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Silicon alleviates salt stress in pistachio plants

€ —
Received: 1 February, 2014; Accepted: 13 May, 2014

Ghader Habibi'*, Fahimeh Norouzi’, Roghieh Hajiboland’
1. Department of Biology, Payame Noor University, I. R. of Iran
2. Department of Plant Science, University of Tabriz, 51666-14779 Tabriz, Iran

ABSTRACT -

In this work, the effects of silicon (Si) supplementation were studied in pistachio (Pistacia vera
L. cv Ahmadaghaii) plants exposed to high salinity stress. Plants were grown in pots under
control and salt (EC=15 dS m™) conditions without or with Si treatment (0.35 g Na,SiO; Kg
soil) under field conditions. Salt stress reduced the plants’ growth significantly in both —Si and
+Si plants; however, Si-supplied plants had a higher root and shoot dry weight as compared to
those without Si supply under salinity conditions. Salt stress caused a significant reduction of
leaf photochemical activities; however, Si application ameliorated these effects. The reduction
of the net CO, assimilation rate under salinity stress was alleviated by Si application,
accompanied by an increase in water-use-efficiency. The concentration of Na in the leaves and
roots was significantly reduced by Si, while root K and leaf Ca concentrations were higher in
Si-treated plants under salt stress compared with —Si ones. The activity of antioxidative
enzymes increased under salt stress and Si application caused a further increase, being
significant for superoxide dismutase (SOD). Salt stress induced membrane damage, as was
indicated by a higher malondialdehyde (MDA) concentration. In Si-supplemented plants,
however, the MDA amount did not increase under salt stress. The results indicated that the Si-
mediated alleviation of salt stress in pistachio plants is related to higher photosynthesis and
water-use efficiency, a reduction of Na uptake and transport, and the stimulation of the plant’s
antioxidative defence capacity.

Keywords: antioxidant defence system, net CO, assimilation rate, Pistacia vera, salinity,
sodium silicate.
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Introduction

Salinity is the main stress factor limiting plant
growth and productivity (1, 2). About 7% of
the earth's total land area is affected by salt. In
addition, the salinization of irrigated
agricultural land is becoming a major problem
for food production in arid and semiarid
regions of the world (3). High concentrations
of salts cause both hyperionic
hyperosmotic stresses, and can lead to a
decrease in plant productivity or else death (4).

and

Similar to other environmental stresses, salt
stress leads to the generation of reactive
oxygen species (ROSs), such as superoxide
radical (O;"), hydroxyl radical (OH), singlet
oxygen ('0,) and hydrogen peroxide (H,0,)
(5). On the other hand, because of a reduction
in the availability of atmospheric CO,
following stomatal closure, the consumption of
NADPH by the Calvin cycle diminishes,
which initiates chain reactions and the
production of ROSs (6). The accumulation of
ROSs damages critical organelles via lipid
peroxidation and is capable of inducing
damage to almost all cellular macromolecules,
including DNA, proteins and carbohydrates
(7). The activity of antioxidative enzymes as
the most important components in scavenging
and the prevention of ROSs damage usually
increases under salt stress conditions (8, 9).
Accordingly, a correlation exists between the
activity of antioxidant enzymes and the salt
tolerance of plants (10).

A high salinity enhances the osmotic
potential of the soil matrix, which limits
plants’ water uptake. In addition, Na" at toxic
concentrations interferes with K’ uptake,
resulting in alterations in ionic homeostasis.
Thus, the accumulation of Na and the
reduction of K and Ca uptake
translocation in salt-stressed plants result in
severe metabolic disturbances in plants (11).

and

Silicon (Si) is accumulated in plants at a
rate comparable to those of macronutrients,
such as Ca, Mg and P (12). Silicon
application has been reported to enhance the
tolerance of crop species to salinity stress
(13). The ameliorative role of Si under
salinity has been reported in different plant
species, such as barley (13), wheat (14) and
tomato (15).

Possible mechanisms of the Si-mediated
alleviation of salt stress in higher plants include:

1) the stimulation of enzymatic and non-
enzymatic antioxidative defence systems (16)
and the reduction of oxidative membrane
damage (17),

ii) the improvement of water uptake via
the increased volume and weight of roots
(18), the prevention of water loss via the
reduction of both cuticular (19) and stomatal
transpiration, and

iii) the reduction of Na" uptake (20) and an
increasing K:Na ratio (21) and/or the
alteration of Na" distribution and other ions
within plants.

It that Si
application in wheat plants increases the
binding of Na to the cell wall (CW), and thus
results in the reduction of potentially toxic
leaf sap Na' concentrations (11). However,
information is lacking on the effect of Si

has been demonstrated

treatment on the Na distribution among cell
compartments in other species.

Pistachio (Pistacia vera L.) plants are one
of the most important tree crops in the
Mediterranean climate (22) and in Iran (23).
Pistachio is a salt-tolerant species (22). The
area of the pistachio orchards of Iran is more
than 360,000 ha, with about 13 million
pistachio trees (23) comprising 60 different
varieties. In our previous work (24), it was
demonstrated that the supplementation of
water-deficient pistachio plants with Si
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alleviates the adverse effects of drought stress.
An enhancement of leaf photochemical
efficiency and photosynthetic gas exchange, as
well as the activation of the antioxidant defence
capacity of plants, have been mechanisms for
Si-mediated growth improvement in drought-
stressed pistachio plants.

Studies on the effects of Si supplementation
in salt-stressed plants have mainly focused on
relatively salt-sensitive and/or moderately-
tolerant species, such as wheat (11, 14), maize
(25) and canola (16). However, the responses
of highly-tolerant species such as pistachio to
Si application have not been characterized
thus far.

This work is aimed at studying the effect of
Si added to the soil on dry matter production,
antioxidative defence and ion relations in
pistachio plants. In addition, in order to
characterize the effect of Si on Na
accumulation and subcellular distribution, leaf
tissues were subjected to a fractionation
procedure, and the Na distribution between
CW-bound and free fractions as affected by Si
treatments were analysed in pistachio leaves.

Materials and Methods

Plant growth and treatments

Seeds of pistachio (Pistacia vera L. cv
Ahmadaghaii) were sown in the top of
cylindrical plastic pots - four seeds were
planted in each pot. The pots were 14 cm in
diameter and 105 cm in depth, filled with 15
kg sandy loam soil (pH 7.6). For the basal
fertilization, 200 mg nitrogen kg’ soil as
NH4NO; and 50 and 62.5 mg phosphorus and
potassium kg™ soil as KH,PO, were applied.
Before filling the pots, the soils of the Si
treatments were fertilized with 0.35 g sodium
metasilicate (Na,SiO;) kg™ soil (3.44 mmol
dm™ soil = 2.73 mmol kg™ soil).

After the seedlings
thinned to one plant per pot and irrigated with
distilled water every five days to maintain at
90% field capacity (FC). Seven weeks after
sowing, salinity treatments were started. The
pots were assigned randomly to control or salt
treatments and NaCl was added to the latter
group in order to achieve the electric
conductivity (EC) of 15 dS m™ according to
the method described by Hajiboland et al. (26).
The EC of the control pots was 1.32 dS m™.

cemergence, WEre

Plants were grown under field conditions
located near the city of Miandoab, NW Iran
(46°6° E and 36°46° N) with a day/night
temperature of 20-35/17-20 °C, a relative
humidity of 35-45% and a daily photon flux
density (PFD) of about 1,200-1,700 pmol/m?
s throughout the experimental period.

Plant harvest and analysis of

growth parameters
Plants with four-to-five leaf pairs (14 weeks

after sowing, after salt
treatment) were harvested. The leaves and

seven weeks

roots were separated and washed with
distilled water, blotted dry on filter paper and,
after the determination of fresh weight (FW),
dried for 48 h at 70 °C for the determination
of dry weight (DW).

Measurements of chlorophyll
fluorescence  parameters  and
photosynthetic gas exchange

Chlorophyll (Chl) fluorescence parameters
were recorded using a portable fluorometer
(OSF1, ADC Bioscientific Ltd., UK) for both
dark-adapted and light-adapted leaves. The
leaves were acclimated to dark for 30 min
using leaf clips before measurements were
taken. The initial (Fp), maximum (F;) and
variable (F,=F,-F) fluorescence as well as
the maximum quantum yield of PSII (F,/Fy,)
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were recorded. The light-adapted leaves were
used for the measurement of the steady-state

(Fs) and maximum (F';,) fluorescence.
Calculations were made for Fo
(F'o=Fo/[(F/Fn)*+(Fo/F'n)]), photochemical

quenching, qP [(F'.-Fs)/(F'n-F'¢)] and non-
photochemical quenching, N (I-[(F'n-
F'o)/(Fn-Fo)D (27).

The net CO, fixation (A, pmol m?s™),
transpiration rate (E, mmol m™ s') and
stomatal conductance to water vapour (gs,
mol m™s") were measured with a calibrated
portable gas exchange system (LCA-4, ADC
Bioscientific Ltd., UK) after 5 h into the light
period under a photon flux density of about
1,500 wmol m?s™.

Assay of enzyme activity and
related metabolites

The activity of superoxide dismutase (SOD, EC
1.15.1.1), peroxidase (POD, EC 1.11.1.7),
catalase (CAT, EC 1.11.1.6) and ascorbate
peroxidase (APX, EC 1.11.1.11) were
determined according to the methods described
elsewhere (28). The activity of the enzymes
was determined in leaves harvested in the
middle of the day. Lipid peroxidation was
estimated from the amount of malondialdehyde
(MDA) formed in a reaction mixture containing
thiobarbituric acid. The soluble protein was
estimated by the Bradford method (29).

The hydrogen peroxide (H,O;) contents in
the leaves were assayed according to the
method of Velikova et al. (30). The leaves
were homogenized in an ice bath with 0.1%
(w/v) TCA. The extract was centrifuged at
12,000 x g for 15 min, after which 0.5 ml of
the supernatant was added to 0.5 ml of 10
mM of a potassium phosphate bufter (pH 7.0)
and 1 ml of 1 M KI; the reaction was
improved for 1 h in the dark and measured
spectrophotometrically at 390 nm. The content
of the H,O, was given on a standard curve.

Determination of ions and Si

content

The leaf and root samples were transferred to
porcelain crucibles and dry-ashed at 550 °C for 8
h, resolved in 0.5 M HCI and made up to volume
by double-distilled water. Concentrations of Na,
Ca and K were determined by a flame-
photometer (Jenway, PFP7).

The leaves and roots were prepared for the
determination of Si (31) using inductively-
coupled plasma-atomic emission spectrometry
(ICP-AES, INTEGRA XL2, GBC, Australia).

Isolation of CW and analysis of
CW-bound Na

The cell walls were isolated following the
method of Saqib et al. (11). The leaf samples
were cut into small pieces and homogenized
in a hypertonic sucrose solution (0.4 M). The
homogenate was centrifuged at 700 g at 4°C
and thereafter the pellet/cell walls were
washed increasing concentrations of
sucrose (with 0.4 M sucrose, 0.6 M sucrose
and 1 M sucrose), 0.1% (v/v) Triton X-100,
and finally distilled water. The free Na
concentration was determined in sucrose,
Triton X-100 and distilled water washing
solutions. The isolated cell walls were further

in

washed by centrifugation, successively with
CaCl, (50 mM) and 0.5 mM HCI, and
thereafter oven-dried at 70°C for 48 h. This
cell wall material was digested in 5 M HNO;.
The Na concentration was determined in
CaCl, and HCI washing solutions, as well as
in the digested cell wall in HNO; by
inductively-coupled plasma-atomic emission
spectrometry. Sodium in the total fraction
was considered as the CW-bound Na
analogously to Mn according to Rogalla and
Rombheld (32).

The experiment was performed in a
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complete randomized block design with four
pots as four independent replications. Statistical
analyses were carried out using sigma stat (3.5)
with Fisher’s LSD test (P< 0.05).

Results

Salt stress significantly reduced the root and
shoot fresh and dry weights in pistachio
plants in the absence or presence of Si (Fig.
1). Silicon-supplied plants, however, showed
higher root and shoot dry weights compared

with plants without Si treatment under
salinity conditions (Fig. 1). In the absence of
salt, the fresh and dry weight of the roots was
higher in Si-treated plants compared with
control plants. The results of two-way
ANOVA showed that the effect of either salt
or Si treatment alone was significant for the
dry weight of both roots and shoots, while the
salinity x Si interaction effect was not
statistically significant (Table 1).

Table 1. Results of a two-way ANOVA test (mean of squares) for the effect of salinity and Si and their interactions

with various physiological parameters in pistachio plants

Parameters Salinity Si Salinityx Si
Shoot FW 2.83%%* 0.041™ 0.13™
Shoot DW 0.124%%%* 0.016** 0.006 ™
Root FW 0.931*** 0.148%* 0.004™
Root DW 0.065%** 0.006** 0.000"™
Fo 1560™ 4.00™ 1.00 ™

Fm 115770 ** 9850™ 17358 ™

gN 0.049 ** 0.001™ 0.000"™
Fu/Fn 0.038*** 0.002™ 0.004™
A 18.1%%* 3.04%* 1.62*

Os 0.15%** 0.001™ 0.001™

E 0.660%*** 0.007"™ 0.008 ™
WUE 0.48"™ 5.62%%* 3.24 **

Ci/Ca 0.001 ** 0.001** 0.000 **
Leaf free Na 1537%** 144%* 99.8*
Leaf bound Na 93, | ok 0.260"™ 153™
Leaf total Na 3336%** 132%* 36.9™
Root Na 18852 1560 4778%*
Leaf K 283.4™ 444 3™ 235.8™
Root K 296.9™ 9599%%** 305.6™
Leaf Ca 9.71™ 31.0%* 4.24™
Root Ca 0.022%** 0.001™ 0.015*
Leaf Si 2.44™ 25]*** 2.62™
Root Si 8.94™ 602%** 6.83 ™
SOD 758%** 59.2%* 60.8*
POD 0.216%** 0.002"™ 0.001"™
CAT 2796%** 65.4™ 115™
APX 0.325%** 0.005™ 0.001"
MDA 347%** 176%* 240 **
H,0, 1.31%** 0.00™ 0.002"

ns: non-significant, according to the Fisher LSD test, *** P<(0.001, ** P<0.01, * P<0.05.
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Figure 1. Fresh weight (FW) and dry weight (DW) of shoots (A, B) and roots (C, D) in pistachio plants grown for
seven weeks under saline conditions without or with the application of Si. The data are the mean + SD of four
replicates. Bars indicated with the same letter are not significantly different (< 0.05).

No significant differences were found
between —Si and +Si plants in the minimum
Chl fluorescence (Fyp) and photochemical
quenching (qP) of leaves (Table 2). However,
salt-treated plants tended to have a lower
maximum Chl fluorescence yield (F,) than
the control plants without salt. Salt stress
resulted higher  non-photochemical
quenching (gN) in the leaves, while the Si-

in

treated plants did not differ from the —Si
plants in this regard. The maximum
efficiency of PSII (F./F,) exhibited a
decrease in those plants subjected to salinity
in the absence or presence of Si. The extent
of the reduction, however, was lower in the
+Si  plants and, in consequence, this
parameter was significantly higher in salt-
treated plants under Si application.
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Table 2. Changes in the minimum fluorescence of Chl (#)), maximum fluorescence yield (#), photochemical
quenching (¢P), non-photochemical quenching (¢/V), maximum quantum yield of PSII (#,/F,), net photosynthetic rate
(A4, nmol m? s, transpiration rate (£, mmol m? s!), stomatal conductance (g, mol m? s!), water-use efficiency
(WUE (A/E), pmol mmol") and the ratio of the CO, concentration in the intercellular space to ambient air (C/C)), in
pistachio plants grown for seven weeks under saline conditions without or with the application of Si. The data are the
mean * SD of four replicates. The data of each column indicated by the same letter are not significantly different (P <

0.05).
Photochemistry
Treatments

Fo Fun qP gN Fo/Fp
s Control 156 +10.2° 774+350°  0.89+£0.05*  0.11+0.07°  0.79+0.01°
Salinity 175 +25.0° 538 + 146° 0.94+0.08* 023+0.05®  0.67+0.04°
i Control 155+10.0° 758 +£42.4*  0.88+0.05°  0.13+0.10°  0.79+0.01°
Salinity 177 £25.7° 654+ 119  0.90+0.07*  024+0.03*  0.72+0.04°

Gas exchange

A 0s E WUE Ci/C,
~ Control  4.95+0.20° 0.34+0.02° 0.88+0.03* 564+0.36™ 0.92+0.01°
- Salinity ~ 2.18+0.73°¢ 0.12+£0.04°  043+0.13°  5.09+0.57° 0.91+0.01®
i Control  5.18+0.33° 0.33+0.03*  0.86+0.04* 593+047°  0.90+0.01°
Salinity ~ 3.69+0.27° 0.15+£0.01°  0.52+0.02° 7.18+0.59°  0.88+0.01°¢

Under salt stress, the net assimilation rate
(A), transpiration rate (E) and stomatal
conductance (gs) decreased significantly
(Table 2). However, an increase in A was
observed in salt-stressed plants upon Si
application. The same was observed for the
transpiration rate but not for stomatal
conductance. Si-applied plants had a higher
water-use efficiency (WUE) under salt stress
conditions. The ratio of the intercellular CO,
concentration to that in ambient air (Ci/C,)
was significantly reduced in salt-stressed
plants upon Si treatment.

Leaf and root Na concentrations were
significantly higher in salt-treated plants
regardless of Si treatment. The addition of Si,
however, significantly decreased the Na
concentrations in the leaves and roots of

salinized plants (Table 3).

In plants grown with added salt, leaf K
concentrations decreased by 41% (Table 3).
The enrichment of the NaCl-containing soil
with Si caused a 45% increase in root K
content, in comparison with the plants

without the addition of Si. However, the
shoot K content was not influenced by Si
treatment in NaCl-treated plants.

In the concentration
decreased by about 50% in the presence of

salt, but was not significantly affected by Si.

roots, the Ca

However, the leaf Ca concentration was
higher in salt-stressed plants supplemented
with Si compared with other treatment
combinations. As  expected, the Si
concentration of leaves and roots was
significantly higher in Si-supplied plants
(Table 3). Salinity treatment did not affect Si
concentrations. In addition, the constitutive
amounts of Si were considerably higher in the
roots than in the leaves, irrespective of the
treatments. Free and CW-bound Na
concentrations were expectedly higher in salt-
treated plants in the absence or presence of
Si. However, the concentration of free Na
was lower in Si-treated plants while the Na
concentration in the CW-bound fraction was
not influenced by Si (Fig. 2).
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Table 3. Concentration of Na, K, Ca and Si (mg g DW) in the leaves and roots of pistachio plants grown for seven
weeks under saline conditions without or with the application of Si. The data are the mean = SD of four replicates.
The data of each column within each element indicated by the same letter are not significantly different (P < 0.05).

Treatments Leaves Na Roots
Si Control 9.93+1.39°¢ 18.2+7.2¢
-1
Salinity 41.8+2.94° 99.2+11.9*
i Control 7.20+1.89°¢ 29.3£9.3°
1
Salinity 33.1 +5.46° 53.3+12.2°
K
. Control 9234223 ° 36.146.14 ™
D1
Salinity 38.3+1.10° 26.9+12.0
i Control 36.4+6.75° 85.4+15.2%
1
Salinity 36.9+5.48 " 57.0+1.37°
Ca
S Control 1.68+0.08 ° 0.34+0.07
-1
Salinity 1.63+0.26 " 0.17+0.02 °
i Control 1.48+0.23° 0.23+0.07 ™
1
Salinity 2.5840.36° 0.18+0.06 °
Si
g Control 0.79+0.27° 1.13+0.19°
-1
Salinity 0.50+0.25" 1.32+0.62°
e Control 7.65+1.34° 12.1+3.80°
1
Salinity 9.51 +3.65° 14.9£3.70°
50
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Figure 2. Concentration (mg g’ DW) of free and CW-bound Na in the leaves of pistachio plants grown for seven
weeks under saline conditions without or with the application of Si. Each value is the mean £+ SD of four replicates.
Bars indicated with the same letter are not significantly different (£ < 0.05).
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The antioxidative defence

influenced by salinity treatment (Table 4).
Salt stress significantly increased SOD, POD

and CAT activities, while APX activity was
not influenced by salt. Si application did not
change the activities of CAT, POD and APX,
whether in the control or the salt-affected

system was

plants. However, a significant increase in the
activity of SOD was observed upon Si

treatment in salt-stressed plants. Salt stress in
the absence of Si caused a significant
accumulation of malondialdehyde (MDA)
and hydrogen peroxide (H,O,). Si treatment
had no effect on H,O, concentrations. In
contrast, the application of Si decreased the
MDA concentration in salt-treated plants
(Table 4).

Table 4. Specific activity of superoxide dismutase (SOD, U mg™ protein), catalase (CAT, pmol mg” protein min™),
peroxidase (POD, pmol mg™” protein min™), ascorbate peroxidase (APX, pmol mg™” protein min™) and concentration
of malondialdehyde (MDA, nmol g"' FW) and hydrogen peroxide (H,0,, pmol g’ FW) in the leaves of pistachio plants
grown for seven weeks under saline conditions without or with the application of Si. The data are the mean + SD of
four replicates. The data of each column indicated by the same letter are not significantly different (P < 0.05).

Treatments SOD CAT POD APX H,0, MDA
~ Control  233£225° 587+£6.54" 027+£0.04° 0.76+0.05* 0.44+0.08" 133£261"
S Salinity 33.2+3.07° 79.7+7.11* 0.49+0.05* 1.02+0.07® 1.03+£0.07*° 30.4+553"
~ Control  232+247¢ 57.4+839" 028+£0.04° 0.78+0.05*° 046+0.08" 14.4+298°
o Salinity 40.9+2.64* 892+7.61% 0.52+0.08° 1.08£0.09° 1.01+0.03* 159+274"°
Discussion plays a key role in the protection of PSII

Pistachio is a salt-tolerant glycophyte species
and its growth is not affected by lower
salinity levels (4 dS m™). A significant
reduction of dry weight starts at a salinity of 8
dS m™ (33). In this work, the applied salt
level was higher than other reports of
pistachio plants in order to evaluate the effect
of Si under severe salinity in this tolerant
species.

Si application improved the dry matter
production of pistachio plants as compared to
those without Si supply under
conditions. The obtained results

salinity
are in
agreement with findings on Si-accumulators,
such as rice, wheat and sorghum (18, 34), and

non-accumulators such as tomato (15).

The maximum quantum yield of PSII
(FJ/Fn) s of
photosynthetic capacity (35). In addition, the
non-photochemical quenching (qN) of PSII,
as an indicator of the heat dissipation process,

an indication overall

against excess excitation energy that is
produced under various stresses (36). A
significant reduction of F,/Fy in salt-stressed
pistachio indicated that a proportion of the
PSII reaction centres are damaged or
inactivated following photoinhibition,
commonly observed in plants under stress
(37). Photoinhibition has been defined as the
inhibition of photosynthesis caused by
energy (38). A
simultaneous increase of gN in salt-stressed
pistachio may help plants against damage

excessive  radiation

induced by excess excitation energy (37).
Silicon application ameliorated reduction of
electron transport capacity and F,/Fp ratio in
salt-stressed pistachio plants. Information on
the effect of Si on leaves’ photochemical
parameters is rare and restricted to Si-
accumulator Gramineae species (24). Our
data confirmed the effect of Si application on
the protection of the photochemical process
in pistachio as a non-accumulator species.

Alleviation of salt stress by Si in pistachio
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The inhibition of growth under salinity is
often ascribed to a reduction of plants’
photosynthetic performance (5). Surprisingly,
salt stress caused a significant reduction of
the photosynthetic rate (A) in pistachio. The
enrichment of saline soil with Si resulted in a
significant increase of photosynthesis when
compared to salt-stressed plants grown
without Si. It has previously been reported
that exogenously applied Si improved the net
CO, assimilation rate in Si-accumulators,
such as maize (25), and non-accumulators,
such as tomato (15). The application of Si
also elevated water-use efficiency (WUE) in
salt-stressed plants. The improvement of the
WUE upon Si application was the
consequence of higher CO, fixation along
with stable amounts of transpiration in Si-
treated plants.

One of the mechanisms for the Si-
mediated protection of salt-stressed plants is
the reduction of Na and the enhancement of
K uptake (13). In salt-stressed pistachio, Si
lowered the Na concentration in both the
leaves and the roots, while the K
concentration remained stable in the leaves
and increased in the roots. In the absence of
salt, however, a higher root K concentration
was associated with lower K in the leaves in
the Si-treated plants. It probably indicated
that the root-shoot transport of K was
somewhat reduced by Si. The mechanism for
this effect is obscure.

The effect of Si on Na partitioning into
CW-bound and soluble cell fractions has been
studied in Si-accumulator wheat plants (11).
In that report, it was speculated that Si
application causes Na detoxification via
increasing CW-bound Na (11). We observed
here, however, that Si treatment did not affect
concentration of CW-bound Na, while it
decreased that of free Na in the leaves. It has
been reported that the deposition of Si in the

cell walls of roots decreases the translocation
of salts to the leaves. In the present study, a
reduction in foliar Na" content was obtained
when salinized pistachio plants were treated
with Si. Thus, our results support the
hypothesis that the alleviation of the
deleterious effects of salt by Si in pistachio
can be related to the reduction of salt
accumulation in the leaves. This mechanism
may be considered to be another reason for
the ameliorative effect of Si in salt-stressed
pistachio. In addition, a lack of any change in
the CW-bound Na by Si in pistachio - in
contrast to wheat - may reflect the well-
known difference in the CW
between monocotyledonous
dicotyledonous species (39).

structure
and

Salt stress induces overproduction of
ROSs, which trigger phytotoxic reactions
such as lipid peroxidation, protein
degradation and DNA damage (4). Increased
lipid peroxidation following
damage under salinity has been reported in
several plant species (3, 7). In the present
study, despite the expected enhancement in
the activity of all four studied antioxidative
enzymes under salt stress, Si application
caused significant stimulation only in the
activity of SOD. Similar results on the

oxidative

activation of the antioxidative capacity of
plants by Si have been reported by other
authors in Si-accumulator (34) and non-
accumulator (15, 21) species. Therefore, Si
improved cellular membrane stability through
the stimulation of SOD activity because the
MDA concentration as an indicator of lipid
peroxidation was significantly lower in Si-
applied pistachio under salt stress. However,
it is important to note that the balance
between SODs and the different H,O»-
scavenging enzymes in cells is considered to
be crucial in determining the steady-state
level of H,O,, but the alternative antioxidant
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enzymes, such as glutathione reductase and
glutathione  peroxidase, are important
enzymes in protecting against oxidants under
stress conditions. Therefore, the possible
mechanisms of the Si-mediated improvement
of the antioxidative capacity in salt-stressed
pistachio may be attributed to the activity of
these alternative  antioxidant enzymes
(although we did not measure their activities).
Furthermore, ROSs are part of a complex
metabolic regulatory network which cannot
be understood by measuring global enzyme
activities (which represent the activity of
different compartments). For
several studies have shown that a protective

example,

role of Si against the oxidative stress in
higher plants coincided with reduced SOD,
CAT and POD activity and decreased lipid
peroxidation (40).

In addition, a higher leaf Ca concentration
in salt-stressed pistachio may be another
mechanism for higher membrane integrity in
Si-treated plants. Calcium plays a vital role in

maintaining  membrane and

permeability (41).

stability

Conclusion

High soil salinity had an adverse effect on
pistachio plants while exogenous Si alleviated
the effects of salt on plant growth. Various
mechanisms were involved in the Si-mediated
alleviation of salt stress in pistachio. A higher
CO, fixation rate and WUE and an elevated
level of SOD activity, a reduction of the total
Na concentration, and a decline in Na
partitioning into cytosolic fraction, were all
observed in Si-supplemented plants in this
work. In addition, the maintenance of
membrane integrity as the consequence of
activated antioxidative defence and a higher
leaf Ca concentration was observed in Si-
supplemented pistachio plants under saline
conditions.
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