ISSN: 0975-833X

Available online at http://www.journalcra.com

INTERNATIONAL JOURNAL
OF CURRENT RESEARCH

International Journal of Current Research
Vol. 6, Issue, 02, pp.4858-4865, February, 2014

RESEARCH ARTICLE

TRANSCRIPTIONAL AND ENZYMATIC REGULATION OF ANTIOXIDANT ENZYMES IN ALUMINIUM
INDUCED OXIDATIVE STRESS IN SORGHUM ROOTS AND LEAVES

Chandra Prakash and *Vijay Kumar

Department of Biochemistry, Maharshi Dayanand University, Rohtak, India

ARTICLE INFO

ABSTRACT

Article History:

Received 29" November, 2013
Received in revised form

05" December, 2013

Accepted 18" January, 2014
Published online 21 February, 2014

Key words:

H;0;,

Lipid peroxide,
Catalase,

Superoxide dismutase,
Proline.

Aluminum (Al) is amongst the most abundant elements of the planet and exposure to this metal can
cause oxidative stress and lead to various signs of toxicity in plants resulting in decreased crop
productivity. In this experiment we have studied the effect of Al treatment (100 pmol/L and 250
umol/L) on induction of oxidative stress and changes in antioxidant gene expression in sorghum
bicolor (cv AN 2000). Al treatment increased superoxide and H,O, content and protein oxidation in
both roots and leaves of sorghum. The lipid peroxide levels increased only in roots. The catalase
(CAT) activity decreased both in roots and leaves while ascorbic peroxidase (APX) activity decreased
inroots and increased in leaves. The activities of guaicol peroxidase (GPX) and superoxide dismutase
(SOD) increased in dose dependent manner both in roots and leaves. The antioxidant gene expression
analysis showed up regulation of SOD and GPX genes in roots and leaves while CAT showed
decrease in expression. APX was down regulated in roots and up regulated in leaves. Our results
indicate that Al toxicity generated oxidative damage in roots as indicated by increased level of lipid
peroxidation but stimulated antioxidant enzymes conferred protection from oxidative damage in
leaves.

Copyright © 2014 Chandra Prakash and Vijay Kumar, This is an open access article distributed under the Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Aluminium (Al) is among the most abundant elements of the
planet and constitutes about 8% of the earth crust. The almost
ubiquitous presence of this element has heavily contaminated
the environment and ensures its widespread exposure. Al
toxicity is considered as one of the major factors leading to
decreased crop production on the acid soils which comprise
almost half of the arable land (Panda and Matsumoto, 2007;
Panda et al., 2009). Al occurs as harmless oxides and alumino-
silicates but in the acidic soils, it is solubilised into soil solution
from alumina-silicates, inhibiting root growth and function (Ma
et al., 2001; Kochian 2005). Reactive oxygen species (ROS)
are continuously generated as byproducts in oxygen
metabolism in plants. The balance between generation of ROS
and their degradation is required to maintain normal metabolic
functions under the stress conditions. Under normal conditions,
ROS level in plant tissues is controlled by antioxidant enzymes
present in several organelles (del Rio et al., 2006). The
incomplete reduction of ROS may result in a state of oxidative
stress leading to the oxidation of biomolecules (lipids, proteins
and DNA) or even cell death. Although Al itself is not a
transition metal and cannot catalyze redox reactions, the
involvement of oxidative stress in Al toxicity has been
suggested (Boscolo et al., 2003; Pereira et al., 2010). The Al-
induced ROS generation may be one of the
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decisive factors for Al-induced inhibition of root elongation
(Yamamoto et al., 2001; Panda et al., 2009). Cakmak and
Horst (1991) first showed the enhancement of lipid
peroxidation and small increases in activities of SOD and
peroxidases by Al induced ROS production in the root tips of
soybean (Glycine max). Studies have shown that Al induced
oxidative stress leads to the alteration in the expression patterns
of genes, some of which are important in the oxidative stress
response (Richards et al., 1998; Thirkettle-Watts, 2003; Maron
et al., 2008). Recent study carried out by Panda and
Matsumoto (2010) has also shown the induction of oxidative
stress and changes in gene expression of antioxidant enzymes
in Pea plant under Al-toxicity. Earlier, similar results were
observed by Sharma and Dubey (2007) in Al treated rice
seedling. While increase in antioxidant enzyme activities as a
stress response to Al exposure are well documented in some
crop species but, there is little or no information present on the
molecular response of antioxidant enzymes of sorghum plant
under Al induced oxidative stress. The purpose of the present
work was therefore to contribute to a better understanding on
the possible ability of Al to generate the oxidative stress and on
the response of antioxidant enzymes in sorghum roots and
leaves.

MATERIALS AND METHODS
Growth and collection of plant material

Seeds of grain sorghum (cv AN 2000) were surface sterilized
in 0.1% HgCl, for 5 min and washed in sterile distilled water.
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The sterilized seeds were germinated on moistened filter paper
lined in plastic petridishes. The seedlings were treated with
various regimes of aluminium chloride i.e. 0, 10, 25, 50, 100,
250, 500 and 1000 pmol/L at pH 4.5 for preliminary screening
of the tolerance range of plant in seed germinator at 25°C. The
pre-soaked and sterilized seeds were then regerminated in
petriplates in nutrient solution containing 8 mmol/L KNO;, 2
mmol/L Ca(NOs),, 1 mmol/L KH,PO,, 1 mmol/L MgSO, and
micronutrients: 30 umol/L HBOy,, 5 umol/L MnSQy,, 1 umol/L
CuSOy4, 1 umol/L (NH,)§M0;0,4 and 1pmol/L ZnSO,4 The
solution with conc. of 100 pmol/L or more produced visible
morphological symptoms of toxicity in sorghum and hence 100
pmol/L and 250 pmol/L solutions of AICI; were used to
irrigate two sets of plants besides a third set of plants without
aluminium as control.

Measurement of growth

During growth, the root and shoot samples were taken for fresh
weight determination and compared with those of controls. The
root and shoot length assessment was done at both levels of Al
treatments at 3 days interval upto 12 days using ten random
samples in triplicate.

Preparation of crude extract

Fresh plant tissue was homogenized (1:5 w/v) in ice-cold 0.1
mol/L potassium phosphate buffer of pH 7.0 containing 2%
PVP in prechilled mortar and pestle. The homogenate was
centrifuged at 4°C for 15 min at 12,000 x g and supernatant
was used for enzyme assays. The protein content of the
supernatant was determined by the method of Bradford (1976)
using bovine serum albumin as standard.

Determination of O’,” and H,O, content

Extra-cellular generation of O, was measured according to
Kiba et al. (1997) with minor modifications. 10 excised root
and leaf tips of equal length were incubated in 3 mL of the
reaction mixture containing 50 mmol/L Tris-HCI buffer (pH
6.5), 0.2 mmol/L nitroblue tetrazolium, 0.2 mmol/L NADH
and 250 mmol/L sucrose for 24 h at room temperature in dark.
The absorbance of the blue monoformazan thus formed was
measured at 530 nm and its concentration was calculated using
an extinction coefficient of 12.8 mmol/L? c¢cm™. The H,O,
content of both control and Al treated sorghum roots and leaves
were determined according to Sagisaka (1976). One gram of
tissue was homogenized in 5% trichloroacetic acid (TCA) and
the homogenate was centrifuged at 16,000 x g at 4°C for 10
min. The reaction mixture contained 1.6 mL supernatant, 0.4
mL TCA (50 %), 0.4 mL ferrous ammonium sulfate and 0.2
mL potassium thiocyanate. The absorbance was recorded at
480 nm.

Antioxidant enzymes assays

Catalase activity was determined by consumption of H,0, in
absorbance at 240 nm by the method of Vitoria et al. (2001).
The assay mixture consisted of 0.1 mL extract and 25 mmol/L
potassium phosphate buffer (pH 7.0) containing 10 mmol/L
H,0,. The decreases in absorption were recorded at 240 nm
and quantified from the extinction coefficient of

0.036  mmol/L? cm? and activity expressed as pmol H,0,
oxidized/ min/ mg protein. Total SOD activity was assayed by
monitoring inhibition of photochemical reduction of nitroblue
tetrazolium (NBT) as described by Beauchamp and Fridovich
(1971). The 3 mL reaction mixture consisted of 2.9 mL 50
mmol/L potassium phosphate buffer (pH 7.8) containing 10
mmol/L methionine, 168 umol/L NBT, 0.025 % Triton X-100,
1.17 pmol/L riboflavin, and 0.1 mL enzyme. The assay was
carried out by placing the test-tubes below a 20 W fluorescent
lamp for 30 min. The amount of formazan formed was
measured at 560 nm compared with amount of formazan
formed in the absence of enzyme. One unit of SOD was
defined as the enzyme causing 50 % NBT reduction and
activity was expressed as U/mg protein. Guaiacol peroxidase
was estimated with guaiacol as substrate according to the
method of Vitoria et al. (2001). The assay mixture contained
0.1 mL extract in 25 mmol/L potassium phosphate buffer (pH
7.0), containing 10 mmol/L H,O, and 9 mmol/L guaiacol. The
formation of tetraguaiacol was monitored by noting increase in
absorbance at 470 nm and quantified using the extinction
coefficient 26.6 mmol/L™* cm™ and activity expressed as pmol
guaiacol oxidized/ min/ mg protein. Ascorbate peroxidase
activity was estimated by the method of Nakano and Asada
(2981) with modification by monitoring the rate of ascorbate
oxidation (extinction coefficient = 2.8 mmol/L* cm™). The
assay mixture was 0.1 mL extract added to 50 mmol/L
potassium phosphate buffer (pH 7.0) containing 0.1mmol/L
H,0,, 0.5 mmol/L ascorbate and 0.1 mmol/L EDTA. The
change in absorbance was monitored at 290 nm and activity
expressed as pumol ascorbate oxidized/min/mg protein.

Lipid peroxidation and proline content

The level of lipid peroxidation in sorghum roots and leaves was
determined as the amount of 2-thiobarbituric acid-reactive
substances (TBARS) mainly malondialdehyde (MDA) content
formed as described by Dhindsa et al. (1981). 1 g of tissue was
homogenized in 5 mL 0.1% TCA and centrifuged at 10,000
rpm for 15 min. To 2 mL supernatant, 2 mL of 20 % TCA
containing 0.67 % TBA was added. The mixture was heated at
90°C for 30 min for formation of pink-colored 1:2 adduct
between MDA and TBA and then quickly cooled on ice. After
centrifugation at 10,000 rpm for 10 min, the absorbance of the
supernatant was read at 532 nm and the value for the non
specific absorption at 600 nm was subtracted. The
concentration of MDA was calculated using an extinction
coefficient of 155 mmol/L™ cm™ and expressed as nmol/g fresh
weight (FW). Proline concentration in sorghum roots and
leaves was determined following the method of Bates et al.
(1973). 0.5 g sample was homogenized with 5 mL of
sulfosalicylic acid (3%) using mortar and pestle and filtered
through Whatman No. 1 filter paper. The volume of filtrate was
made up to 10 mL with sulfosalicylic acid and 2.0 ml of filtrate
was incubated with 2.0 mL glacial acetic acid and 2.0 mL
ninhydrin reagent and boiled in a water bath at 100°C for 30
min. After cooling the reaction mixture, 6.0 mL of toulene was
added and after cyclomixing it, absorbance was read at 570 nm.

Protein oxidation

The oxidation of proteins was assesses in terms of reaction of
carbonyl resulting from modification of proteins and
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2,4-dinitrophenyl hydrazine (DNPH) (Levine et al. 1994). In
brief, two equal aliquoits each containing 1 mg protein of roots
and leaves were precipitated with equal volume of 20% (w/v)
trichoroacetic acid and supernatant was discarded. The pellet
was resupended with 2 N HCI was incubated for 1 h at room
temperature after DNPH reaction. The samples were then
precipitated with 20% TCA and supernatant was discarded.
After washing three times with ethanol:ethyl acetate (1:1), the
pellet was dissolved in 20 mmol/L sodium phosphate buffer
(pH 6.8) containing 6 mol/L guanidinium hydrochloride.
Carbonyl concentration was calculated from the difference in
absorbance recorded at 380 nm for DNPH-treated and HCI-
treated (blank) samples (e= 22 mmol/L*cm™®) and expressed in
nmol of carbonyl content/mg protein.

Antioxidant gene expression

Frozen root and leaf tissue (approximately 100 mg) was ground
thoroughly in liquid nitrogen using a mortar and pestle. RNA
was extracted using the Plant total RNA Kit (Sigma-aldrich, St
Louis USA) according to manufacturer’s instructions. RNA
was reverse transcribed in a total volume of 20 pL (RevertAid
cDNA synthesis kit, Fermentas) according to manufacturer’s
instructions. For amplification, cDNA products (1uL) were
subjected to reverse transcriptase PCR analysis on a gradient
thermal cycler instrument (PEQLAB, Germany). PCR cycle
comprised of initial denaturation at 94°C for 2 min. The
amplification was then carried out for 30 cycles consisting 30
sec each for 94°C (denaturation) and 72°C (annealing), 1 min
(extension). Final extension was done at 72°C for 10 min. B-
actin was used as internal control. The following genes were
amplified: CAT (sense: 5’- GTGAATGCACCAAAATGTGC-
3") and (antisense: 5’- ACCAGCCTGCTTGAAGTTGT-3’),
CAPX (sense: 5’- TGCTGGTCTTGTGAATGCTC-3’) and
(antisense: 5’- ATTGTTCAGGGGCAGTAACG-3’), GPX
(sense:  5- ATGTGGGTTGACAACAGCAA-3’) and
(antisense: 5’- GGGGGCTGTATTAGGTCCAT -3’), SOD
(sense: 5’- TGCTGGTCTTGTGAATGCTC-3") and (antisense:
5’- CTTGCTCGAAAGGGTAGTGC -3’), B-actin (sense: 5’-
TTGGGTCAGAAAGGTTCAGG -3) and (antisense: 5’-
TGCTCATTCGATCAGCAATC -3°). The PCR products were
applied to 1% (w/v) agarose gel electrophoresis and stained
with ethidium bromide.

Statistical analysis

All the assays and estimations were done in triplicates. The
mean and standard deviations were calculated and the
significance of difference between control and treatment mean
values was determined by Student’s t-test. Differences at p<
0.05 were considered significant.

RESULTS
Growth parameters

The treatment of sorghum with 100 and 250 pmol/L Al
affected the plant growth that is shown in terms of inhibition of
root and shoot length of growing sorghum. A decrease of fresh
mass of root and shoot under Al treatment besides root growth
inhibition was also observed (Table 1). Treatment of sorghum
with 100 and 250 umol/L Al for 12 days was also resulted in

changes in morphology of plant. As early as 7" day following
Al treatment, morphological symptoms of Al toxicity in terms
of leaf necrosis were observed at both the treatments of Al (not
shown).

Table 1. Effect of aluminium treatment on root length, shoot length and
fresh mass of sorghum plant

Time Treatment Root Shoot Fresh mass Fresh
length length of Root mass of
(cm) (cm) (mg) Shoot (mg)
3" day Control 2.5 3.0 8.0 16
100 pmol/L 2.4 3.0 8.5 15M8
250 pmol/L 2.4N8 2.8 8.0 15M8
6" day Control 4.8 5.5 15.5 28
100 pmol/L 4.2 6.0" 13.8" 24N
250 pmol/L 3.7* 5.3* 12.5* 200N
9" day Control 6.0 8.8 24 42
100 pmol/L 5.0* 8.0 20* 35N
250 pmol/L 4.5% 7.2% 19* 32*
12" day Control 8.0 12.5 35 60
100 pmol/L 5.6%* 10.0* 28%* 50*
250 pmol/L 5.4%* 9.4%* 24xx 45%*

Effect of Al on O',” and H,O, generation

Al treatment (100 and 250 umol/L) enhanced the generation of
O, in sorghum roots and leaves. There was 50% (p<0.05) and
65% (p<0.01) increase in O, content in sorghum roots treated
with 100 and 250 pmol/L of Al respectively compared to
controls. Similarly, the increase in O’; content was about 40%
(p<0.01) and 62% (p<0.01) in leaves (Fig 1). The content of
H,0, also increased significantly both in sorghum roots and
leaves following Al treatments. The H,O, content was observed
to be increased by 52% (p<0.01) and 70% (p<0.01) in Al
treated roots while this increase was about 28% (p<0.05) and
45% (p<0.01) in sorghum leaves treated with 100 and 250
pmol/L of Al respectively compared to controls (Fig 2).
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Superoxide content in sorghum roots and leaves treated with 100 and 250uM
Al for 12 days. Values are mean + S.D. (N=3). **p<0.01 significantly different
from control; *p<0.05 significantly different from control

Antioxidant enzyme assays

There was decrease in CAT activity in sorghum roots and
leaves following 100 and 250 pmol/L Al exposure. The
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activity of CAT was decreased by 55% (p<0.01) and 68%
(p<0.01) in roots. In leaves, there was about 40% (p<0.05) and

Fig 2
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H,0, content in sorghum roots and leaves treated with 100 and 250uM Al for
12 days. Values are mean + S.D. (N=3). **p<0.01 significantly different from
control; *p<0.05 significantly different from control
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Catalase activity in sorghum roots and leaves treated with 100 and 250uM Al
for 12 days. Values are mean + S.D. (N=3). **p<0.01 significantly different
from control; *p<0.05 significantly different from control.

65% (p<0.01) decrease in CAT activity after Al treatment
(Fig 3). APX activity also decreased in Al treated roots. We
observed about 35% (p<0.05) and 56% (p<0.001) decrease in
APX activity in roots treated with 100 and 250 pmol/L Al. In
contrast to roots, the constitutive activity of APX was observed
to be increased by 42% (p<0.05) and 70% (p<0.01) in leaves
(Fig 4). A profound dose dependent increase in GPX activity
was observed in Al treated roots and leaves. There was about
68% (p<0.01) and 80% (p<0.001) increase GPX activity in
roots while in leaves this increase was about 75% (p<0.01) and
90% (p<0.01) compared to the controls (Fig 5). A trend,
similar to GPX was observed for SOD activity in Al treated
sorghum roots and leaves. SOD activity was increased about
95% (p<0.01) above the control level in roots treated with 100
pmol/L Al for 12 days, while further increase in Al

concentration caused reduction in SOD activity to normal
level.
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Ascorbate peroxidase activity in sorghum roots and leaves treated with 100 and
250uM Al for 12 days. Values are mean + S.D. (N=3). ***p<0.001
significantly different from control; **p<0.01 significantly different from
control; *p<0.05 significantly different from control
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Guaiacol peroxidase activity in sorghum roots and leaves treated with 100 and
250uM Al for 12 days. Values are mean + S.D. (N=3). ***p<0.001
significantly different from control; **p<0.01 significantly different from
control
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In leaves, we observed about 110% (p<0.001) and 140%
(p<0.01) increase in SOD activity above the control level under
100 pmol/L and 250 umol/L Al treatments respectively (Fig 6).

Antioxidant Gene expression

It may be possible that the decrease or increase in antioxidant
enzymes might result from altered gene expression. To
determine the possibility whether Al induced oxidative stress in
sorghum roots and leaves were regulating the expression of
antioxidant genes, we performed semi-quantitative RT-PCR
analysis. Our study showed that there was decrease in CAT
gene expression both in roots and leaves which is in
concordance to the biochemical study for this enzyme. The
expression of SOD and GPX were up regulated in Al treated
roots and leaves. In case of APX, the expression was decreased
in roots and stimulated in leaves (Fig7a & b).
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Reverse Transcriptase (RT)-PCR showing changes of antioxidant genes
expression in the root (a) and leaves (b) of Sorghum under 100 and 250uM Al
treatment.
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Lipid peroxidation measured as MDA level in sorghum roots and leaves treated
with 100 and 250uM Al for 12 days. *p<0.05 significantly different from
control; NS — not significant.

Effect of Al treatment on lipid peroxidation and proline
content

Lipid peroxidation, measured as MDA levels, was observed to
be elevated only in Al exposed roots and this increase in MDA
level was more with increase in Al concentration. The increase

in MDA level in sorghum roots was found to be about 35%
(p<0.05) and 52% (p<0.05). In contrast to roots there was no
significant change in lipid peroxide content in leaves compared
to controls (Fig 8). The proline content was found to be
accumulated both in roots and leaves. A significant increase of
about 50% (p<0.01) in proline was observed in 100 pmol/L Al
treated roots while increase was about 65% (p<0.05) in 250
pmol/L Al treated roots (Fig 9). Similarly, a significant
increase of 40% (p<0.01) and 70% (p<0.01) in proline was
observed in leaves following 100 and 250 pmol/L Al
treatments (Fig 9).

Effect of Al treatment on protein oxidation

Al treatment to sorghum caused increase in protein carbonyl
content in roots and leaves. In roots, the carbonyl content
increased significantly by 48% (p<0.01) with 100 pmol/L Al
treatment while carbonyl content was increased by 72%
(p<0.001) with 250 pmol/L Al treatment. In leaves, there was
increase in carbonyl content of about 36% (p<0.01) and 52%
(p<0.05) compared to controls (Figl0).
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Proline content in sorghum roots and leaves treated with 100 and 250uM Al
for 12 days. Values are mean = S.D. (N=3). **p<0.01 significantly different
from control; *p<0.05 significantly different from control.
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significantly different from control; **p<0.01 significantly different from
control; *p<0.05 significantly different from control.
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DISCUSSION ROS in leaves. The reports available on effect of Al on APX

Al toxicity is one of the major factors that inhibit plant growth
and development in many acid soils (Kochian, 1995). In our
study, we also observed that Al toxicity affected the plant
growth that is shown in terms of inhibition of root and shoot
length of growing sorghum. The decrease in root or shoot
length has been reported earlier in many plants (Ryan et al.,
1992; Matsumoto, 2000; Alvim et al., 2012) under Al toxicity.
Various studies of Al toxicity in the roots suggest that
production of ROS may significantly contribute to Al-induced
inhibition of root elongation (Pereira et al., 2010; Yamamoto et
al., 2001; Panda et al., 2009). We also observed increase in
ROS in our study as evident by increased H,O, and O’, levels
in sorghum roots and leaves, suggesting generation of
oxidative stress in sorghum. The production of ROS in plants is
counteracted by antioxidant enzymes such as SOD, CAT,
APX, GPX or other antioxidant enzymes. SOD is considered
the first line of defence against O, by rapidly converting O’y
to O, and H,0, (Alscher et al., 2002). Our results indicate
increased activity of SOD in Al treated roots and leaves. This
increase in SOD activity might be attributed to the elevated
production of superoxides, resulting in increased activity of
enzyme or up regulated expression of the gene as was observed
in our study. We also observed that the activity of SOD
decreased to control level at higher Al treatment that may be
due to increase in ROS i.e. excess of ROS might have declined
SOD activity. Similar to our results, Pereira et al. (2010)
showed that SOD activity was stimulated upto 500 pumol/L Al
treatments in cucumber and then declined with increase in Al
conc. Al has been shown to enhance SOD activity in root tips
of soybean (Cakmak and Horst, 1991), roots of Arabidopsis
(Richards et al., 1998) and roots of barley (Simonovicova et
al., 2004). Lee et al. (2001) suggested that enhanced activity of
SOD may function in signaling of oxidative stress, which leads
to the induction of antioxidant enzymes associated with HZO2

scavenging system. In higher plants, a number of enzymes
regulate intracellular H,O, levels. CAT and APX are
considered the most dominant enzymes in the removal of
excess H,O, from plants (Nakano and Asada, 1981; Mittler et
al., 2004; del Rio et al., 2006). We observed decrease in CAT
activity in our study indicating inefficient removal of H,0O,
under Al stress. The expression of CAT gene was also
decreased suggesting that decline in CAT activity might be due
to decrease of CAT at molecular level. Sharma and Dubey
(2007) have also shown the decline in CAT activity in rice
seedlings with 80 umol/L of Al treatment. Recently, the study
carried out by Panda and Matsumoto (2010) has also depicted
decrease in CAT activity in Pea shoots following Al treatment.

However, induction of CAT activity was shown by Pereira
et al. (2010) in Al induced oxidative stress in cucumber. This
difference in activity pattern may be attributed to different
treatment conditions. APX has higher affinity for H,O, than
any other H,0O, scavenging enzymes (Sharma and Dubey,
2007). In the present study, both activity and transcripts of
APX decreased in roots that may indicate accumulation of
ROS in cells. In contrast, Al treatment increased APX activity
in leaves which was also supported by increased APX
expression at transcriptional level. The activation of APX
activity may suggest that it is involved in removal of excessive

activity have also been shown to be contradictory. Al has been
reported to enhance the activity of APX in Cucurbita pepo
(Dipierro et al., 2005) and rice (Sharma and Dubey, 2007). The
activity of chloroplastic-APX was shown to be inhibited by Al
in rice (Sharma and Dubey, 2007). Panda and Matsumoto
(2010) did not observe any change in APX activity in Pea
following Al exposure. The decline in APX activity in the roots
and CAT activity in roots and leaves indicates insufficient
removal of H,0, and this in turn may induce SOD as observed
in our study. GPX have been used as potential biomarkers for
assessing metal-induced injury. The increase in GPX activity in
present study indicates that GPX helps in tolerance and
scavenging of H,O, to some extent in sorghum roots and
leaves. The increased activity might also be attributed to a
damage response to Al. Jan et al. (2001) have shown that Al
induced POD activity in Al-sensitive rice cultivar whereas in
Al-tolerant cultivar they were unaffected by Al treatment.
Recently, GPX activity was also shown to be increased in both
roots and shoots of Al stressed Pea seedlings (Panda and
Matsumoto, 2010).

Production of ROS has been shown to cause lipid peroxidation,
enzyme inactivation and oxidation of proteins (Dat et al.,
2000). Lipid peroxidation is an effective indicator of cellular
oxidative damage (Verma and Dubey, 2003). The observed
increase in lipid peroxide content with increasing Al treatments
suggests that Al induces oxidative stress in growing sorghum
roots which coincide with decrease in CAT and APX activities
and gene expression. Many recent studies have also shown the
increase in lipid peroxidation and elevated ROS levels in many
plant species exposed to toxic levels of Al (Yamamoto et al.,
2001; Pereira et al., 2010; Navascues et al., 2012). In leaves,
there was no significant change in lipid peroxide content
suggesting that biochemical and genetic activation of APX,
GPX and SOD conferred protection from Al induced ROS
generation. The increased carbonyl content is a result of protein
modification both in roots and leaves as evident by increased
ROS under Al stress. Proline occurs widely in plants and
normally accumulates in large quantities in response to
environmental stresses (Rhodes et al., 1999; Hsu et al., 2003;
Kavi Kishore et al., 2005). Proline accumulation in plants may
be attributed to a protection from ROS under oxidative stress
conditions. Although, proline was found to be accumulated in
roots but it was inefficient to provide protective mechanism
from ROS in roots as suggested by increased MDA levels in
roots. In conclusion, our results suggest that Al toxicity induces
oxidative stress in sorghum roots and leaves resulting in
increased generation of ROS which in turn; might alter
antioxidant enzyme system. The inefficient removal of these
ROS may further induce oxidative damage to membranes as
evident by increased lipid peroxidation in roots but the
stimulation of SOD, APX and GPX both at activity and gene
level combated protection against oxidative damage in leaves.
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