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Although silicon improves the salt tolerance in grasses, the mechanism involved is still ambiguous.
Moreover in wheat, classified as Si-accumulator, silicon can alleviate the salt stress. Hence in this
study, the effects of silicon using calcium silicate (150 mg/L) on the morphology, physiology and
biochemistry of wheat genotypes (salt sensitive; Augab-2000 and salt tolerant; SARC-5) differing in salt
tolerance under saline (12 dS/m) and non-saline soil media (2 dS/m) were investigated. Silicon
supplementation into the root medium significantly improved the K* and K*":Na® ratio, leaf water
potential and stomatal conductance, but reduced the Na*. Plants harvested at maturity indicated a
concomitant increase in number of tillers, number of grains per spike, grain and straw yield with Si
application both under optimal and stressful conditions. The results suggest that Si application in soil
medium is beneficial in profoundly affecting physiological phenomena and improving wheat growth

under salt stress.
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INTRODUCTION

Salinity is one of the major abiotic stresses (Rueda-
Puente et al., 2007) that severely affects the growth and
productivity of crop plants (Lopez et al., 2002). It changes
the morphology, physiology and metabolism of plants
(Hilal et al., 1998; Rhoades, 1993), ultimately diminishing
growth and yield (Ashraf and Harris, 2004). Salt tolerance
is a complex physiological trait (Tester and Davenport,
2003). Studies on salt tolerance normally point to limited
beneficial and greater accumulation of toxic ions
(Greenway and Munns, 1980). Practically the adverse
effects of salinity are ameliorated through chemical,
physical (engineering) and biological methods.
Exogenous application of nutrients under salt stress has
been reported in many crops; for instance, K™ in wheat
(Raza et al., 2006; Akram et al., 2007), N in Phaseolus
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vulgaris (Wagenet et al.,, 1983) and Ca in snap bean
(Awada et al., 1995). Furthermore, the use of some
beneficial mineral nutrients that counteracted adverse
effects of salt stress has been practiced. Silicon (Si),
being a beneficial element, provides significant benefits
to plants against various abiotic (e.g. salt, drought and
metal toxicity) and biotic (plant diseases and pests)
stresses (Liang et al., 2003; Ahmed et al., 2011; Ma,
2004).

The mechanisms responsible for salt tolerance in crop
plants include exclusion, inclusion, compartmentation and
homeostasis (Marschner, 1995; Saqib et al., 2005; Tahir
et al., 2006), enhanced plant water status (Romero et al.,
2006), immobilization of toxic Na* ion (Liang et al., 2003),
reduced Na* and enhanced K* uptake (Yeo et al., 1999;
Liang et al., 2005; Tahir et al., 2006) and higher K*:Na*
selectivity (Hasegawa et al., 2000). Consequently, better
crop growth, physiological efficiency, balanced nutrition,
and increased nutrient uptake is maintained in salinity-
stressed plants (Murillo-Amador et al., 2007) by diluting



salts accumulated in saline environment (Matoh et al.,
1986). Graminaceous plants manifest greater tissue Si
accumulation than other species (Matichenkov and
Kosobrukhov, 2004). Si is accumulated at a comparable
rate to those of macronutrient elements (Epstein, 1999).
Wheat is a member of Poaceae family and recently
designated as Si accumulator and can alleviate salt-
induced damages. Wheat, as a glycophytic plant,
generally shows sensitivity to salinity since yield losses
account for up to 45% (Qureshi and Barrett-Lennard,
1998). Wheat genotypes differ significantly in salinity
tolerance (Munns, 2002; Flowers, 2004; Sagib et al.,
2005) as salt tolerant plants accumulate less Na* than
salt sensitive, which maintains the ionic balance within
plant tissues (Tahir et al., 2006). These variations can be
used to screen and develop more salt tolerant genotypes.

It is evident from the above that Si has a significant role
in improving salinity tolerance. For this study on wheat, it
was hypothesized that Si may be useful to enhance the
salt tolerance of local wheat genotypes by profoundly
changing morphological, physiological and biochemical
aspects in wheat. Thus, the objectives were to study the;
a) variation in salinity tolerance of two contrasting wheat
genotypes, and b) change in some biochemical insights
produced by exogenous supply of Si to wheat grown
under salinity stress using soil media.

MATERIALS AND METHODS

The experiment was conducted in plastic pots containing soil
medium. Two contrasting wheat genotypes (salt sensitive; Augab-
2000 and salt tolerant; SARC-5) were used for this experiment. The
Si level (150 mg/kg) was used to investigate its effect on wheat
under salt stress; 150 mg/kg of Si was selected as an optimized
level in the previous experiment (Ali et al., 2009). The pots were
filled with soil of known salinity level. Soil was taken from
experimental field area of Institute of Soil and Environmental
Sciences, University of Agriculture, Faisalabad, Pakistan. Ten
kilogram of the prepared soil was filled in each of 24 plastic pots
lined with polyethylene bags. In half of the pots, sodium chloride
(NaCl) salt was used to develop salinity (12 dS/m), while the rest of
the pots were kept as control having original EC (2 dS/m). Taking
into account the acquired EC (2 dS/m) and saturation % of soil
(32%), the required amount of NaCl was calculated for developing
the required EC level (12 dS/m).

A basal dose of N at 100 mg/kg as urea, P at 90 mg/kg as single
super phosphate and K at 120 mg/kg as potassium sulphate were
mixed into soil prior to seed sowing. The remaining N was applied
after the first irrigation. In each pots, 15 seeds were sown and
thinned to five uniform plants/pot after seedling emergence at
crown root stage. The whole Si was applied to the pots of the Si+
treatment at 150 mg/kg using calcium silicate solution. CaCl»
solution was applied to the pots of the Si-deficient treatment to
balance the same total of Ca as in the Si+ treatment in order to
know the sole effect of Si. The pots were arranged according to
factorial completely randomized design (CRD) with three replicates
of each treatment.

Determination of Na® and K* from flag leaves

The oven dried and grinded material (0.1 g) of leaves was digested
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with mixture of 2 ml of sulfuric acid and hydrogen peroxide
according to the method of Wolf (1980). Potassium and sodium in
the digested material were determined with a flame photometer
(Jenway, PFP-7).

Determination of Si from flag leaf

The leaves of harvested plants were oven dried and grinded in a
Wiley mill into fine powder. Si concentration was measured at 650
nm wavelength with a UV visible spectrophotometer (Shimdzu,
Spectronic 100, Japan), using calorimetric amino molybdate blue
color method (Elliot and Synder, 1991).

Leaf area

Leaves were excised and the sub-sample of 10 g green lamina
from detached leaves was used to record leaf area per plant on leaf
area meter (LICOR, 3100).

Water potential

Leaf water potential was measured at booting stage with water
potential apparatus (Chas W. Cook and Sons, Birmingham B 42,
ITT, England) following the method described by Scholander et al.
(1964).

Stomatal conductance

The stomatal conductance was measured using an open system
LCA-4 ADC portable infrared gas analyzer (Analytical Development
Company, Hoddeson, England). Measurement of stomatal

conductance (gs) was made on the youngest fully emerged leaf
(normally 3rd leaf from top) of each plant.

Biological yield per plant

Five plants from each pot were harvested and left to dry under the
sun, after which samples were weighed with spring balance and
yield per plant was recorded.

Grain yield per plant

Five plants from each pot were harvested, and left for sun drying.
After threshing samples, grain yield per plant was recorded on
average basis.

Harvest index (%)

The harvest index for each pot was calculated using the following
formula:

HI = (Grain yield / Biological yield) x 100

RESULTS

Effect of Si on plant water status and gaseous
exchange

Significantly lower water potential was observed under
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Table 1. Effect of Si on leaf area, plant water relations and ionic composition of wheat cultivars both under saline and

non-saline conditions at p < 0.05.

Control (2 dS/m)

Saline (12 dS/m)

P t

arameter Genotype Si- Sis Si- Sis
Leaf area (cm?) Augab-2000 32.80° 40.33? 21.00' 29.80¢
SARC-5 27.40° 34.73° 21.70' 26.67°
Water potential Augab-2000 0.62 0.48' 1.14° 0.63°
(-MPa) SARC-5 0.56° 0.39¢ 0.94° 0.57%
Stomatal conductance  Augab-2000 0.42% 0.44° 0.19' 0.28°
(umol m? s™) SARC-5 0.38° 0.37° 0.24° 0.34°
K (%) Augab-2000 1.41° 1.76° 0.39° 1.09°
° SARC-5 1.59° 1.75% 0.41° 1.14¢
Na® (%) Augab-2000 0.48¢ 0.37° 1.892 0.65°
° SARC-5 0.42% 0.34° 1.62° 0.61°¢
K" Na* Augab-2000 2.93° 4.80° 0.21° 1.68°
' SARC-5 3.78° 5.16° 0.25° 1.89°
Si (%) Augab-2000 1.09° 1.26° 0.09¢ 1.13°
° SARC-5 1.10° 1.432 0.08° 1.26°

The values are means of three replicates. Si- and Si+ represent 0 and 150 mg kg™ of Si, respectivelyg

saline conditions (12 dS/m) in comparison to non-saline
conditions (2 dS/m) in both SARC-5 and Augab-2000.
The extent of reduction was lower in SARC-5 than
Augab-2000. Si applied (150 mg/kg) wheat plants
maintained significantly higher water potential as com-
pared to Si-deprived plants under saline and non-saline
conditions in both cultivars. Comparing the cultivars,
SARC-5 (salt tolerant) maintained higher water potential
than Augab-2000 (salt sensitive) both under saline and
non-saline conditions (Table 1). Plants of both cultivars
grown in saline soil had significantly (p < 0.05) lower
stomatal conductance as compared to plants grown in
non-saline soil. Si-amended wheat plants had
significantly (P < 0.05) higher stomatal conductance as
compared to those grown in the absence of Si only under
salt stress conditions in both the cultivars. Under normal
conditions, although non-significant but slightly increase
in stomatal conductance was observed in both salt
tolerant and salt sensitive cultivars. SARC-5 showed
higher stomatal conductance than Augab-2000 under
saline conditions, where as reverse was true under non-
saline conditions (Table 1).

Effect of Si on mineral composition of Wheat (K*, Na*
and Si)

The concentration of K* in flag leaf of wheat plants grown

in the presence of NaCl was significantly lower in
comparison to pots where salt was not added. Ca-silicate
application significantly increased the K* concentration
both under non-saline and saline conditions in both
cultivars. Higher concentration of K* was observed in
SARC-5 than Augab-2000 cultivar under non saline
conditions. Under saline conditions, however, there were
no differences between cultivars (Table 1). Na®
concentration in flag leaves of both cultivars under salt
stress was observed to be significantly higher than non-
saline conditions. Si amendment (150 mg/kg) reduced
the Na* concentration in both the cultivars under saline
and non-saline conditions when compared with Si-
treatment. Higher concentration of Na* was recorded in
Augab-2000 than SARC-5 (Table 1). In addition, K":Na*
was badly affected by salinity stress, indicating increased
uptake of Na* than K*. The data (Table 1) also shows that
salt stress significantly reduced the K" :Na" in comparison
to non-saline conditions in both the cultivars.

Si supplementation enhanced K*:Na* to a significant
extent under saline and non-saline conditions in both the
cultivars. K":Na® was higher in SARC-5 cultivar than
Augab-2000 both under non-saline and saline conditions.
Si concentration in flag leaves of wheat was significantly
decreased by NaCl stress in Auqab-2000 cultivar and
SARC-5. Si supplementation at 150 mg/kg significantly
increased the Si content in both cultivars under saline
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Table 2. Effect of Si on grain yield and its components of wheat cultivars both under saline and non-saline conditions at p < 0.05.
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Control (2 dS/m)

Saline (12 dS/m)

Parameter Genotype
Si- Si+ Si- Si+
_ b a e d
Plant height (cm) Augab-2000 70.29b 77.39a 55.45d 58.80C
SARC-5 69.09 75.29 60.38 65.93
_ b C a dc
Number of tillers/plant Augab-2000 4.67C 5.67a i 2.67d 4.ooc
SARC-5 4.33 5.33 3.00 4.33
_ a a b a
Spike length (cm) Augab-2000 9.00a 8.92a 6.51a 8.1 1b
SARC-5 8.91 9.10 6.63 8.24
_ a b a cb
Number of spikelets/spike Augab-2000 16.00ab 17.ooab 10.670 14.oob
SARC-5 15.33 15.00 11.67 14.67
Number of grains/spike Augab-2000 39.67° 41.00° 25.33¢ 31.67°
SARC-5 33.67™ 35.33° 27.33¢ 33.00™
N Augab-2000 4.24% 4.67° 3.24° 3.53%
1000 Grain weight
ght (g) SARC-5 3.83% 4.21% 3.32° 3.66™
Biological yield (g/plant) Augab-2000 14.29% 14.76° 9.62° 13.10%
Y SARC-5 12.96% 13.07% 10.07° 12.38%
o Augab-2000 5.712 5.73% 3.86° 5.10°
Grain yield (g/plant
yield (g/plant) SARC-5 5.34° 5.30° 3.94° 5.16°
Harvest Index Augab-2000 0.417 0.39° 0.40° 0.39°
SARC-5 0.417 0.417 0.39° 0.42°

The values are means of three replicates. Si- and Si+ represent 0 and 150 mg kg™ of Si, respectively.

and non-saline conditions when compared with no Si
application. Among the cultivars, more Si content was
observed in SARC-5 than Augab-2000 under saline
conditions (Table 1).

Effect of Si on plant growth

Leaf area was significantly (P < 0.05) reduced by salt
stress in both cultivars in comparison to optimal
conditions. Leaf area increased significantly due to Si
supplementation under saline and non-saline conditions
in both the cultivars in comparison to treatment where Si
was not supplied. Augab-2000 produced more leaf area
than SARC-5 in normal soil. Both cultivars were at par
with each other in Si-amended saline soil (Table 2).
Salinity stress reduced the shoot dry matter to a
significant extent when compared with non-saline
conditions. Application of Si significantly increased the
shoot dry matter under saline conditions in both cultivars

in comparison to plants where Si was not applied
whereas; under non-saline conditions non-significant
increase in dry matter was observed. Both cultivars were
observed statically at par with each other both under
saline and non-saline conditions (Table 2). Grain yield/
plant was significantly decreased by salt stress when
compared with control conditions. Furthermore, the Si
added had non-significant effect on grain yield under non-
saline conditions in both cultivars when compared with
plants where Si was not added. However, under saline
conditions, significant increase in grain yield was
observed (Table 2). Harvest index remained unaffected
by Si application both under saline and non-saline
conditions in both the cultivars. Under saline conditions,
salt tolerant cultivar showed slightly higher harvest index
as compared to Augab-2000 (Table 2).

Various other parameters including plant height, spike
length, number of tillers/plant, number of spikelets/spike,
number of grains/spike were significantly reduced by
salinity stress in comparison to and the magnitude of
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reduction was greater in SARC-5 than Augab-2000
(Table 1). Plant height grown in the presence of Si had
greater values as compared to plants grown without Si
both under saline and non-saline conditions in both
cultivars (Table 2). Nevertheless, non-significant increase
in spike length, number of spikelets/spike and number of
grains/spike was measured under non-saline conditions.
The 1000 grain weight remained unaffected by Si
application both under saline and non-saline conditions in
both the cultivars (Table 2).

DISCUSSION

The response of plants to excessive salinity is multi-
faceted and involves changes in plant’s morphology,
physiology and metabolism (Hilal et al., 1998), ultimately
reducing the plant growth (Rhoades, 1993). In the
present study, an important growth determinant, leaf area
was significantly constrained by salt stress (EC = 12
dS/m) in Augab-2000 and SARC-5 in the presence or
absence of Si in comparison to non-stress (EC = 2 dS/m)
conditions. In addition, salinity stress significantly
deceased biological and grain yield. Similar cutback in
these growth parameters in wheat due to salt stress in
soil medium have been reported by Ahmad et al. (1992).
Silicon accumulates in plants at a rate comparable to
those of macronutrient elements like calcium, magnesium
and phosphorous (Epstein, 1999). In the current study,
Ca-silicate application at 150 mg Si kg 'soil significantly
increased the Si content in flag leaves of wheat both
under saline and non-saline conditions in comparison to
treatment where Si was not applied. Previous reports and
the current research suggested that Si deposition in
plants is responsible for amelioration of salt stress. Plants
grown in Si-supplied soil maintained higher leaf area
compared to those where Si was not added under water
stress conditions (Gong et al., 2003). In the present study
leaf area increased significantly by Si supplementation at
150 mg/kg under saline and non-saline conditions in both
cultivars in comparison to treatment where Si was not
supplied. The beneficial effect of Si may be due to its
hydrophilic nature that protected wheat plants from
physiological drought induced by salt stress. Si
application also increases yield in rice (Liang et al., 1994)
in calcareous soils and improves the growth variables in
legumes affected due to salt stress (Murillo-Amador et
al., 2007). In the current study, Si amendment increased
the biological and grain yield under saline and non-saline
conditions in both cultivars. It can be suggested from
current discussion that a significant and positive
relationship exists between Si and grain yield under
saline conditions. Comparing the genotypes, Augab-2000
showed better performance than SARC-5 as exhibited by
higher production of yield and yield contributing factors
including leaf area as well under optimal conditions.
However, the opposite trend was observed under saline

conditions.

Salinity affects crop physiology by changing the water
content of the plant cells (Sultana et al., 1999, Hasegawa
et al.,, 2000). In the current study salinity also
considerably lowered the leaf water potential and
stomatal conductance in comparison to non-saline
conditions in both SARC-5 and Augab-2000. Si plays a
pivotal role in the enhancement of plant water relations
and gaseous exchange under stressful conditions. Si
application in the root zone maintains transpiration,
stomatal conductance, net photosynthesis in salinity
stressed leguminous plants (Murillo-Amador et al., 2007)
and enhances leaf water potential in wheat under drought
and salinity stress (Liang et al., 1999), as a result, causes
significant increase in dry matter yield of higher plants
with improved water economy (Gong et al., 2003). This
study confirms these reports because Si-application (150
mg/kg) helped to maintain significantly higher water
potential as compared to control plants under saline and
non-saline conditions in both cultivars. Besides, data
shows a positive correlation between leaf Si accumu-
lation and water potential. Liang et al. (1999) suggested
that silica-cuticle double layer formed on leaf epidermal
tissue is responsible for this increased water potential.
Current findings confirm these results suggesting an
induction of salt tolerance by Si owing by reducing
transpirational losses.

In the present study, Si supplementation increased the
stomatal conductance under saline conditions which
ensured more gaseous exchange for higher photo-
synthesis. Sorghum also maintained an elevated
stomatal conductance and photosynthesis when Si was
applied in water stress (Hattori et al., 2005). Similarly,
Gong et al. (2006) found an increase in stomatal
conductance (from 138 to 150 mmol/m?/s) in rice plants,
20% more as compared with control grown under saline
and non-saline conditions. A significant (p < 0.05) positive
regression co-efficient relationship was found between Si
and stomatal conductance under saline conditions
(Figure 1). It can be suggested that Si amendment
increased the plant water content in rice plants.
Moreover, by reducing the transpiration (Agurie et al.,
1992) the CO, intake was enhanced leading to higher
photosynthetic rate. One of the important characteristics
of salt tolerance is that the tolerant varieties maintain
higher water potential under saline conditions. It helps the
plants to dilute the toxic salts and maintaining turgidity
required for growth. The salt tolerant cultivar, SARC-5,
maintained higher water potential than sensitive (Augab-
2000) both under saline and non-saline conditions, thus
confirming its salt tolerance.

Among major mechanisms responsible for salinity
tolerance due to Si is an increased K* uptake (Liang et
al., 1999) as depicted in the present study. The calcium
silicate application at 150 mg Si kg'soil significantly
increased the K* concentration both under non-saline and
saline conditions. Lower Na* concentration in plant body
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Figure 1. Schematic diagram showing regression coefficient relationship between Si and water potential, stomatal conductance, K":Na* in flag leaves and grain yield

of wheat in saline culture.

is an indicator of salinity tolerance. The present
study indicates that Na® concentration in flag
leaves of both wheat cultivars was significantly
reduced by Si application. Ma et al. (2001)
suggested that the alleviation of Na® toxicity in
corn is mainly due to the formation of Na* and Si

complexes in solution rather than any physio-
logical impact of Si on the plant. Si application
reduces the Na® uptake that increases the
stomatal conductance of salt-treated rice and
ultimately net photosynthesis (Yeo et al., 1999).
Hence, Ca-silicate application ameliorated the salt

toxicity by both suppres-sing the Na*-uptake and
enhancing K" concentration and Si deposition in
leaves leading towards increased K*:Na™. It was
evident from our data that K":Na" was badly
affected by salinity stress as compared to non-
saline conditions indicating increased uptake of
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Na" as compared to K". Si application into saline soil
enhanced K*:Na" to a significant extent under saline and
non-saline conditions in both cultivars.

Furthermore, a significant positive correlation was found
between Si and K*:Na* (Figure 1). This might be due to
the stimulated activity of H*-ATPase on root plasma
membrane and H*-PPase activity on tonoplast of roots
that improved the uptake and upward transport of K* and
retarded the movement of Na* and improved the progress
of Na'/H* antiport, thus enhancing the K*:Na* selectivity
ratio in the shoots of salt stressed barley (Liang et al.,
2005). Similarly, in cowpea and kidney bean, Si increased
the K* and decreased Na® and CI" content (Murillo-
Amador et al., 2007). The salt sensitive plants cannot
lower the uptake of Na® and as a result plant absorbs
higher Na*, which is very toxic to most of the plants. The
concentration of Na® was greater in Augab-2000 as
compared to SARC-5 under saline con-ditions. The
K":Na® was highly observed in SARC-5 cultivar as
compared to Augab-2000 both under non-saline and
saline conditions.

It is concluded from the current experiment that Si ap-
plication significantly increased all growth variables in-
cluding dry matter and grain yield of both wheat cultivars
under normal as well as saline conditions. The major
mechanism responsible for inducing salt tolerance in both
cultivars was increased K* uptake and decreased Na*
uptake that enhanced K":Na® selectivity ratio in leaves.
The current results also show that higher water potential
and stomatal conductance maintained by Si treated plants
under salinity stress is one of the mechanisms for the
improvement of crop growth. The current experiment,
however, necessitate the exploration of these results
working at field level.
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