GSH 50 basal nutrient+50 uM GSH, GSH 150 basal nutrient+100 uM GSH, Cr
100 uM Cr, Cr+ GSH 50 100 uM Cr+50 uM GSH, Cr+ GSH 100 100 uM Cr+100 uM GSH

*P<0.05; **P<0.001; ***P<0.01

of two rice genotypes, and carotenoids (Car) of Dan K5 and
had little effect on chlorophyll a (Chla) content. Addition of
GSH significantly mitigated the reduction of Chlb, Chla+ b,
and Car contents caused by Cr stress for Dan K5. However,
the alleviatory effect of GSH on Chlb, Chla+ b, and Car
contents in Xiushui 113 was not significant (Table 2).

Lipid Peroxidation (MDA)

Cr stress significantly increased MDA content in leaves and
roots of the two genotypes (Fig. 2). In the absent of Cr,
100 uM GSH treatment caused little changes of MDA
contents in leaves and roots of the two genotypes. However,
addition of 50 uM GSH significantly reduced leaf MDA
content in the two genotypes and root MDA content in Dan
K35, but increased root MDA content in Xiushui 113. Under
Cr stress, exogenous application of GSH significantly re-
duced MDA contents in both leaves and roots, and the
reduction varied greatly with GSH level (Fig. 2).

Antioxidant Enzyme Activity

Chromium stress significantly increased leaf SOD activity
in Dan K5 and decreased root SOD activity in the two

genotypes (Fig. 3a and b). For the control without Cr addi-
tion, addition of 100 uM GSH significantly decreased leaf
SOD activity in the two genotypes and root SOD activity in
Dan K5, while addition of 50 pM GSH had no significant
effect on SOD activity (Fig. 3a and b). Under Cr stress,
addition of GSH significantly increased leaf SOD activity of
the two genotypes, although low GSH treatment (50 uM)
did not dramatically change root SOD activity relative to Cr
treatment alone.

Chromium stress significantly decreased leaf and root
POD activities in the two genotypes (Fig. 3c and d). Addi-
tion of GSH in the solution had little effect on leaf POD
activity but decreased root POD activity in comparison with
the control. Under Cr stress, the reduction of leaf POD
activity in Dan K5 was significantly alleviated by applica-
tion of 50 uM GSH, while for Xiushui 113, there was no
such alleviatory effect. The reduction of root POD activity
in Cr-stressed plants was significantly alleviated by addition
of 50 uM GSH in both genotypes. Both leaf and root CAT
activities were significantly increased under Cr stress,
(Fig. 3e and f). For the treatment without Cr addition, there
was no significant difference between the control and two
GSH levels in leaf and root CAT activities of both geno-
types. Under Cr stress, CAT activities in both leaf and root
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Fig. 2 Effects of exogenous 12.0

8.0

GSH addition on MDA A —0— Xiushui113 B
contents in leaves (a) and roots —O— Dan K5
(b) of two rice genotypes under
non-stress or Cr stress. GSH § 9.0 a g'
and chromium were simulta- o b o
neously added to 25-day-old 2z b 2=
seedlings for 20 days. Values e e
are means+SE of three repli- g ‘_: 6.0 - b % —S
cates. Bars with different letters € ==

s L. 9 E s E
within a parameter are signifi- = e c ef € o =
cantly different at P<0.05 e f ef d fg =
according to Duncan's test = 3.0 ef g =

g fg gh g b
GSH levels (uM) 0 50 100 0 50 100 0 50 100 0 50 100
Cr levels (uM) 0 100 0 100

were significantly increased by the exogenous application of
100 uM GSH.

Leaf APX activity of the two genotypes was not signif-
icantly affected by Cr stress, while root APX activity was
significantly decreased under Cr stress (Fig. 3g and h).
Without Cr addition, there was no significant difference
between the control and GSH treatments in leaf and root
APX activities of both genotypes, except leaf APX activity
of Dan K5 under the treatment GSH 100. Under Cr stress,
APX activities in both leaf and root were significantly
increased by two GSH levels.

Cr stress significantly increased leaf GR activity in Dan
K5 but decreased root GR activity in the two genotypes
(Fig. 3i and j). Without Cr addition, exogenous GSH had
little effect on GR activities in leaves and roots of both
genotypes, except leaf GR activity of Xiushi 113, which
showed a significant decrease in the two GSH levels. Under
Cr stress, GR activities in both leaves and roots were sig-
nificantly increased due to addition of GSH, in particular
100 uM GSH.

Leaf GPX activity of the two genotypes was not signifi-
cantly affected by Cr stress, while root GPX activity was
significantly increased under Cr stress (Fig. 3k and I). Without
Cr addition, GSH had little effect on leaf and root GPX
activities of Xiushui 113, whereas application of 100 uM
GSH increased that of Dan K5, compared with the control.
Under Cr stress, leaf GPX activities of Xiushui 113 was not
affected by GSH addition, but that of Dan K5 was significant-
ly increased in the treatment of 100 pM GSH. Root GPX
activities of the two genotypes were significantly increased in
the lower GSH level, but reduced in the higher GSH level.

Discussion

High Cr concentration reduced the elongation of root and
stem [32], reduced the dry weight of root and shoot [33],
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and altered the production of chlorophyll and soluble pro-
tein [10, 34, 35]. Similar results were obtained in the present
study. However, the inhibition of plant growth and reduction
of chlorophyll content were significantly alleviated by ex-
ogenous application of 100 pM GSH (Tables 1 and 2). The
present results indicate that GSH alleviates the inhibitory
effect of Cr stress on plant growth and some physiological
processes.

MDA is a product of cell membrane lipid peroxidation,
and its content in vivo can indicate the extent of oxidative
stress in plants and cell membrane homeostasis [36]. Chro-
mium stress initiates the process of lipid peroxidation and
increases the amount of MDA in many plant species [10,
37]. The present results showed that Cr stress caused a
dramatic increase in MDA content in rice leaves and roots,
indicating an occurrence of high oxidative stress (Fig. 2). To
fight against oxidative stress, plants have evolved a complex
antioxidant defense system. Actually, induction and activa-
tion of antioxidant enzymes like SOD and CAT are consid-
ered as an important mechanism of metal detoxification and
tolerance in plants [38]. SOD is the first line of defense
against ROS-mediated toxicity and responsible for the scav-
enging of toxic O in plant cells [39]. POD, CAT, and the
ascorbate—glutathione cycle (APX and GR) play a crucial
role in scavenging H,O, [40]. In the present study, excessive
Cr induced a significant enhancement in leaf SOD and GR
activities in Dan K5 and leaf CAT activity in both geno-
types, and root CAT and GPX activities (Fig. 3a, e, and 1),
suggesting the importance of these antioxidative enzymes in
fighting against oxidative stress. Furthermore, the activities
of SOD, POD, APX, and GR in rice roots were dramatically
reduced when the plants were exposed to Cr stress (Fig. 3b,
d, h, and j), suggesting that rice roots suffer from greater
oxidative stress than leaves under Cr stress, and the modu-
lation of SOD, POD, APX, and GR in response to Cr stress
is limited due to the Cr-induced root damage. As an impor-
tant antioxidant, GSH plays a prominent role in tolerance to
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Fig. 3 Effects of exogenous
GSH addition on the activities of
SOD (a and b), POD (c and d),
CAT (e and f), APX (g and h), GR
(i and j), and GPX (k and 1) in
leaves (left) and roots (right) for

two rice genotypes under non-
stress or Cr stress. Values are
means*SE of three replicates.

Bars with different letters within

a parameter are significantly
different at P<0.05 according
to Duncan's test
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heavy metals. We observed the protection of exogenous
GSH against oxidative stress caused by high Cr level in this
study. The activities of antioxidant enzymes in both leaves
and roots were significantly increased, and MDA content in
plants was significantly decreased in GSH-treated plants
compared to those in Cr-stressed plants. These results

demonstrate that GSH enhances the antioxidant capacity of
rice plants, thus alleviating Cr toxicity.

In general, the uptake of Cr(VI) is an active and meta-
bolically driven processes in plants [7]. Thus, Cr(VI) is
readily taken up by plants. However, there is a distinct
restriction in its translocation from roots to shoots. The
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present results showed that most Cr absorbed in rice plants
was retained in roots (Fig. 1a and b). The poor translocation
of Cr from roots to shoots could be attributed to Cr com-
partmentalization in the vacuoles of the root cells, thus
rendering it non-toxic to plants [41]. In comparison with
the treatment of Cr alone, addition of GSH markedly de-
creased Cr concentration in shoots and increased Cr con-
centration in roots, irrespective of the two rice genotypes
(Fig. 1a and b). Furthermore, the translocation factor of Cr
from roots to shoots was also reduced significantly in the
GSH-treated plants (Fig. 1c). Glutathione is a precursor of
phytochelatin (PC) synthesis in plants, which could be acti-
vated by heavy metal ions [42]. A range of metal ions, such
as Cd, Cu, Hg, Pb, and Cr, have been reported to be
effective to induce the biosynthesis of PC in plant cells
[42, 43]. Phytochelatins have a high affinity for heavy metal
to form PC-heavy metal complexes. The complexes are
then transported into the vacuole of plant cells, so that the
metal ions the complexes carry are stored safely away from
the proteins of the cytosol [15]. It has been well documented
that PCs play an important role in Cd and arsenate detoxi-
fication [42, 43]. Apart from being a substrate of PC syn-
thesis, GSH can also detoxify heavy metal through forming
a glutathione-metal complex. Lima et al. [44] found that
GSH acts as a Cd*" chelator in Rhizobium leguminosarum
strains, and its presence is believed to be very important in
intracellular cadmium detoxification. Indeed, some previous
studies have demonstrated that dichromate also can react
with GSH at the sulthydryl group, forming an unstable
glutathione—CrO5;  complex [45]. Therefore, it can be hy-
pothesized that GSH can reduce the uptake and transloca-
tion of chromium by means of synthesizing phytochelatins
and chelating metals.

Genotypic variations exist in the responses to heavy
metal stress in terms of plant growth, metal uptake, photo-
synthesis, and enzyme activity [46, 47]. In the present study,
the two rice genotypes, Xiushui 113 and Dan K5, showed a
distinct difference in the response to Cr stress and GSH
addition. Dan K5 had much more reduction in plant height
and shoot dry weight than Xiushui 113 under Cr stress,
while the effect of GSH in alleviating growth inhibition of
rice plants was much larger for Dan K5 than for Xiushui 113
(Table 1). Although the reduction of Chlb, Chl(a+ b), and
Car contents by Cr stress was greater in Dan K5 than in
Xiushui 113, the effect of GSH in alleviating the reduction
of the photosynthetic pigment content was more pronounced
in Dan K5 than in Xiushui 113 (Table 2). It could be
concluded that the effect of GSH addition on alleviating
Cr stress is genotype dependent.
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