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Abstract We investigated effect of silicon (Si)
on the growth, uptake of sodium (Na), chloride
(Cl), boron (B), stomatal resistance (SR), lipid
peroxidation (MDA), membrane permeability
(MP), lipoxygenase (LOX) activity, proline
(PRO) accumulation, H,O, accumulation, non-
enzymatic antioxidant activity (AA) and the
activities of major antioxidant enzymes (superox-
ide dismutase, SOD; catalase, CAT and ascorbate
peroxidase, APX) of spinach and tomato grown
in sodic-B toxic soil. Si applied to the sodic-B
toxic soil at 2.5 and 5.0 mM concentrations
significantly increased the Si concentration in
the plant species and counteracted the deleterious
effects of high concentrations of Na, Cl and B on
root and shoot growth by lowering the accumu-
lation of these elements in the plants. Stomatal
resistance, MP, MDA and the concentrations of
H,0, and PRO were higher in the plants grown
in sodic-B toxic soil without Si: LOX activity of
excised leaves of both species was increased by Si.
Antioxidant activities of both species were signif-
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icantly affected by Si, with the activities of SOD,
CAT and APX decreased and AA increased by
applied Si. For most of the parameters measured,
it was found that 5 mM Si was more effective than
the 2.5 mM Si. Based on the present work, it can
be concluded that Si alleviates sodicity and B
toxicity of the plants grown in sodic-B toxic soil
by preventing both oxidative membrane damage
and also translocation of Na, Cl and B from root
to shoots and/or soil to plant, and lowering the
phytotoxic effects of Na, Cl and B within plant
tissues. It was concluded that tomato was more
responsive to Si than spinach since it was more
salt sensitive than spinach. To our knowledge, this
is the first report that Si improves the combined
salt and B tolerance of spinach and tomato grown
in naturally sodic-B toxic soil, and which de-
scribes membrane-related parameters and anti-
oxidant responses.

Keywords Antioxidant enzymes - B toxicity -
Lipid peroxidation - Proline - Non-enzymatic
antioxidants - Silicon - Sodicity

Abbreviations

AA Non-enzymatic antioxidant activity
APX  Ascorbate peroxidase

CAT Catalase

LOX Lipoxygenase

MP Membrane permeability

MDA Malondialdehyde
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NBT Nitroblue tetrazolium
PRO Proline

ROS Reactive oxygen species
SOD  Superoxide dismutase
SR Stomatal resistance
TBA  Thiobarbituric acid
TCA  Trichloroacetic acid

Introduction

Saline-sodic soils are characterized by an excess
of sodium (Na) to a level that can adversely affect
soil structure, and this can affect the availability
of nutrients to plants. Adverse effects of salinity
or sodicity, or both, on crop growth arise from
two major causes: (1) increasing the osmotic
potential and thereby making the water in the soil
less available for plants and (2) specific effects of
some elements (Na, Cl, B etc.) present in excess
concentrations (Yamaguchi and Blumwald 2005).
Over 800 million hectares of land throughout the
world are salt-affected, either by salinity or the
associated condition of sodicity. Most of this
salinity, and all of the sodicity, is natural. How-
ever, a significant proportion of cultivated agri-
cultural land has become saline because irrigation
continues to be practised more (Munns 2005).
Boron is also often found in high concentrations
in association with saline-sodic soils and is
removed more slowly than salt ions during leach-
ing. Therefore, it may still be present at excessive
concentration in some reclaimed soils (Alpaslan
and Gunes 2001; Ben-Gal and Shani 2002; Nable
et al. 1997). Hence, increased salt and B tolerance
of crops is needed to increase food production in
many parts of the world. Although of consider-
able agronomic importance, our understanding of
B toxicity mechanisms in saline-sodic soils is still
incomplete, and remains an open topic.
According to Mittler (2002), stress conditions
favour the accumulation of reactive oxygen spe-
cies (ROS), such as superoxide radicals (O5),
hydroxyl radicals (OH™) and hydrogen peroxide
(H,0,). Accumulation of ROS was reported in
apple rootstock (Molassiotis et al. 2006), citrus
leaves (Keles et al. 2004), and barley plants
(Karabal et al. 2003) under B-toxic conditions,
and in potato (Rahnama and Ebrahimzadeh
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2005), wheat genotypes (Sairam et al. 2005)
tomato (Al-Aghabary et al. 2004) and rice seed-
lings (Tsai et al. 2004) under saline conditions.
ROS are strong oxidizing species that cause
oxidative damage to biomolecules such as lipids
and proteins, and eventually lead to cell death
(Molassiotis et al. 2006). Malondialdehyde
(MDA), a decomposition product of polyunsatu-
rated fatty acids, has been utilized as a biomarker
for lipid peroxidation (Mittler 2002). Lipid per-
oxidation can also be initiated enzymatically
through a sequential action of lipoxygenase
(LOX; EC 1.13.11.12), a ubiquitous plant enzyme
that incorporates molecular oxygen into polyun-
saturated fatty acids to form lipid hydroperoxides
(Axelrod et al. 1981). The antioxidant defence
system in the plant cell includes both enzymatic
antioxidants such as superoxide dismutase (SOD;
EC 1.15.1.1), catalase (CAT; EC 1.11.1.6) and
ascorbate peroxidase (APX, EC 1.11.1.11), and
non-enzymatic antioxidants such as ascorbate,
glutathione and a-tocopherol. As a major scaven-
ger, SOD catalyses the dismutation of superoxide
to hydrogen peroxide and oxygen. However,
H,0O, is also toxic to the cells and has to be
further detoxified by CAT or peroxidase, or both,
to water and oxygen (Halliwell and Gutteridge
1999; Zhu et al. 2004). In the ascorbate—glutathi-
one cycle, APX reduces H,O, using ascorbate as
an electron donor. Altered activities of these
antioxidant enzymes and antioxidants have been
commonly reported, and are used frequently as
indicators of oxidative stress in plants (Mittler
2002). Under stress conditions plants, in addition
to producing antioxidants, also accumulate in the
cytosol-compatible solutes such as proline that
originally were thought to function as osmotic
buffers. However, apart from osmotic adjustment
they seem to play a role in maintaining the
functional state of macromolecules, probably by
scavenging ROS (Xiong and Zhu 2002). There is
good evidence that the alleviation of oxidative
damage and increased resistance to environmen-
tal stresses is often correlated with an efficient
antioxidative system (Cakmak et al. 1993).
Silicon is the second most prevalent element
within the soil. Although abundant, silicon is
never found in a free form and is always
combined with other elements, usually forming
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oxides. The importance of silicon (Si) has been
recognized (Epstein 1999) and the beneficial
effects of Si in enhancing the tolerance of plants
of biotic and abiotic stresses in several crops, and
its relevance to agriculture, have been widely
described (Epstein 1999; Ma 2004).

To our knowledge, there is currently no infor-
mation available about the possible beneficial
effects of Si on the antioxidative system and stress
markers in the performance of spinach and
tomato plants grown in sodic-B toxic soils. The
effect of Si on the salt tolerance of crops has been
studied in hydroponics in many experiments (Zhu
et al. 2004; Al-Aghabary et al. 2004; Romero-
Aranda et al. 2006). However, we used original
sodic soil containing toxic levels of B in this study
in order to find out the effects of Si under real
growing conditions. The aim of the present work
was to investigate the impact of Si on the growth,
Na, Cl and B uptake, MP, lipid peroxidation,
activity of LOX, PRO and H,O, concentration,
SR, non-enzymatic and antioxidative enzyme
(SOD, CAT and APX) activity of spinach and
tomato plants grown under sodic-B toxic condi-
tions. It was hoped that this study would provide a
basis for developing strategies for reducing the
risks associated with sodicity and B toxicity and
maintaining sustainable plant production.

Materials and method
Growth conditions and treatments

Spinach (Spinacia oleracea L. cv. Matador) and
tomato (Lycopersicon esculentum Mill. cv. H2274)
plants were grown from 12th October 2005 to 1st
January 2006 in a naturally lighted glasshouse at
the Faculty of Agriculture, Ankara University
(39°57°44.51” N; 32°51’46.95” E). Experimental
soil, typic Natrargids, was collected from the
plough layer (0-30 cm) of the Akgol depression
(560.110 E, 4.156.151 N, UTM 36. Zone) of the
Great Konya Basin (Central Anatolia). Some
characteristics of the soil were as follows: water
retention capacity at 1/3 and 15 atm 31.7% and

22.1%, respectively, texture clay, CaCOs;
460.8 gkg”, pH (125 water) 848, EC
776 dSm™, CEC 54.4 cmol kg!, SAR 37
(mmol, 1”12 organic matter 9.0 g kg™!, total N

0.5 gkg'. The concentrations of NH4OAc-
extractable K, Ca, Mg and Na were as follows
(cmol kg™): 1.70, 10.4, 3.60 and 14.3, respectively.
The concentrations of Cl, SO4, HCOj3;, Ca, Mg, Na
and K in saturation extracts were as follows
(cmol L™): 9.50, 4.04, 0.79, 0.42, 2.58, 14.32 and
0.21, respectively. The NaHCOs-available P was
7.75 mg kg', and DTPA-extractable Zn, Fe and
Mn were as follows (mg kg™); 0.95, 4.19 and 6.51
respectively and the concentration of citric acid-
extractable Si was 6.4 mg kg™'. The NaOAc-
extractable B concentration was 18.28 mg kg™
Allsoil analyses were carried out according to Page
et al. (1982). pH, EC, SAR and B concentration
had values that make this soil marginal for plant
growth. PVC pots (16 cm in length, 17.5 cm in top
and 12.0 cm in bottom diameter) lined with poly-
ethylene were filled with 2 kg of air-dried soil. The
roots were exposed to (1) control, (2) 2.5 mM Si
and (3) 5.0 mM Si. Si was applied to the soil as
Na,Si;O; and was incorporated into the soil before
seed sowing. For the basal fertilization, 200 mg
N kg_1 soil as NH4NO; and 50 and 62.5 mg P and
K kg ! soil as KH,PO, were applied before sowing.
Spinach seeds were sown at the rate of 25 seeds to
each pot. After a good stand of plants had emerged
they were thinned to 18 plants per pot. Two
uniformly grown four-week-old tomato seedlings
were transplanted to individual pots. During the
experiment, soil was kept at approximately 60% of
field capacity by watering with tap water.

Stomatal resistance measurements

Stomatal resistance (SR) of the experimental
plants was measured by a AT AP4 Porometer
(DELTA-T DEVICES, UK). The youngest fully
developed intact leaflets were used in the SR
measurements. Measurements were made on
three and two plants in each pot for spinach and
tomato, respectively, and were performed in the
morning (10.30-11.30 a.m.) at a steady photon
flux density (>150 umol m~2 s™'), while leaf tem-
perature varied between 18°C and 20°C.

Sampling and harvest procedure

For fresh matter used for assays, samples were
taken from whole shoots of one spinach plant and
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fully matured leaves from tomato chosen at
random. All the measurements with fresh matter
were carried out during the last week of Novem-
ber 2005. At the end of the experiment, plants
were harvested and separated into shoot and root.
After weighing of fresh mass, the shoots and roots
were washed once with tap water and twice in
deionized water. They were then dried in an air-
forced oven at 60°C until constant mass was
reached. They were then weighed for dry weight
determination, and subsequently ground (40 mesh
sieve) for non-enzymatic antioxidant (AA), and
Na, Cl, B and Si analysis.

Enzyme extraction and assay

All the enzymatic measurements were carried out
at 0-4°C. Fresh samples (0.5 g) were homoge-
nized in a Heidolph, Diax 900 homogenizer in
5 ml 100 mM potassium phosphate buffer (pH
7.6) containing 1 mM EDTA-Na, and 0.5 mM
ascorbate. The homogenized samples were cen-
trifuged at 10,000g for 5 min. The supernatant
was used as a crude enzyme extract in SOD,
CAT, APX and LOX enzyme analyses. All
colorimetric measurements (including enzyme
activities) were made at 20°C in a Shimadzu
UV/VIS 1201 spectrophotometer. Enzyme activ-
ities were expressed as units per gram dry weight
of tissue.

Superoxide dismutase (SOD) activity was
assayed by the nitroblue tetrazolium (NBT)
method (Giannopolitis and Reis 1977). The reac-
tion mixture (3 ml) contained 50 mM Na-phos-
phate buffer, pH 7.3, 13 mM methionine, 75 pM
NBT, 0.1 mM EDTA, 4 uM riboflavin and
enzyme extract (0.2 ml). The reaction was started
by the addition of riboflavin, and the glass test
tubes were shaken and placed under fluorescent
lamps (60 pmol m~s™"). The reaction was al-
lowed to proceed for 5 min and was then stopped
by switching off the light. The absorbance was
measured at 560 nm. Blanks and controls were
run in the same manner but without illumination
and enzyme, respectively. One unit of SOD was
defined as the amount of enzyme that produced
50% inhibition of NBT reduction under assay
conditions.
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Ascorbate peroxidase (APX) activity (EC
1.11.1.11) was determined by following the
decrease of ascorbate and measuring the change
in absorbance at 290 nm for 1 min in 2 ml of a
reaction mixture containing 50 mM potassium
phosphate buffer (pH 7.0), 1 mM EDTA-Na,,
0.5 mM ascorbic acid, 0.1 mM H,O, and 50 pl of
crude enzyme extract at 25°C (Nakano and Asada
1981). The activity was calculated from the
extinction coefficient (2.8 mM ™' cm™) for the
ascorbate.

Catalase (CAT) activity (EC 1.11.1.6) was
determined as a decrease in absorbance at
240 nm for 1 min following the decomposition of
H,0, (Cakmak et al. 1993). The reaction mixture
(3 ml) contained 50 mM phosphate buffer (pH
7.0), 15 mM H,0, and 50 pl of crude enzyme
extract at 25°C. The activity was calculated from
the extinction coefficient (40 mM™ cm™) for
H202.

Lipoxygenase (LOX) activity (EC 1.13.11.12)
was measured according to Axelrod et al. (1981).
The reaction was initiated by the addition of
0.2 ml enzyme extract in 4 ml of reaction mixture
containing 50 mM sodium phosphate buffer (pH
6.5) and 0.4 mM linoleic acid. The absorbance
was recorded at 234 nm (coefficient of extinction,
25 mM ™' em™).

Determination of membrane damage and non-
enzymatic antioxidants

Lipid peroxidation (MDA) and membrane per-
meability (EC%) in shoot samples were mea-
sured to assess the membrane damage. For the
measurement of lipid peroxidation, the thiobar-
bituric acid (TBA) test, which determines MDA
as an end product of lipid peroxidation was used
(Hodges et al. 1999). For this, sub-samples
(500 mg) were homogenized in 4.0 ml of 1%
TCA (trichloroacetic acid) solution and centri-
fuged at 10,000g for 10 min. The supernatant was
added to 1 ml 0.5% (w:v) TBA 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
10,000g for 5 min, and the absorbance of the
supernatant was read at 532 nm. The value for
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non-specific absorption at 600 nm was subtracted.
The amount of MDA-TBA complex (red pig-
ment) was calculated from the extinction coeffi-
cient of 155 mM ™ ecm™.

Membrane permeability (EC%) was measured
by using an electrical conductivity method for the
shoot disc samples as described by Yan et al. (1996).

The H,O, content of shoots was colorimetri-
cally measured as described by Mukherjee and
Choudhuri (1983). To determine H,O, levels,
shoot samples were extracted with cold acetone.
An aliquot (3 ml) of the extracted solution was
mixed with 1 ml of 0.1% titanium dioxide in 20%
(v:v) H,SO,4 and the mixture was then centrifuged
at 6,000g for 15 min. The intensity of yellow
colour of the supernatant was measured at
415 nm. The concentration of H,O, was calcu-
lated from a standard curve plotted within the
range of 100-1,000 nmol H,O,.

Free proline was extracted from 0.5 g of fresh
shoot samples in 3% (w:v) aqueous sulphosali-
cylic acid and estimated by ninhydrin reagent
(Bates et al. 1973). The absorbance of the fraction
with toluene aspired from the liquid phase was
read at 520 nm. Proline concentration was deter-
mined from a calibration curve and was expressed
as pmol proline g~ fw.

The non-enzymatic total antioxidant activity
was estimated by the method of Prieto et al.
(1999). The assay is based on the reduction of
Mo(VI) to Mo(V) and subsequent formation of a
green phosphate/Mo(V) complex at acidic pH.
0.5 g of dry shoot samples was homogenized in
10 ml ethanol and centrifuged at 10,000g for
S min. 0.1 ml ethanolic extract was combined
with 3 ml of reagent solution (0.6 M sulphuric
acid, 28 mM sodium phosphate and 4 mM ammo-
nium molybdate). The tubes were incubated at
95°C for 90 min. After the mixture had cooled to
room temperature, the absorbance was measured
at 695 nm. The antioxidant activity was expressed
as the number of equivalents of ascorbic acid on a
dry weight basis.

Sodium, chloride, boron and silicon
determination

Dried shoot and root samples (500 mg) were dry-
ashed in a muffle furnace at 500°C for 6 h. The

ash was then dissolved in 0.1 M HCI, and B was
determined colorimetrically at 420 nm by the
azomethine-H method of Wolf (1971). Sodium
was determined by flame photometry (Jenway
PFP7, ELE Instrument Co. Ltd) and Cl concen-
tration in ground samples was determined by a
titrimetric procedure.

Silicon in shoot and root tissues was determined
by the blue silico-molybdate procedure as de-
scribed by van der Vorm (1987). Dried plant
samples (300 mg) were placed in porcelain cruci-
bles and incinerated for 3 h at 550°C. The ash was
washed into 100 ml polycarbonate test tubes, then
50 ml of 0.08 M H,SO, and 2 ml of 40% HF was
added. Colour development was accomplished by
adding 1.5 ml of this solution to 1.5 ml of reagent
mixture of the 0.08 M H,SO, and ammonium
molybdate (20 g 1), then 1.5 ml of 0.25 M tartaric
acid (C4HgOg) and finally 1.5 ml of 0.2 M ascorbic
acid was added. After mixing the tubes, absorbance
at 811 nm was measured and Si concentration was
expressed as g kg! (of dry weights).

Statistical analysis

The experiments were set up in a completely
randomized design. Each pot contained 18 plants
in the spinach experiment and 2 plants in the
tomato experiment, and each treatment con-
tained three replicate pots. Analysis of variance
was performed on the data, and significant
differences among treatment means were calcu-
lated by Duncan’s multiple range test (P < 0.05).

Results

Shoot and root dry weights

Shoot and root dry weights of spinach and tomato
plants grown in sodic-B toxic soil in the presence of 0,
2.5and 5.0 mM Si are shown in Fig. 1. The shoot and
root dry weights of both spinach and tomato plants

were significantly increased by the Si treatments.

Silicon, boron, sodium and chloride
concentrations

Silicon concentrations in both shoot and root
tissues of spinach and tomato were significantly
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Fig. 1 Shoot and root dry weights of spinach and tomato
plants grown in sodic boron toxic soil in the presence or
absence of 2.5 and 5.0 mM Si. The values are means of
three replicates + standard error (SE). Different letter
above each bar (for each treatment) represent significant
differences at P = 0.05, based on Duncan’s multiple range
test

higher with supplemental Si (Fig. 2 a). In the
control treatment, shoot Si concentrations of
spinach and tomato plants were 0.74 and
2.11 g kg ™', respectively. However, shoot Si con-
centrations of spinach and tomato increased to
1.04 and 2.59 g kg~! with 2.5 mM Si, and 2.09 and
2.86 g kg™! with 5.0 mM Si supply, respectively.
Silicon concentrations in the roots of spinach
plants were noticeably higher than the spinach
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shoot Si concentrations while the root concentra-
tions were slightly lower than the shoot concen-
trations in tomato.

The shoot and root B concentrations of spinach
and tomato were significantly reduced by Si
treatments regardless of the concentrations of Si
applied. Compared with spinach, the shoot B
concentration of tomato was found to be higher,
but was still reduced by silicon (Fig. 2b).

Sodium concentrations in the spinach and
tomato shoots were lowered by applied Si. How-
ever, the decrease in concentration of Na by Si in
the tomato shoots was more dramatic than the
decrease in Na concentration brought about by Si
in spinach shoots. Root Na concentration in the
spinach was also reduced by applied Si while it
was unchanged in the tomato plants (Fig. 2c).

Si treatments also significantly decreased the
Cl concentrations in the shoots of both plant
species. The chloride concentration of tomato was
found to be higher than that of spinach. Root Cl
concentrations of both species were unaffected by
Si treatments (Fig. 2d).

Stomatal resistance

Stomatal resistance (SR) of spinach plants was
significantly decreased from 9.03 in control plants
to 7.01 s cm™' by 5.0 mM Si treatments (Table 1).
Application of Si at concentrations of 2.5 and
5.0 mM resulted in significant decreases in the SR
of tomato plants from 23.21 (control) to 19.89 and
13.27 s cm™!, respectively (Table 2). Where both
spinach and tomato plants were grown under the
same conditions, the measured SR value of
tomato leaves was higher than that of spinach
(Tables 1 and 2).

H,0O, concentrations and membrane
permeability (MP), lipid peroxidation (MDA),
and LOX activity

In order to test the hypothesis that combined
sodicity and B toxicity can induce oxidative stress,
measurements were made on H,O, concentra-
tions, MP, lipid peroxidation (MDA), and LOX
activity and the results are shown for spinach in
Table 1, and for tomato in Table 2. The concen-
tration of H,O, was decreased from 39.76 to
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Fig. 2 Silicon (Si), boron (B), sodium (Na) and chloride
(Cl) concentrations of the shoot and roots of spinach and
tomato plants grown in sodic boron toxic soil in the
presence or absence of 2.5 and 5.0 mM Si. The values are

3468 ymol g by 25mM Si, and to
30.05 pmol g™ by 5.0 mM Si treatment in spinach
(Table 1). The corresponding values for tomato
were 11.69, 10.09 and 7.76 umol g™, showing
significant decreases in the 5.0 mM Si treatment
in both species (Tables 1 and 2).

Lipid peroxidation (MDA) and the MP mea-
sured in the excised leaves of spinach plants were
decreased by the Si treatments. The same param-
eters for the tomato did not show significant
changes (Tables 1 and 2). LOX activities of
spinach and tomato were 0.84 and 0.78 mmol g/,
respectively, in sodic-B toxic conditions. The

N
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means of three replicates + standard error (SE). Different
letter above each bar (for each treatment) represent
significant differences at P = 0.05, based on Duncan’s
multiple range test, *non-significant

activities of LOX were significantly increased to
1.13 mmol g' by 25mM Si for tomato and
1.75 mmol g by 5.0 mM Si for spinach plants
(Tables 1 and 2).

Proline accumulation

The concentrations of PRO in spinach and
tomato plants are presented in Tables 1 and 2.
Compared with spinach, tomato accumulated
higher amounts of proline. However, in both
species PRO concentrations were significantly
decreased by the Si treatments (Tables 1 and 2).

@ Springer



110

Plant Soil (2007) 290:103-114

Table 1 Stomatal resistance (SR), lipid peroxidation
(MDA), H,0, concentration, membrane permeability
(MP), lipoxygenase (LOX) activity, proline (PRO) con-
centration and superoxide dismutase (SOD), catalase

(CAT), ascorbate peroxidase (APX) enzyme and non-
enzymatic antioxidant activities (AA) of the shoots of
spinach plants grown with 2.5 and 5.0 mM Si in sodic-B
toxic soil

Parameters Treatments F values
Control 2.5 mM Si 5.0 mM Si

SR (s cm’l) 9.03+045a 8.98 + 0.30 a 7.01 £ 0.37 b 9.13*
H,0O, (pmol g’], fw) 39.76 = 0.66 a 34.68 = 1.41 ab 30.05 £236 b 8.83*
MDA (nmol g’l, fw) 299 +£0.21 a 2.76 = 0.17 ab 219 +£0.13 b 5.56%
MP (EC%) 3550 +2.11 a 26.65 = 0.78 b 2133 £ 0.16 ¢ 30.22%:
LOX (mmol g’l, dw) 0.84 +0.11Db 1.31 £ 0.09 ab 1.75 £ 0.06 a 5.80%
PRO (umol g", fw) 1.79 + 024 a 1.31 + 0.08 ab 0.99 + 0.03 b 7.76%
SOD (Unit mg’l, dw) 0.551 £ 0.01 a 0.489 = 0.01 b 0.363 £ 0.01 ¢ 94,73 %
CAT (mmol g’] mint, dw) 0.350 £ 0.02 ab 0.411 £ 0.01 a 0.323 £0.02 b 5.81%*
APX (mmol g’1 min~}, dw) 1342 126 a 7.02 £ 048 b 7.75 £ 0.07 b 20.24%:
AA (pmol g‘1 min, dw) 4178 +3.83 b 47.10 = 2.05 ab 54.60 +2.10 a 5.34%

The values are means of three replicates + standard error (SE). Different letter in each row represent significant differences

at P = 0.05, based on Duncan’s multiple range test
* P < 0.05; ** P <0.01

Table 2 Stomatal resistance (SR), lipid peroxidation
(MDA), H,0, concentration, membrane permeability
(MP), lipoxygenase (LOX) activity, proline (PRO) con-
centration and superoxide dismutase (SOD), catalase

(CAT), ascorbate peroxidase (APX) enzymes and non-
enzymatic antioxidant activities (AA) of the leaves of
tomato plants grown in sodic-B toxic soil with 2.5 and
5.0 mM Si

Parameters Treatments F values
Control 2.5 mM Si 5.0 mM Si

SR (s cm™) 2321 £ 0.88 a 19.89 + 0.36 b 1327 + 055 ¢ 64.28%#
H,0; (umol g’l, fw) 11.69 £ 0.71 a 10.09 £ 0.35 a 7.76 £ 0.82 b 9.11*
MDA (nmol g}, fw) 5.80 + 0.59 5.46 + 0.56 3.97 £ 0.24 3.97"
MP (EC%) 22.81 £ 0.72 22.81 £1.52 26.32 = 0.29 4.24"
LOX (mmol g‘l, dw) 0.78 £ 0.07 b 1.13 £0.07 a 1.05 £ 0.08 a 6.05*
PRO (umol g, fw) 13.12 £ 0.36 a 8.03+021Db 924 +120Db 13.19%*
SOD (Unit mg™! dw) 0.256 £ 0.01 a 0.246 £ 0.01 a 0212 £ 0.01 b 9.64*
CAT (mmol g’1 min !, dw) 0.520 £ 0.03 a 0.461 = 0.02 a 0.304 = 0.04 b 12.19%*
APX (mmol g™ min~', dw) 871 +031a 841 +0.12a 6.40 £ 025 b 27.60%*
AA (umol g min~!, dw) 72.82 £ 0.07 b 95.28 £ 0.07 a 98.07 = 0.08 a 13.88%*

The values are means of three replicates + standard error (SE). Different letter in each row represent significant differences

at P = 0.05, based on Duncan’s multiple range test
ns: non-significant; * P < 0.05; ** P < 0.01

Antioxidative responses

The activities of SOD, CAT and APX enzymes of
spinach and tomato plants grown in sodic-B toxic
soils with 0, 2.5 and 5.0 mM Si are presented in
Tables 1 and 2. The spinach and tomato plants
grown in sodic-B toxic soil without Si supplement
exhibited higher SOD activities (0.551 and
0.256 Unit mg™', respectively). However, with
the Si treatments the activity of SOD was
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significantly reduced. CAT activity of spinach
was higher in 2.5 mM Si and lower in 5.0 mM Si
treatments compared with control plants. How-
ever, the activity of CAT was decreased in tomato
by Si treatments (especially in 5.0 mM Si) com-
pared with control plants. APX activity of tomato
was 8.71 in control plants and that was decreased
to 8.41 and 6.40 mmol g' by 2.5 and 5.0 mM Si
treatments, respectively. APX activity in spinach
plants was also lowered significantly by Si
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treatments and the lowest APX activity was
found in the 2.5 mM Si treatment. In both plant
species, non-enzymatic antioxidant activities
(AA) were increased by the Si treatments.
Tomato plants exhibited higher AA than spinach
in all cases (Tables 1 and 2).

Discussion

Crop productivity in many arid and semiarid
regions of the world is threatened by the occur-
rence of salt-affected soils, and improved man-
agement practices are needed to maintain or
increase the productivity of sodic-B toxic soils. In
this study we investigated the effects of Si on
shoot and root growth, some physiological and
enzymatic parameters symptomatic of oxidative
stress and the alleviation of sodicity and B toxicity
stress in tomato and spinach plants.

Shoot and root growth of spinach and tomato
was significantly lower when the plants were
grown without supplemental Si. Growth reduc-
tion under combined saline and B toxic condi-
tions is well documented in tomato and cucumber
(Alpaslan and Gunes 2001), maize and sorghum
(Ismail 2003) and B toxic conditions in barley
(Karabal et al. 2003). Si applied at 2.5 and
5.0 mM significantly improved the growth of both
spinach and tomato grown in sodic-B toxic soil.

There are no reports currently dealing with the
effect of Si on sodicity and B toxicity. However, Si
has been shown to give yield increases under salt
stress conditions in tomato (Al-Aghabary et al.
2004; Romero-Aranda et al. 2006), cucumber
(Zhu et al. 2004), Prosopis juliflora (Bradbury
and Ahmad 1990) and wheat (Ahmad et al. 1992),
under different oxidative stress conditions such as
Al toxicity in barley (Morikowa and Saigusa
2002), Mn toxicity in cucumber and cowpea
(Rogalla and RoOmheld 2002; Iwasaki et al.
2002), As toxicity in rice (Guo et al. 2005), Cd
toxicity in strawberry (Treder and Cieslinski
2005) and maize (Liang et al. 2005), and under
drought stress in wheat (Gong et al. 2005) and
sorghum (Hattori et al. 2005).

Application of Si to the soil at rates of 2.5 and
5.0 mM increased the shoot and root Si concen-
tration of both plant species. Romero-Aranda

et al. (2006) also reported increases in Si concen-
tration in the shoots and roots of tomato in the
presence of 2.5 mM Si. Applied Si resulted in
significantly decreased concentrations of B, Na
and Cl in shoot tissues of both plant species. Root
B concentrations of both plants and root Na
concentrations of spinach plants were also de-
creased by the Si treatments. The concentrations
of B and Cl were found to be higher in tomato
than in spinach. These decreases in B concentra-
tions might be due to the formation of B-Si
(boron-silicate) complexes in the soil, leading to
lower B availability. The action of silicon in
reducing Na uptake in wheat (Ahmad et al. 1992)
and rice genotypes (Yeo et al. 1999) has been
previously reported, and the latter authors also
reported that salt-tolerant rice genotypes were
least responsive to Si application. Si has previ-
ously been shown to depress B uptake in oilseed
rape (Liang and Shen 1994).

Supplemental Si reduced B, and also Na and
Cl, translocation from the roots to shoots of
spinach and tomato plants. This ameliorative
effect of Si in decreasing the transport of B, Cl
and Na could be related to Si being irreversibly
precipitated as amorphous silica (SiO,-nH,0) in
the cell walls and lumens. This has been suggested
to reduce the translocation of salts to shoots
(Epstein 1999). Silicon reinforcement of cell walls
also protects plants from abiotic stresses (Epstein
1999). In this study, the enhanced tolerance of
sodicity and B toxicity brought about by supple-
mental Si can be seen to be associated with
decreased Na, Cl and B concentrations, and this
could be one reason for the decreased membrane
damage seen in the spinach plants.

It is well known that free-radical-induced
peroxidation of lipids of membranes is a reflec-
tion of stress-induced damage at the cellular level
(Jain et al. 2001). Therefore, the level of MDA,
produced during peroxidation of membrane lip-
ids, is often used as an indicator of oxidative
damage. In the present study, MP and lipid
peroxidation (MDA concentration) was signifi-
cantly decreased in spinach, although LOX activ-
ity was increased, by Si treatment. Therefore,
better protection of membranes by antioxidative
systems may be another reason why Si protects
against sodicity and B toxicity, although the
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increase in LOX activity is surprising. It could be
that rather than causing breakdown of membranes
LOX breaks down polyunsaturated fatty acids
released by membrane damage, and so could be
useful in minimizing the effects of this damage. It
has certainly been shown to have a role in
prevention of fungal infection by plants (Rance
et al. 1998), and its stimulation by Si may be
related to the well-documented effect of silicon in
protecting plants from biotic stress (Epstein 1999;
Ma 2004). Decreased MDA content in barley by
Si was reported by Liang (1999). Excessive B- and
salinity-mediated membrane damage was also
previously reported in onion (Inal and Tarakcio-
glu 2001), tomato and cucumber (Alpaslan and
Gunes 2001), sorghum and maize (Ismail 2003)
and barley (Karabal et al. 2003).

An increased proline level, together with en-
hanced H,O, concentration, is a common response
of plants to B stress treatments (Karabal et al.
2003), and combined salinity and B toxicity (Al-
paslan and Gunes 2001). In our experiment, under
sodicity and B toxicity both proline and H,0O,
concentrations were significantly lower with sup-
plemental Si than in Si-untreated plants, at least
with Si supplied at 5.0 mM. These results are
consistent with the findings of Al-Aghabary et al.
(2004), who showed that Si decreased salt-induced
production of H,O, and improved rates of photo-
synthesis. Our data do not provide evidence about
whether or not Si increases net photosynthesis, but
decreased stomatal resistance by Si could increase
the photosynthetic rate. Leaf SR provides sensitive
comparisons and indicates the degree of stress in
plants under adverse conditions (Gunes et al.
1996). In our experiment, the highest SR was
detected under sodicity and B toxicity with no
supplemental Si in both plant species. However,
SR was decreased by the supply of Si. These results
are in good agreement with those of Yeo et al.
(1999) and Romero-Aranda et al. (2006), who
found that SR in tomato and rice was decreased by
Si under salinity, and of Papadakis et al. (2004),
who reported that SR was increased by excessive B
in mandarin leaves.

The dismutation of O3 into H,O, and oxygen
is an important step in protecting the cell, and is
catalysed by SOD (Halliwell and Gutteridge
1999). In the present study, the activities of
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SOD, CAT and APX in plants grown without Si
were obviously higher. Application of Si, at the
highest rate especially, decreased their activities.
The activity of non-enzymatic antioxidants was
increased in the Si-supplemented spinach and
tomato plants, further confirmation that oxida-
tive damage induced by sodicity and B toxicity
was alleviated by enhanced activity of antioxi-
dative systems. The results related to antioxi-
dant responses are in agreement with the
findings of Molassiotis et al. (2006), who
reported increases in SOD and CAT activity
in apple rootstocks under B toxicity. In addition
to this, Garcia et al. (2001) and Karabal et al.
(2003) have also shown increased SOD activity
under B toxicity in tobacco and barley respec-
tively. Rahnama and Ebrahimzadeh (2005)
reported that the SOD, CAT and APX activi-
ties of potato seedlings were increased under
saline conditions.

In conclusion, the results of this study highlight
the role of Si in regulating the sodicity and B-
toxicity stress responses of spinach and tomato, and
indicate that Si could be used as a potential growth
modifier to improve plant growth under sodic-B
toxic conditions. The results indicate that Si is
involved in metabolic or physiological activities in
spinach and tomato under sodic-B toxic conditions,
and also that both species accumulate lower
amounts of potentially toxic Na, Cl and B with
supplemental Si. Because the extent of increase in
dry weight in response to applied Si was lower in
spinach than in tomato we suggest that spinach is
more tolerant of combined sodicity and B toxicity
than tomato. Furthermore, mechanisms of exclu-
sion of B, Na and Cl in spinach are more efficient
than such mechanisms of tomato. Additionally, the
physiological stress response parameters of spin-
ach were also shown to be less extreme than in
tomato. We found lower SR, MDA, PRO accu-
mulation, CAT activity and AA and higher values
of H,O,, SOD activity and APX activity in spinach
than in the tomato plants.
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