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Abstract

The aim of this work was to evaluate the alleviating efficacy of salicylic acid (100, 250 and 500 pM)
against the toxic effects of aluminum (Al) on two tomato cultivars (GOWRI and SIRI) differing in
their sensitivity to Al stress. Al treatment (500 uM) caused 40% - 80% drop in plant growth, rela-
tive water content (RWC) and cell viability and a reduction of 1 - 2.5 fold and 0.5 - 2 fold in gluta-
thione and proline content respectively, when compared to their control plants grown in Al free
medium. Al treatment also resulted in 2 - 5 fold raise in malondialdehyde (MDA) levels, 2 - 3 fold
higher Al uptake and 55% - 80% more electrolyte leakage and caused severe DNA damage. Al
stress enhanced (1 - 2 fold) the activities of superoxide dismutase (SOD) and peroxidase (POD),
but decreased catalase (CAT) activity over their respective controls. Exogenously-applied Salicylic
acid (SA) significantly (p < 0.05) and dose-dependently alleviated Al-induced toxicity in tomato
seedlings as marked by much improved plant growth, retention of higher RWC, cell viability, gluta-
thione and proline content. SA also caused 0.6 - 1.5 fold reduction in Al uptake, 50% - 80% less
electrolyte leakage, 40% - 80% drop in lipid peroxidation and considerable protection against
DNA damage. Also, supplementation of SA could considerably reverse the Al-induced changes in
the activities of SOD, POD and CAT. Together, our findings demonstrate that, SA is an efficient
growth regulator with diversified roles that contribute to its potential alleviating effect against Al
induced toxicity and SIRI is a relatively Al-resistant cultivar compared to GOWRI.
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1. Introduction

Aluminum (Al) is the most abundant metal in the earth’s crust and a major constraint to crop yield in acidic soils
which constitute about 50% of the world’s potentially arable land [1]. The problem of acidic soils is further ag-
gravated by high usage of ammonium fertilizers, mining activities and industrial development, in addition to
certain natural processes. To meet the increasing demand of food for the rapidly increasing population, we need
to extend our farming land as well as improve productivity. Tomato is one of the most commonly used vegeta-
bles across the world and India is the 3rd largest producer of Tomato. The major tomato growing states in India
are Maharastra, Andhrapradesh, Karnatak, Tamil Nadu, Gujarath and U.P. Although, tomato is widely grown,
one of the limiting factors for its yield is aluminium stress and acidic soils. Hence, studies related to under-
standing the molecular mechanisms associated with Al toxicity and tolerance in tomato will be of great relev-
ance for growing tomato crop in acid soils.

When the soil pH falls below 5.0, Al speciates into its ionic forms, among which AI** is the most toxic form.
Apart from A" cation, Al has the potential to form hydroxyl-Al and polynuclear species in solution. The pri-
mary target of Al toxicity is the root tip in which Al causes inhibition of cell elongation and cell division leading
to stunted root system resulting in poor ion and water uptake [2]. Al toxicity also causes leaf chlorosis and re-
tarded plant growth. At cellular level the targets of Al include cell wall, plasma membrane, cytoskeleton and
nucleus [1]-[3]. At molecular level, AI** binds with oxygen donor molecules such as proteins, phospholipids,
polysaccharides, nucleic acids, carboxylic acids, etc. and triggers an increased production of reactive oxygen
species (ROS) which include singlet oxygen (*O,), superoxide radical (O,), hydroxyl radical (OH), and hydro-
gen peroxide (H,0,) in the tissue. These ROS cause oxidative damage to cellular organelles and biomolecules
and thus lead to several metabolic alterations [3] [4]. More particularly, the oxidative damage caused due to
ROS leads to peroxidation of proteins, membrane lipids that may cause loss of plasma membrane integrity and
leakage of ions and sometimes DNA damage too. To keep the cellular level of ROS under control and to avoid
oxidative damage, plant system is endowed with antioxidant system which include ascorbic acid, glutathione,
carotenoids as well as free radical scavenging enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), cata-
lase (CAT, EC 1.11.1.6), and peroxidase (POD, EC 1.11.1.7) [5]. Malondialdehyde (MDA) is an ultimate prod-
uct formed as a result of lipid peroxidation and its concentration expresses the degree of membrane peroxidation
and consequent damage. Therefore, the examination of antioxidant enzyme activities and MDA content often
serve as a key biochemical indicator to assess the sensitivity of plants under stress conditions [6].

Different plant species exhibit distinct variations in regard to sensitivity and/or tolerance to AI**. Mechanisms
of Al tolerance have been broadly classified as those which prevent Al uptake by roots and those which detoxify
the already accumulated Al in the cell. Tolerant plants have evolved mechanisms to detoxify Al present both in-
ternally and externally [7]. To achieve internal detoxification, plants accumulate and sequester Al inside the va-
cuoles where it chelates with organic acids such as citrate, malate, oxaloacetate or any such other substance and
maintains in non-toxic or less toxic form [7]. Another mechanism by which plants exhibit tolerance to Al is by
exudation of certain acids through roots which may form a protective shield over root surface and protect the
root system from toxic effects of AI** [1]. Proline is thought to play a cardinal role as an osmoregulatory solute
in plants subjected to hyper osmotic stresses, primarily water deficit and soil salinity. Indeed, the accumulation
of this amino acid may be part of a general adaptation to several environmental stresses including exposure to Al.
Since plants subjected to Al stress undergo similar physiological changes as that of plants exposed to drought
stress, the role of proline is implicated as an adaptive measure to prevail upon such stress conditions. Proline
stabilizes cellular structures as well as scavenges free radicals. Also, the identification of stress regulated genes
provides new tools to overcome Al stress. Research continues to identify candidate genes that could play a role
in alleviating Al stress in plants.

Salicylic acid is (SA) is an endogenous growth regulator of phenolic nature and it could be included in the
category of phytohormones, which participates in the regulation of physiological processes in plants [8]. Ex-
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ogenous application of SA may influence a range of diverse processes in plants, including growth rate, stomatal
closure, ion uptake and transport, membrane permeability and photosynthetic processes. There are experimental
evidences indicating participation of SA in signal regulation of gene expression during leaf senescence in Ara-
bidopsis. The alleviation of oxidative damage and increased resistance to environmental stresses is often corre-
lated with an efficient anti-oxidative system [8].

We hypothesized that external supplementation of SA could differentially activate the antioxidant system and
proline biosynthesis of resistant and sensitive tomato cultivars due to different internal and/or external detoxifi-
cation systems and may lead to biochemical and physiological changes. In this study, we analyzed the effect of
different concentrations of SA on growth parameters, certain biochemical and physiological aspects, antioxidant
enzymes (SOD, POD, CAT), proline content and DNA damage in two tomato cultivars (SIRl and GOWRI) with
different Al sensitivities.

2. Materials and Methods
2.1. Plant Material and Treatment Conditions

Tomato seeds were obtained from the Horticulture College and Research Institute, Railway Kodur, Kadapa dis-
trict, A.P. After preliminary screening, two cultivars, viz., GOWRI and SIRI were identified as Al-sensitive and
Al-resistant cultivars respectively. The seeds of these two cultivars were surface-sterilized and germinated in
Petri plates. To study growth parameters and for other physiological and biochemical studies, seedlings with
uniform root and shoot length were divided into different groups and grown in 1/10 strength Hoagland’s solu-
tion (pH 4.5) [9] containing Al (500 uM) or Al with different concentrations of SA (100, 250 and 500 pM) for
two weeks at 25°C + 2°C under 12 h light (300 uM-m s *)—dark cycles and harvested for further analysis.
Control plants were grown under same conditions in 1/10 strength Hoagland solution without Al. The treatment
solutions were renewed every alternate day.

2.2. Determination of Al Uptake and Relative Water Content

Hematoxylin staining procedure was used to determine Al uptake [10]. Roots of seedlings were initially washed
in distilled water for 20 min followed by staining with 0.2% aqueous hematoxylin solution containing 0.02%
KIO; for 20 min at room temperature and then washed with distilled water for 20 min. Root tips, 10 - 15 in
number, were collected and soaked in 250 uL. of 1 M HCI for 1 h. The optical density (OD) of released stain was
measured at 490 nm using spectrophotometer (Perkin Elmer, USA) and Al uptake was calculated. RWC was
determined according to the procedure of Smart and Bingham (1974) using the formula:

RWC = (fresh weight-dry weight/fresh weight) x 100.

2.3. Determination of Electrolyte Leakage, Lipid Peroxidation and Loss of
Plasma Membrane Integrity

Electrolyte leakage in leaf discs of control and treated seedlings was determined as described by Lin et al. [11]
Leaf discs were incubated in double-distilled water (DDW) for 24 h, and then the leakage of electrolytes into
DDW was determined with the help of a conductivity meter (Jenway 4020).

Lipid peroxidation was determined by measuring the content of malondialdehyde (MDA) formed by the thi-
obarbituric acid reaction as described by Heath and Packer [12]. Leaves were ground with a pestle and mortar in
1% TCA (10 mL-g* fresh weight) and centrifuged at 10,000 rpm for 5 min. To 1.0 mL of supernatant in a sepa-
rate test tube, 4.0 mL of 0.5% TBA was added. The mixture was heated at 95°C for 30 min, then cooled in ice-
cold water and later centrifuged at 5000 rpm for 5 min. Absorbance was measured at 532 nm and corrected for
unspecific turbidity by subtracting the value at 600 nm. The blank contained 1% TBA in 20% TCA. MDA con-
tent was calculated using an extinction coefficient of 155 mm *-cm ™.

Alterations in cell membrane integrity and cell viability during Al stress of tomato leaves was determined by
Evans blue assay [13]. This cell viability assay is based on the uptake of Evans blue by nonviable cells. Briefly,
leaf discs of control and treated seedlings were stained with 0.25% (v/v) Evans blue solution for 20 min fol-
lowed by washing with distilled water for 30 min. The dye bound to dead cells was solubilized in 50% (v/v)
ethanol containing 1% (w/v) SDS, heated at 60°C for 30 min and quantified by reading absorbance at 600 nm.
An internal standard of heat-killed cells from leaf discs was used to determine the percentage of relative viabili-

ty.
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2.4. Determination of Glutathione and Proline Content

To estimate glutathione content, leaf tissue (2.0 g) of control and treated tomato seedlings was homogenized in
3.0 mL of 0.1 N HCI (pH 2.0) containing 1.0 g polyvinylpyrrolidone (PVP) followed by centrifugation at 10,000
g for 10 min at 4°C and the supernatant was used for analysis of total glutathione (reduced GSH plus oxidized
GSSG). The supernatant was precipitated with 0.1 N HCI using glutathione reductase, 5, 5’dithio-bis-(2-nitro-
benzoic acid) (DTNB) and NADPH and the absorbance was read spectrophotometrically at 412 nm. GSSG was
determined by following the same method in the presence of 2-vinylpyridine, and the GSH concentration was
measured from the difference between total glutathione and GSSG [14].

Proline content was measured as described by Bates et al. [15]. In brief, leaves (500 mg) of tomato seedlings
were homogenized with sulphosalicylic acid and centrifuged at 5000 rpm. The supernatant was collected and the
absorbance was measured at 520 nm. Proline content was expressed as pg-g * fresh weight.

2.5. Assay of Antioxidant Enzymes

Fresh leaves (0.5 g) were homogenized with a mortar and pestle under chilled conditions with phosphate buffer
(0.1 M, pH 7.5) and ethylene diamine tetra acetic acid (EDTA, 0.5 mM). The homogenate was filtered through
muslin cloth and centrifuged at 12,000 g for 10 min at 4°C. The resulting supernatant was used for the assay of
said antioxidant enzymes.

Superoxide dismutase (SOD) activity was determined as described by Bayer and Fridovich [16] by measuring
its ability to inhibit the photochemical reduction of nitroblue tetrazolium chloride (NBT). The assay mixture
contained 1 mL of enzyme extract, 0.1 mM phosphate buffer (pH 7.5), 3 mM NBT and 60 mM riboflavin. The
tubes were thoroughly shaken and placed under 15 W fluorescent lamp for 10 min, then the lights were switched
off and the tubes were covered with a black cloth. For the purpose of blank, the non-illuminated reaction mix-
ture was used. Absorbance of the reaction mixture was read at 560 nm and one unit of SOD activity (EU) was
defined as the amount of enzyme required to cause 50% inhibition of the NBT photo reduction rate. The results
were expressed as units’” mg-1 protein.

For the assay of peroxidase (POD), the method of Nakano and Asada [17] was followed. The assay mixture
contained 1.0 mL of potassium phosphate (pH 7.0) buffer supplemented with 0.1 mM EDTA, 0.5 mM ascorbate,
0.1 mM H,0, and 0.1 mL of enzyme extract. POD activity was measured in terms of decrease in absorbance at
290 nm of ascorbate and expressed as units'mg " protein. For the calculation of POD activity, the extinction
coefficient of 2.8 mM -cm™ was used. One unit of enzyme activity was considered as the amount required for
decomposing 1 uM of substrate per min at 25°C.

Catalase (CAT) activity was measured following the method of Aebi [18]. The assay mixture contained 0.1
mL of enzyme extract, 0.1 mM phosphate buffer (pH 7.5), 0.1 M EDTA, and 0.3% H,0, and the absorbance
was measured at 240 nm. CAT activity was expressed as units-mg * protein. For the calculation of CAT activity,
the extinction coefficient of 0.036 mM*-cm™ was used.

2.6. Isolation and Analysis of Nuclear DNA

Nuclear DNA was isolated according to the protocol of Jena and Kochert [19]. DNA extraction buffer, (pH 8.0)
contained 5 mol-L ™! NaCl, 1 mol-L™ Tris-HCI, 0.25 mol EDTA, 20% sarkosyl and phenol and 0.75 mL of SDS.
After chloroform-amyl alcohol step and precipitating DNA with 70% alcohol, the sample was then treated with
15 pL of DNAase-free RNAase (10 mg:-mL ™). Two pg of DNA was subjected to electrophoresis on 0.8% aga-
rose gel and the quality of DNA was observed.

2.7. Statistical Analysis

Experimental results are expressed as means + SD. All measurements were replicated six times. The data were
analyzed by analysis of variance (P < 0.05) and the means were separated by Duncan’s multiple range test.

3. Results and Discussion

3.1. Growth Traits

Inhibition of root length followed by shoot length is a visible and earliest symptom of Al toxicity. In the present
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study, when compared to control plants, plant growth of SIRI in terms of root and shoot lengths was significant-
ly inhibited (40%) in the presence of 500 uM Al concentration, while that of GOWRI was inhibited by 80%.
However, supplementation of SA to Al-containing solution substantially improved plant growth (65% - 85% in
SIRI and 20% - 55% in GOWRI) in a dose-dependent manner (Figure 1(a)). Al-induced inhibition of root
length indicates a marked increase in the uptake of Al by the roots grown in Al-containing solution. Spectro-
photometric quantification of hematoxylin stain in root tips of both Al-treated tomato varieties revealed 2 - 3
fold increase of Al uptake when compared to controls. The presence of SA in the treatment medium lowered Al
uptake by the roots. Both stain intensity and area declined considerably in root tips of Al + SA-treated seedlings
compared to Al alone treated seedlings. Quantification of hematoxylin stain in root tips revealed that 500 uM
SA treatment prevented Al uptake (0.6 - 1.5 fold) by root tips better, compared to 100 and 250 uM SA (Figure
1(B)). Our data showed that, RWC of GOWRI and SIRI declined substantially (70% and 30% respectively) in
Al treated seedlings. However, exogenous supplementation of SA significantly restored (60% - 80% in SIRI and
35% - 60% in GOWRI) RWC in tomato cultivars as shown in Figure 2(a). These results demonstrate that under
Al stress, tomato seedlings experienced significant changes as follows: decreased RWC content; higher Al up-
take leading to inhibition of root system and stunted growth due to inefficient nutrient uptake via root systems.
These observations were more pronounced in GOWRI when compared to SIRI under Al stress. However, Ex-
ternal supplementation of SA could substantially reverse these alterations, with SIRI showing better recovery
than GOWRI under Al stress.

3.2. Determination of Lipid Peroxidation, Cell Viability and Electrolyte Leakage

Estimation of lipid peroxidation (MDA content) of membrane lipids, as well as electrolyte leakage often serve as
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key biochemical indicators of ROS-mediated damage to cell membranes and to assess the sensitivity of plants to
Al stress as well. In the present study, greater lipid peroxidation was observed in tomato seedlings under Al
stress as evident from 2.0 and 5.0 fold higher MDA content in SIRI and GOWRI respectively, than their respec-
tive controls (Figure 3(a)). Further, we assessed the loss of membrane integrity (cell viability) under Al stress
by uptake of Evans blue dye through roots. In normal conditions the cell membrane is impermeable to macro-
molecules such as Evans blue, but, when it undergoes an injury or loses its selective permeability, macromole-
cules can penetrate it. Thus, the amount of Evans blue entering and binding dead cells reflects the degree of loss
of cell membrane integrity and is an estimate of cell death. In our experiments, when compared to control plants,
nearly 40% and 75% higher uptake of dye was observed respectively in SIRI and GOWRI root tips under Al
stress (Figure 3(b)). This indicated a significant loss of root plasma membrane integrity due to Al treatment
(Figure 3(b)).

The extent of membrane damage and loss of cell membrane integrity were also estimated by electrolyte lea-
kage from root tissues. Electrical conductivity assay in roots serves as an indicator of ion leakage. Supplementa-
tion of 500 uM Al in the treatment solution resulted in significant (55% and 80% respectively in SIRI and
GOWRI) leakage of solutes through roots of tomato seedlings (Figure 2(b)). However, supplementation of in-
creasing concentration of SA caused considerably reduced membrane damage. This was evident from lesser li-
pid peroxidation (40% - 80%) of membrane components, 50% - 80% recovery in cell viability and 50% - 80%
suppression of electrolyte leakage when compared to their Al-treated plants. In comparison, better recovery
from toxic effects of Al was noted in SIRI than GOWRI with SA supplementation. These results suggest that,
when compared to SIRI, seedlings of GOWRI have undergone higher lipid peroxidation, loss of membrane in-
tegrity and over leakage of electrolytes indicting more damage under Al stress and less recovery with SA

3.3. Measurement of Glutathione and Proline Contents

Glutathione is an important antioxidant involved in protection of plant system from ROS or other toxic mole-
cules, resulting in the oxidation of GSH to GSSG. However, when the toxic molecules concentrations exceed the
permissible limit, glutathione content itself gets affected. In our study glutathione content declined 1.0 and 2.5
fold respectively in SIRI and GOWRI, over their controls during Al treatment. However, supplementation of
100, 250 and 500 pM SA to the Al-containing growth medium considerably and dose-dependently improved
glutathione content. A recovery of 0.4 - 1.4 fold in glutathione content was observed in SIRI while GOWRI ex-
hibited 0.2 - 1.0 fold (Figure 3(c)), when compared to Al-treated plants. This result indicates a prominent role
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for glutathione in the adaptive response to Al stress and maintenance of the redox status in physiological condi-
tions.

Proline is considered as a compatible osmolyte produced under various stress conditions and has been sug-
gested to function as a scavenger of hydroxyl radicals, controlling redox homeostasis. In our study proline con-
tent decreased 0.5-fold in SIRI and 2.0 fold in GOWRI in the presence of Al when compared to control plants.
Supplementation of SA has dose-dependently and significantly increased proline synthesis in both the cultivars
(Figure 3(d)). More particularly, with SA supplementation, SIRI exhibited 70% higher proline content than
GOWRI; however no considerable difference was evident in proline content between SIRI and GOWRI culti-
vars in the absence of Al stress (Figure 3(d)). This data on proline content in SIRI and GOWRI in the presence
and absence of SA supported the hypothesis of positive correlation between proline accumulation and Al toler-
ance in tomato cultivars.

3.4. Activities of Antioxidant Enzymes

In our study the activity of important antioxidant enzymes was measured in both SIRI and GOWRI cultivars in
the presence and absence of Al and SA, to evaluate their role in scavenging ROS. Without Al treatment, both
SIRI and GOWRI leaves exhibited only basal SOD activity, with no significant difference between them. After
500 uM Al treatment, the SOD activity of SIRI and GOWRI increased 1.0 and 2.0 fold respectively over their
controls. However, its activity decreased (0.5 - 1.2 fold) in these cultivars when supplemented with SA (Figure
4(a)). This results shows that SIRI was relatively resistant to Al stress than GOWRI, which was evident from
lower SOD activity in the presence of Al and SA, indicating lower ROS accumulation to scavenge.

Catalase (H,0, oxidoreductase) is a heme-containing enzyme that catalyzes the dismutation of H,O, in to
H,0 and O,. In the present study, CAT activity decreased 0.8 fold in SIRI and 2.0 fold in GOWRI when com-
pared to control plants. With increased supplementation of SA to growth medium, a moderate raise (0.2 - 0.5
fold) in CAT activity was noticed in the tomato cultivars (Figure 4(b)). This suggested that exogenously added
SA tried to enhance CAT activity in Al-exposed seedlings there by facilitating dismutation of H,O, in to non
toxic forms so as to minimize the ROS induced oxidative stress.

Peroxidase is an important ROS scavenging enzyme that uses ascorbate as hydrogen donor to breakdown
H,0, to form H,0. No significant change in the activity of peroxidase was observed between tomato cultivars at
zero concentration of Al. However at 500 uM Al concentration, POD activity increased 1.0 and 2.0 fold in SIRI
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and GOWRI respectively. Upon supplementation of various concentrations of SA to growth medium, POD ac-
tivity was restored to near normally in SIRI but GOWRI continued to exhibit 0.5 fold higher activities (Figure
4(c)). The elevated levels of POD activity confirm its active role in efficient conversion of H,O, in to H,O in
tomato cultivars, thus reducing oxidative stress inflicted by Al stress.

3.5. DNA Damage

While no DNA degradation was observed in control seedlings of SIRI and GOWRI, DNA degradation was
clearly observed in both the cultivars when exposed to 500 uM Al treatment (Figure 5). However, an increase in
DNA damage level was observed in GOWRI compared to SIRI (lane 2 and 7). Supplementation of SA reduced
DNA damage in a dose-dependent manner (lanes 3 - 5 and 8 - 10). This results show that SIRI exhibited less
DNA damage in the presence of SA and therefore revealed its relatively resistant nature than GOWRI under Al
stress.

4. Discussion

Soil acidity is an important constraint for plant growth and crop yield. Natural and anthropogenic activities are
responsible for growing soil acidity across the world. Al, an abundant metal in the soil, is a major limiting factor
of crop productivity in acidic soils. In the present study, the toxic effects of Al as well as their alleviation by sa-
licylic acid were examined in two tomato cultivars differing in their sensitivity to Al stress. After preliminary
screening, cultivars SIRI and GOWRI were selected as Al-resistant and Al-sensitive plants respectively.
Two-week old seedlings of these two tomato cultivars were subjected to 500 UM Al stress in the presence and
absence of SA and evaluated for their physiological and biochemical responses.

Plant growth is the combination of cell division and elongation. The primary effects of Al on root membrane
permeability may appear within a few hours after exposure to Al. In the present study, Al caused marked reduc-
tion in root, shoot length and RWC in GOWRI than SIRI (Figure 1(a) and Figure 1(b) and Figure 2(a)). We
also noticed increased Al uptake under Al stress. The first symptom of Al toxicity is the inhibition of root elon-
gation associated with uptake of Al, which disturbs the root functions including water and nutrient uptake under
Al stress [1]-[20]. Panda et al. [21] reported that long-term Al treated plants could not uptake water due to the
interaction of Al with root cell nuclei, inhibiting cell division and cytoskeleton formation. It was proposed that
in resistant cultivar SIRI, the release of AI** binding compounds in to the apoplastic region and at the root tip
surface can effectively chelate AI**, avoiding to some extent its penetration into cells and preventing successive
tissue damage [22].

Figure 5. Effect of Al and SA on DNA damage in tomato seedlings of
GOWRI and SIRI. Lane M: 100 bp standard molecular weight marker; Lanes
1 & 6 are normal controls; Lanes 2 & 7 represent DNA of GOWRI and SIRI
seedlings exposed to 500 uM Al concentration. Lanes 3 - 5 and 8 - 10 re-
present DNA of GOWRI and SIRI seedlings grown in Al-containing solution
supplemented with 100, 250 and 500 uM of SA respectively.
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SA-treated seedlings showed significant decrease in Al uptake by roots (Figure 4) due probably to the exclu-
sion or detoxification mechanism. Supplementation of SA may lead to increase in the concentration of solutes in
the cell. This may lead to an increase in the uptake and retention of water that aids in maintenance of higher
RWC content and osmotic balance resulting in improved growth under Al stress. Similar results of reduced up-
take of Al and Cd by salicylic acid were reported in rice, Cassia tora and maize [23] [24]. In plant growth expe-
riments, the improved plant growth noticed with SA supplementation explains the role of SA to enhance auxin
mediated root elongation. It was reported that during salicylic acid treatment the activity of Al transporters was
found to be lower. SA was also proposed to facilitate effective sequestration of excess Al ions in to vacuoles.
Our results are consistent with the published reports. A recent study by Nagasubramaniam et al. [25] demon-
strated that SA increased plant height and crop growth in baby corn. SA could augment physiological, biochem-
ical and molecular process involved in root growth such as hydrolysis, enzymes activation and protrusion [26].
Supplying of exogenous SA alleviated NaCl-induced changes including root growth and metabolism in Arabi-
dopis and Matricaria [27] [28]. SA supplementation also mitigated Al-induced changes in root growth, RWC
and electrolyte leakage in Pisum sativum. Previous studies have shown the involvement of SA in regulating
growth processes such as stimulation of root formation in young shoots of ornamental plants.

Reactive oxygen species are involved in the peroxidation of unsaturated fatty acids present in membranes
leading to production of lipid peroxides and MDA under Al toxicity in cereals and legumes [6]. Our results
showed that, in the absence of SA, high MDA content, more of electrolyte leakage and loss of membrane integr-
ity was noted in both the tomato cultivars under Al stress (Figure 2(b), Figure 3(a) and Figure 3(b)). Tamas et
al. [29] showed that enhanced ROS generation caused increased electrolyte leakage and decreased cell viability
by the Evans blue staining method. Changes in the cell-membrane permeability and electrolyte leakage of roots
due to Al treatment were also previously reported in pea roots [30]. Enhanced lipid peroxidation and electrolyte
leakage were reported in Oryza sativa, Brassica pekinensis and Hordeum vulgare exposed to Al and heavy met-
als [31]. Al stressed tomato seedlings when supplemented with SA acid displayed lower electrolyte leakage, re-
duced lipid peroxidation and plasma membrane integrity (Figure 2(a), Figure 3(a) and Figure 3(b)) which
could have been possible by suppression of Al uptake and up regulation of antioxidant systems against Al-in-
duced oxidative stress. Similar recovery effect of SA on membrane damage was observed under Al induced
oxidative stress in Fagopyrum esculentum and Oryza sativa [32]-[38].

Glutathione is a very important soluble antioxidant, because it protects many cellular components under oxid-
ative stress. It plays a vital role in the antioxidant defense system as well as the glyoxalase system by acting as a
substrate or cofactor for certain enzymes. In our experiment, GSH content was substantially reduced in tomato
seedlings at 500 UM Al concentration. However, with exogenous application of SA to the Al solution, increase
in glutathione content was observed (Figure 3(c)). The increased GSH content might be due to the increase in
GR activity as well as higher GSH biosynthesis. The improvement in GSH content indicates a clear role of SA
in producing non-enzymatic antioxidant. It is suggested that the GSH/GSSG ratio, is an indicative of the cellular
redox balance, may be involved in ROS perception [33]. Similar observations of SA mediated amelioration of
drought stress was reported in mustard, mung bean by improved antioxidant system [34]. The GSH cycle is the
major defense system against ROS in chloroplasts, cytosol, mitochondria, peroxisomes and apoplasts. Although
GSH is involved in numerous metabolic functions, it’s most notable role is in eliminating the ROS produced
during oxidative stress. The adaptive responses of plants to increased ROS formation are measured at least in
part, by changes in cell concentrations of GSH [35].

Proline is an important osmo-protectant that plays a vital role in osmotic balancing during drought and related
stress conditions. It was reported to protect sub-cellular structures, enzymes and more over it increases cellular
osmolarity (turgor pressure) that provide the turgor necessary for cell expansion under stress conditions. In this
study, exogenous application of (100, 250 and 500 uM) SA significantly increased proline content in both the
tomato cultivars under Al stress, with the highest proline synthesis being recorded in SIRI (Figure 3(d)). Pre-
vious studies by Hayat et al. [36] demonstrated increased plant proline content after supplementation with SA.
Proline is considered as the only osmolyte implicated in scavenging singlet oxygen and free radicals including
hydroxyl ions, and there by stabilizes proteins, DNA, as well as other membrane structures [37]. Proline accu-
mulation is reported to activate antioxidant defense mechanisms and also acts as a source of carbon, nitrogen
and energy during and recovery from stresses [38]. Therefore, higher proline accumulation is often related with
enhanced Al tolerance of plant species.

Production of ROS is promoted under various environmental stresses. ROS causes oxidative damage to lipids,
proteins and nucleic acids in the cell. The most effective antioxidative enzyme in preventing ROS induced cel-
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lular oxidative damage is SOD which catalyzes the conversion of O, to H,0O,, whereas CAT scavenges H,O,
and peroxidase uses H,O, for the oxidation of various inorganic and organic substrates; thus SOD, CAT and
peroxidases are regarded as the major antioxidant enzymes present in plant cells. In our study, SOD activity
showed 1 - 2 fold increase over their controls (Figure 4). SOD is a key enzyme of antioxidantive defense system
and helps in removal of overproduced O, in the stressful conditions. An increase in SOD activity is often cor-
related with increased rate of removal of O, from cells in order to keep O, level under control. Increase in
O, level under Al stress could necessitate higher SOD activity in Al-treated plants [39]. Among the enzymes
involved in H,O,removal the activity of CAT declined 0.8 - 2.0 fold in Al-treated seedlings. In another study,
CAT activity of garlic roots declined when exposed to Pb, indicating the inactivation of enzyme due to accumu-
lation of H,O, induced by Pb [40]. When SA was supplemented to Al containing medium, it caused fall in SOD
activitiy but stimulated Al-led rise in CAT activity. This suggests that SA help in alleviation of Al induced
damage by adequately maintaining the activity levels of the antioxidative enzymes. SA appeared to be more ef-
fective in suppressing Al induced increase in SOD activity in the seedlings. A low level of O, with a conco-
mitant lower SOD activity in SA + Al treated seedlings, suggests that SA suppresses the production of O, by a
protective mechanism which in turn results in relatively low level of SOD activity. CAT is proposed to be a SA
receptor. After binding with SA, CAT becomes inactive leading to H,O, accumulation in plant cells [41]. How-
ever, in our studies, in Al + SA treated plants, CAT activity showed a gradual increase with rise in SA concen-
tration in the growth medium. SIRI showed maximum recovery in its CAT activity while GOWRI could not.

POD is another important enzyme involved in removal of H,0,. Itsactivity increased 1 - 2 fold in Al treated
tomato seedlings compared to controls. PODs are regarded as stress enzymes and the activity of peroxidases in-
creases under abiotic stresses including Al toxicity [42]. Restoration of POD activity to the normal level in to-
mato plants appears to be a characteristic feature of SA in Al treated seedlings. Spraying the drought stressed
plants of Lycopersicon esculentum with SA enhanced the activities of antioxidative enzymes SOD, APX and
CAT and protected the plants against oxidative damage [36]. Treatment with SA alleviated mercury toxicity in
alfalfa plants by preventing oxidative stress in roots and increasing the activities of NADH-oxidase, APX and
POD [43].

Al-induced DNA damage observed in tomato seedlings could be either due to direct interference of Al with
important ions like Mg?*, P, Ca®* etc. that have a pivotal role in DNA structure and integrity [44]. Wallace and
Anderson [45] suggested that moderate levels of Al treatment caused rapid inhibition of root elongation as well
as inhibition of DNA synthesis but, higher level of Al might lead to degradation of DNA by apoptosis like cell
death in certain wheat cultivars. Alternatively, Al-induced DNA damage was presumed to be the consequence of
direct attack of oxygen free radicals on DNA strands [46]. This view gets support from our study which showed
enhanced lipid peroxidation under Al stress. Katsuhara and Kawasaki [47] reported that variations in cytoplas-
mic Ca”" levels might activate certain Ca’*-dependent endogenous proteases to cleave chromatic DNA at the
linker site between nucleosomes resulting in fragmentation of DNA. Our results may be related to the previous
findings of peitsch et al. [48], who observed DNA degradation and eventual cell death in mouse thymocytes
under Al stress. In the present study, Al induced fragmentation of DNA indicates that DNA of GOWRI was
more sensitive to Al toxicity than SIRI. Thus, Al mediated oxidative stress resulted in enhanced lipid peroxida-
tion of membranes and elevated activities of SOD and POD and ultimately DNA damage.

It is proposed that SA is involved in amelioration of Al-induced toxicity in tomato seedlings majorly through
auxin mediated root elongation that aids in better uptake of water and nutrients. SA is thought to alleviate toxic
effects of Al by inhibiting Al uptake by chelation and effective sequestration of accumulated Al into vacuoles of
the cell so that ionic and osmotic balance could be attained. Rise in Glutathione content, restoration of altered
antioxidant enzyme activities and reduced LPO by SA reveals its protective role against ROS-induced damage
under Al stress. SA mediated rise in proline content augments osmotic protection against Al-induced water defi-
cit in tomato seedlings. Finally, protection of DNA from degradation under Al stress confirms the role of SA as
an efficient growth regulator with diversified roles in alleviating Al induced toxicity. However, the exact me-
chanisms still remain to be elucidated. Based on our findings it can be concluded that SA effectively alleviates
Al toxicity in tomato seedlings and SIRI is a relatively resistant cultivar to Al stress compared to GOWRI.
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