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In agriculture, one of the major problems is the sa-
linization of arable lands, which limits the agricultural 
production due to yield loss. Recent studies have re-
ported that at least 20% of irrigated lands worldwide 
are salinized [Pitman and Läuchli 2002, Chinnusamy 
et al. 2005, Ashraf and Akram 2009]. Thus, it is in-
evitable to develop new techniques that ameliorate 

this salt stress. A conventional approach to overcome 
this problem is the cultivation of salt-tolerant plants.  
In addition, the application of some exogenous com-
ponents, such as potassium (K) [Akram et al. 2007], 
calcium (Ca) [Awada et al. 1995], silicon (Si) [Ro-
drigues et al. 2003, Ma 2004], salicylic acid, jasmon-
ic acid [Khan et al. 2012], and melatonin [Li et al. 
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ABSTRACT

We evaluated the growth performance, ion regulation, osmotic potential, and chlorophyll content of two 
pepper (Capsicum annuum) genotypes with different salinity tolerance levels (Karaisali is tolerant and Dem-
re is sensitive to salinity) under saline conditions with the application of silicon (Si). Plants were grown in 
pots filled with vermiculite in control or saline conditions [150 mM sodium chloride (NaCl)] with or without  
2 mM Si from potassium silicate for 60 days after sowing. Better growth effects due to Si application were 
observed in the sensitive pepper Demre than in Karaisali, particularly, the root and fruit growth were remark-
ably enhanced in Demre. Furthermore, Si application reduced sodium (Na) and chloride (Cl) concentrations 
and increased potassium (K) and calcium (Ca) concentrations in the leaves and roots. The reduction in Na 
concentration in the leaves due to Si application was 9% and 2% in Demre and Karaisali, respectively. Under 
saline conditions, the increase in K concentration due to Si application in the leaves was 11% and 14% in 
Demre and Karaisali, respectively. In addition, Si application resulted in an increase in K/Na ratios in the 
leaves by 22% and 17% in Demre and Karaisali, respectively, in the presence of 150 mM NaCl. The increase 
in Ca concentration in the roots due to Si application was 55% in Demre compared with only 9% in Karais-
ali. The addition of NaCl decreased the chlorophyll concentration in both the genotypes, but Si application 
increased it. This increase in chlorophyll concentration was higher in Demre than in Karaisali. Si application 
allowed both the genotypes to maintain higher osmotic potentials than those in untreated plants. As a result, 
it may be claimed that under salt stress, Si application has a more alleviative effect on the susceptible pepper 
genotypes (Demre) than on the tolerant one (Karaisali). This information could be useful for the practical 
application of Si under saline conditions.
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2012] or of beneficial microorganisms, such as plant 
growth-promoting bacteria [Habib et al. 2016] and 
arbuscular mycorrhizal fungi [Evelin et al. 2009] can 
provide tolerance to plants by regulating ion metabo-
lism or secreting hormones.

Si is an important element in agriculture because 
it improves plant growth, provides strength, and more 
importantly, ameliorates plant tolerance to various abi-
otic stresses [Abbas et al. 2015]. Si is not an essential 
element for higher plants [Liang et al. 2007], but exter-
nal Si treatments can result in positive effects on plant 
growth under normal and stressful conditions, includ-
ing biotic and abiotic stresses [Gao et al. 2006, Liang 
et al. 2007, Zhu and Gon 2014]. A number of possible 
mechanisms have been proposed through which Si 
may improve salt tolerance in plants: reducing the up-
take and translocation of Na to shoots [Epstein 2001, 
Gong et al. 2003, Liang et al. 2003], increasing the 
selective uptake of K by the activation of H-ATPase in 
the membranes [Liang et al. 2005], mitigating against 
the toxic effects of sodium (Na) by enhancing the  
K/Na selectivity ratio [Liang et al. 1996], improving 
water status by enhancing the leaf water potential due 
to a silica-cuticle double layer formed on leaf epider-
mal tissue [Liang et al. 1999, Gong et al. 2003, Rome-
ro et al. 2006], increasing the photosynthetic activity 
and improving the ultrastructure of leaf organelles 
[Shu and Liu 2001], stimulating the antioxidant sys-
tem [Zhu et al. 2004], reducing electrolytic leakage 
from the leaves [Liang et al. 1996], increasing endoge-
nous hormone gibberellin (GA) and free salicylic acid 
(SA) levels and decreasing the abscisic acid (ABA) 
level [Hamayun et al. 2010].

One of the mechanisms of salt tolerance in plants is 
associated with ion regulation. A key factor that con-
tributes to the high salt tolerance is the maintenance 
of higher K and Ca and lower Na and chlorine (Cl) 
levels in plant tissues. The genotypes that are toler-
ant to salt stress are capable of maintaining higher  
K/Na ratios in tissues [Mansour 2003, Zeng et al. 
2003]. Thus, ensuring a reduced Na uptake and pro-
moted K uptake would provide a higher K/Na ratio 
in plants to ameliorate the deleterious effects of salt 
stress. The parameters that are commonly used to de-
termine salt tolerance level in plants include leaf K/Na 
and Ca/Na ratios and root Na and Cl concentrations 
[Dasgan et al. 2002]. Although many studies have 

reported about the role of Si in alleviating salt stress 
[Liang et al. 2005, Romero-Aranda et al. 2006, Abbas 
et al. 2015], no study has investigated the effects of Si 
application in pepper (Capsicum annuum) plants.

Pepper (C. annuum L.) is an important crop world-
wide based on its economic importance as well as nu-
tritional value. Pepper is very commonly consumed 
as a fresh vegetable and spice in Turkey. It is known 
that pepper plant is sensitive to salt stress. Excessive 
salinity of soil or irrigation water observed in many 
semi-arid to arid regions of the world inhibits pep-
per plant growth and yield. While a salinity level of  
0–2 dS/m is acceptable, the salinity level of  >3 dS/m 
results in decreased crop yield [Navarro et al. 2010].

This research aimed to investigate the role of Si in 
mitigating short-term salt stress in pepper plants in the 
early growth stage. The possible hypotheses were as 
follows: Si application improves the plant water status 
by diminishing the salt-induced osmotic stress, and 
Si reduces Na uptake and increases the K/N ratio in  
a salt-insensitive pepper genotype. To test the afore-
mentioned hypotheses, fresh weight, chlorophyll con-
tent, osmotic potential, and ion accumulation under 
short-term salt stress were compared between tolerant 
and sensitive pepper genotypes in the presence or ab-
sence of Si application.

MATERIALS AND METHODS

Plant material and growth conditions. In the 
present study, two local pepper genotypes were used: 
Karaisali is tolerant and Demre is sensitive to salt 
stress [Altuntas et al. 2016]. The plants were grown in 
a climate chamber at the Department of Horticulture, 
Faculty of Agriculture, Cukurova University. Pepper 
seeds were germinated in a soilless growing system 
in vermiculite. When the seedlings reached the 4–5 
leaves stage they were transplanted into pots filled with 
vermiculite. The composition of the nutrient solution  
(mg L–1) was as follows: nitrogen (N) = 200, phos-
phorus (P) = 50, potassium (K) = 300, calcium (Ca) 
= 200, magnesium (Mg) = 55, sulfur (S) = 28, iron 
(Fe) = 5, manganese (Mn) = 0.5, zinc (Zn) = 0.25, bo-
ron (B) = 0.90, copper (Cu) = 0.12, and molybdenum 
(Mo) = 0.12. Half-strength Hoagland nutrient solution 
was used for plant nutrition. Pots with a capacity of  
2 L were filled with vermiculite, and 15-day-old pep-
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per seedlings were placed in each pot. Plants were 
grown in a growth chamber at 22/18°C with a 16 h 
photoperiod and 60% relative humidity for 60 days. 
The amount of photosynthetically active radiation re-
ceived by the upper plant surfaces was 300 mol m–2 s–1.

The study design was completely randomized with 
three replicates, each replicate contained three pots, 
and each pot contained three plants. Control plants 
were grown without salt ans Si. The salinity and Si 
treatments were initiated by adding NaCl and potas-
sium silicate (K2SiO3) to the nutrient solution when 
the plants were 30-day-old, and this process was con-
tinued up to 60 days after sowing. To avoid osmotic 
shock, the salinity treatment was introduced in incre-
ments, with a daily increase of 50 mM in concentration 
until the final concentration of 150 mM was achieved. 
Si was applied by adding 2 mM K2SiO3 along with 
NaCl. Additional K which was introduced due to the 
addition of K2SiO3 was neutralized by the addition of 
potassium nitrate (KNO3) in the nutrient solution. All 
measurements were performed at the end of  the ex-
periment, i.e. 30 days after the salt-stress condition. 
On day 31, the plants were harvested and their shoots, 
roots, and fruits were separated for determining the 
fresh weight of the biomass. The entire root system 
and representative leaves from the shoot were used for 
analyzing the K, Ca, Na, and Cl contents.

Ion content. Leaves and roots were washed once 
with tap water and twice with deionized water. They 
were then dried in a forced-air oven at 65°C for  
48 h and ground through a 40-mesh sieve for elemen-
tal analysis. The samples were dry-ashed in a muffle 
furnace at 550°C for 6 h. The ash was then dissolved 
in 0.1 M hydrochloric acid (HCl) solution. Concentra-
tions of K, Ca, and Na were determined using an atom-
ic absorption spectrophotometer [Jones 2001]. The Cl 
concentration in tissue samples was determined using 
titrimetric analysis with silver nitrate (AgNO3).

Osmotic potential. To determine the osmolality 
(c), 1 g of fresh weight from fully expanded leaves 
was homogenized in a mortar and mixed with dis-
tilled water to reach a final volume of 20 mL. After 
extraction using a millipore filter, the sap was utilized 
to determine the osmolality using a freezing point 
osmometer (Gonotec Osmomat 030, Germany). The 
osmotic potential was determined using the following 
formula according to the Van’t Hoff equation [Silva et 

al. 2010]: ψs(MPa) = −c (mos mol kg–1) × 2.58 × 10–3.
Chlorophyll measurements. A portable chloro-

phyll meter (SPAD-502, Minolta, Japan) was used 
to measure the leaf greenness or relative chlorophyll 
content of the fully matured leaves of all plants in each 
pot on the harvest day. For each plant, measurements 
were recorded at four locations on fully expanded fifth 
leaves from the top, and the average value was then 
calculated [Khan et al. 2003, Yıldırım et al. 2008].

Statistical analysis. Fresh weights of shoots, roots, 
and fruits, Na, K, Ca, Na, and Cl concentrations in 
the leaves and roots, and osmotic potential and chlo-
rophyll content in the leaves were examined using 
analysis of variance. The least significant difference 
(LSD) was calculated at a 0.05 probability level for 
each parameter.

RESULTS

Plant growth. Compared with the control, the 
shoot fresh weight was significantly lower for both the 
genotypes when grown in saline conditions (Tab. 1). 
The reduction in shoot fresh weight was much lower 
in Demre than in Karaisali. Furthermore, Si applica-
tion increased the shoot fresh weight in both the geno-
types grown in either control or saline conditions, the 
shoot fresh weight increased by 32% and 15% under 
control conditions and 39% and 34% under saline con-
ditions in Demre and Karaisali, respectively. The ef-
fect of Si application on shoot fresh weight was more 
pronounced in Demre than in Karaisali under saline 
conditions.

The effects of Si application on root fresh weight 
under both control and saline conditions were more re-
markable in Demre than in Karaisali (Tab. 1). Si appli-
cation resulted in an increase in the root fresh weight 
by 54% and 17% under control conditions and by 20% 
and 7% under saline conditions in Demre and Karais-
ali, respectively.

Plant fruits were harvested and weighed at the end 
of the experiment. Application of Si increased the fruit 
fresh weight under both control and saline conditions. 
However, under saline conditions, this increase was 
more remarkable in Demre than in Karaisali (Tab. 1).

Physiological parameters. The concentration of K 
was decreased in both roots and leaves, particularly in 
the leaves under saline conditions. The K concentration 
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 Table 1. Fresh weight (FW) of two 60-day-old pepper genotypes that were grown for 30 days under control and saline 
conditions with or without silicone (Si) application (g plant–1) 

Si Genotype NaCl (mM) Shoot FW Root FW Fruit FW 

0 33.93 ab 17.45 b 55.65 a 
Karaisali 

150 12.10 cd 5.39 d 4.55 b 

0 24.03 bcd 10.01 c 53.87 bcd 
Si (–) 

Demre 
150 7.42 d 2.90 d 2.42 b 

0 44.73 a 20.44 a 72.75 a 
Karaisali 

150 16.26 cd 5.76 d 8.50 b 
0 27.62 bc 15.41 b 68.80 a 

Si (+) 
Demre 

150 10.35 cd 3.49 d 8.04 b 

LSD test: the same letter within each column indicates no significant difference between the treatments (P < 0.05) 

 
 
Table 2. Concentrations of potassium (K), calcium (Ca), sodium (Na), and chlorine (Cl) in the leaves of two pepper 
genotypes grown under control and saline conditions with or without silicon (Si) application (%) 

Si Genotype NaCl (mM) K Ca Na Cl 

0 3.63 a 1.23 a 0.29 c 0.22 c 
Karaisali 

150 2.20 b 0.82 cd 2.05 b 2.26 b 
0 3.50 a 1.18 a 0.30 c 0.22 c 

Si (−) 
Demre 

150 2.03 b 0.76 d 2.99 a 3.21 a 
0 3.58 a 1.24 a 0.30 c 0.20 c 

Karaisali 
150 2.51 b 1.01 b 2.01 b 2.09 b 

0 3.51 a 1.20 a 0.33 c 0.17 c 
Si (+) 

Demre 
150 2.26 b 0.94 bc 2.73 a 3.01 a 

LSD test: the same letter within each column indicates no significant difference between the treatments (P < 0.05) 

 

 
Table 3. Concentrations of potassium (K), calcium (Ca), sodium (Na), and chlorine (Cl) in the roots of two pepper 
genotypes grown under control and saline conditions with or without silicon (Si) application (%) 

Si Genotype NaCl (mM) K Ca Na Cl 

0 1.85 a 0.76 b 0.49 c 0.68 d 
Karaisali 

150 1.12 cd 0.40 d 1.34 a 2.04 b 
0 1.37 bc 0.70 b 0.51 c 0.18 e 

Si (−) 
Demre 

150 0.89 d 0.33 d 1.51 a 2.63 a 
0 1.61 ab 0.87 a 0.46 c 0.65 d 

Karaisali 
150 1.40 bc 0.54 c 1.11 b 1.66 c 

0 1.58 ab 0.74 b 0.48 c 0.13 e 
Si (+) 

Demre 
150 1.01 d 0.51 c 1.33 a 2.21 b 

LSD test: the same letter within each column indicates no significant difference between the treatments (P < 0.05) 
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in roots and leaves of both the genotypes was signifi-
cantly higher (P < 0.05) under saline conditions with 
Si application than without Si application (except in 
the roots of Karaisali). The K concentration in the 
leaves of salt-treated plants was lower (P < 0.05) 
than that in untreated plants in the presence of Si, but  
a greater difference was observed in the K concentra-
tion of the leaves than that of the roots. Therefore, salt 
stress significantly reduced the K concentration in the 
leaves of both the genotypes when grown without Si 
(Tabs. 2 and 3). The K concentration was similar in 
the leaves of both the genotypes in the absence of Si 
and salt conditions. The sensitive genotype Demre lost 
more K than the tolerant Karaisali under saline condi-
tins (73% and 65%, respectively). Application of Si 
increased the K concentration by 11% and 14% in the 
leaves of Demre and Karaisali under saline conditions, 
respectively (Fig. 1).

The Na concentration considerably increased under 
saline conditions. Si application significantly reduced 
the Na concentration in the leaves and roots, with  
a stronger effect in the roots. The Na concentration of 
the leaves decreased by 9% and 2% due to Si applica-

tion under saline conditions in Demre and Karaisali, 
respectively (Fig. 1), however, in the roots, these val-
ues were 12% and 17%, respectively (Tabs. 2, 3 and 
Fig. 2). Notably, Si application in the tolerant Karais-
ali genotype resulted in less Na concentration in the 
roots, therefore, less Na was localized to the leaves. 
In terms of the K/Na ratio, stronger effects were ob-
served in the roots than in the leaves. With Si applica-
tion, the K/Na ratio under saline conditions (150 mM 
NaCl) increased by 22% and 17% in the leaves and 
by 31% and 52% in the roots in Demre and Karaisali, 
respectively (Tab. 4).

Under saline conditions, all plants showed high-
er Na and Cl concentrations in the leaves than in the 
roots. The Cl concentration was increased under saline 
conditions in both the leaves and roots, with a prefer-
ential allocation in the leaves. With Si application, 
the reduction in Cl concentration under saline con-
ditions was 6% and 8% in the leaves (Tab. 2, Fig. 1) 
and 16% and 19% in the roots in Demre and Karais-
ali, respectively. Thus, the reduction in Cl concentra-
tion was more in the roots than in the leaves (Tab. 3, 
Figs. 1 and 2).

Fig. 1. Percent increase in potassium (K) and calcium (Ca) concentration and decrease 
in sodium (Na) and chlorine (Cl) concentration in the presence of 150 mM NaCl in the 
leaves of Demre and Karaisali peppers following the addition of silicon
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Salt treatment greatly reduced the Ca concentra-
tion in the leaves and roots in both the cultivars (Tabs. 
2 and 3). With Si application, the Ca concentration 
increased by 24% and 23% under saline conditions 
in Demre and Karaisali, respectively, which was sig-
nificantly more than that under saline conditions, this 
increase was significant in Demre (P = 0.05), but not 
Karaisali (Fig. 1). The increase in root Ca concentra-
tion under saline conditions with Si application was 
remarkably higher in Demre (55%) than that in Kara-
isali (9%) – Figure 2.

The osmotic potential was decreased due to salt 
stress in both the genotypes, however, Demre showed 
a greater decrease than Karaisali (Tab. 5). Si applica-
tion enabled both the genotypes to maintain higher 
osmotic potentials than those of untreated plants. Un-
der saline conditions with Si application, the osmotic 
potential was increased by 15% and 14% in Demre 
and Karaisali, respectively. These results demonstrat-
ed that Si application can alleviate the salt-induced 
plant-water imbalance (Tab. 5).

The chlorophyll concentration was significantly 
decreased due to salt stress in the pepper plants. Ap-
plication of Si alleviated this salt-induced decrease in 

both the genotypes. Under saline conditions, Si ap-
plication increased the chlorophyll concentration by 
5.8% and 3.6% in Demre and Karaisali, respectively.

DISCUSSION

The addition of Si in the growth medium in-
creased the fresh weights of shoots, roots, and fruits 
of both the pepper cultivars under both normal and 
saline conditions (Tab. 1). The effects of Si applica-
tion were more pronounced in Demre than in Kara-
isali, the root and fruit growth rates were remark-
ably increased in Demre. In addition, salt-induced 
growth inhibition was reversed by Si supplementation  
(Tab. 1). This growth improvement is in agreement with 
previous studies that reported the beneficial effects of 
Si on the growth and yield of various cultivated plant 
species under salt-stress conditions [Zhu et al. 2004,  
Romero-Aranda et al. 2006, Ashraf et al. 2010a, 
2010b]. Yin et al. [2013] reported that growth im-
provement in the presence of Si was related to main-
taining a high photosynthetic rate which allowed  
a constant supply of assimilates to the growing tissue. 
In sorghum plants, the net photosynthetic rate, stoma-

Fig. 2. Percent increase in potassium (K) and calcium (Ca) concentrations and decrease 
in sodium (Na) and chlorine (Cl) concentrations in the presence of 150 mM NaCl in the 
roots of Demre and Karaisali peppers following the addition of silicon
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tal conductance, and transpiration rates were increased 
by 30%, 42%, and 41%, respectively, with the addi-
tion of 0.8 mM Si following salt treatment compared 
with 100 mM NaCl treatment alone [Yin et al. 2013].  
Hamayun et al. [2010] reported that Si significantly in-
creased the growth attributes and effectively mitigated 
the adverse effects of salt stress in soybean plants. 
This improvement was attributed to the fact that Si 
improved the physio-hormonal attributes of soybean 
and mitigated the adverse effects of salt. Endogenous 
GAs, bioactive GA1 and GA4, and free SA levels in 
soybean leaves increased, whereas ABA levels de-
creased with Si application in salt-stressed plants. 
One mechanism by which Si induces salinity toler-
ance is the increase in K uptake [Liang et al. 1999]. 
The present results revealed a significant increase in 
K uptake in both the genotypes under saline condi-
tions with Si application, especially in the tolerant 
cultivar Karaisali (Tabs. 2 and 3).

In this study, Si-enhanced salt tolerance was be-
lieved to be associated with a decrease in Na and Cl 
concentrations and increase in K and Ca concentra-
tions in the shoots and roots, particularly in the roots 
(Tabs. 2 and 3). Si-enhanced salt tolerance may have 
originated from the efficacy of Si in maintaining the 
membrane integrity due to increased K and Ca con-
centrations in the tissues and cells of salt-stressed pep-
per plants [Liang 1999]. The increase in Ca concen-
tration was higher than that in K concentration under 
saline conditions with Si application in the shoots and 
roots of both the cultivars, however, it was highest in 
the roots of Demre (Figs. 1 and 2). The increased up-
take in Ca due to Si application under salt stress may 
enable the plants to tolerate salt stress. It is well known 
that plants are prone to Na-induced Ca deficiency  
[Liang 1999]. Generally, Si decreases the transpira-
tion rate, and may result in a decrease in Ca concen-
tration. However, in this study, Si application had no  

 Table 4. Shoot and root potassium to sodium (K/Na) ratios of two pepper genotypes grown under control and saline 
conditions with or without silicon (Si) application (%) 

Si NaCl (mM) 
Shoot K/Na 
 in Demre 

Shoot K/Na 
 in Karaisali 

Root K/Na 
 in Demre 

Root K/Na  
in Karaisali 

0 12.0 13.0 2.7 3.78 
Silicon (−) 

150 0.68 1.07 0.58 0.83 
0 11.0 18.0 3.3 3.5 

Silicon (+) 
150 0.83 1.25 0.76 1.26 

  
 
Table 5. Osmotic potential and chlorophyll content of two pepper genotypes grown under control or saline conditions with or 
without silicon (Si) application (%) 

Si Genotype NaCl (mM) Osmotic potential (MPa) Chlorophyll (SPAD) 

0 −1.23 de 68.63 a 
Karaisali 

150 −2.06 b 58.43 c 
0 −1.60 cd 70.23 a 

Si (−) 
Demre 

150 −2.47 a 60.97 bc 
0 −1.06 e 69.53 a 

Karaisali 
150 −1.75 b 60.53 bc 

0 −1.28 de 72.80 a 
Si (+) 

Demre 
150 −2.09 b 64.50 b 

LSD test: the same letter within each column indicates no significant difference between the treatments (P < 0.05) 
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significant effect on Ca concentration in control pep-
per plants, but a significant increase in Ca concentra-
tion was observed under saline conditions. It is pos-
sible that Si does not reduce the transpiration rate in 
pepper plants.

The K uptake and transport is an active process as-
sociated with the ATP-driven H+ pump in the plasma 
membranes [Marschner 1995]. One possible mech-
anism for the stimulating effect of Si on K uptake by 
plants under salt stress is the activation of H+-ATPase in 
the membranes, which is consistent with an increased 
H+-ATPase activity in salt-stressed plants with Si ap-
plication [Liang 1999]. The increase in the H+-ATPase 
activity due to Si resulted in a higher K uptake. Thus,  
a higher K concentration in the tissues may have caused 
a reduction in Na uptake and concentration in the tis-
sues. Potassium plays a significant role in improving the 
plant water status and mitigating the toxic effects of Na. 
The K/Na ratio was lower under saline conditions in the 
absence of Si. Our results showed that the K/Na ratio 
was significantly increased in the root environment in 
the presence of Si, indicating an enhanced K/Na selec-
tivity ratio in both the genotypes.

Under salt stress, Na suppresses the K uptake.  
The significant increase in Na concentration and de-
crease in K/Na ratio under high salt concentrations in 
the leaves, especially in the sensitive cultivar Demre, 
shows that Na was transported to the leaves in a great-
er proportion than K. Several studies have claimed that 
the uptake mechanisms for both K and Na are similar 
[Niu et al. 1995]. The K absorption–reduction trend was 
lower than leaf Na accumulation, especially in Demre 
(Tabs. 1 and 2). Application of Si alleviated the adverse 
effects of high salinity on plants and improved the K 
content in the leaves and roots. It also decreased the Na 
content and K/Na ratio in the leaves and roots. Si may 
be more useful in the roots than in the shoots of pepper 
plants (Figs. 1 and 2). Potassium is essential for cell ex-
pansion, osmoregulation, and cellular and whole-plant 
homeostasis, and a high K requirement was reported for 
stomatal opening and carbon dioxide (CO2) supply for 
photosynthesis [Munns and Tester 2008].

In the present study, an osmotic adjustment may be 
achieved by an increase in K and Ca (osmolytes) con-
centrations in the tissues when the water content de-
creased under saline conditions (Tabs. 1 and 2). A high 
salt concentration around the roots resulted in enhanced 

osmotic stress, which induced difficulties in the root 
water uptake and caused a leaf water imbalance, even-
tually resulting in plant growth reduction [Boursiac et 
al. 2005, Munns and Tester 2008]. In the present study, 
Si alleviated the salt-induced osmotic stress by increas-
ing the K and Ca uptake. Therefore, the amelioration of 
the water balance using Si application may contribute to 
an enhanced salt tolerance in plants.

Ion toxicity is the result of salt accumulation to tox-
ic concentrations in the leaves. It also decreases chlo-
rophyll concentration and accelerates leaf senescence, 
eventually leading to a reduced photosynthetic rate and 
leaf death [Munns and Tester 2008, Liu and Shi 2010]. 
In the present study, Si application decreased the Na 
concentration in the leaves (Tab. 2), furthermore, K 
and Ca concentrations and K/Na and Ca/Na ratios in 
the leaves were enhanced (Tab. 4). Correspondingly, 
the chlorophyll concentration in the leaves was main-
tained at a higher level in the Si-treated plants than in 
untreated plants, especially in Demre (Tab. 5), which 
suggested that Si application decreased the salt-induced 
ion toxicity.

CONCLUSION

In the present study, Si application significantly al-
leviated the salt-induced biomass reduction, indicating 
that Si enhances salt tolerance in pepper plants, espe-
cially in the salt-sensitive genotype Demre in terms of 
root and fruit growth. Pepper plants adapt to salt stress 
by decreasing the salt-induced ion toxicity, osmotic 
stress, and chlorophyll loss. The Na uptake and trans-
portation into the shoots from the roots was greatly 
inhibited with Si application under salt stress, whereas 
the K and Ca concentrations in the shoots and roots 
in salinized plants were enhanced by Si application.  
Si probably limits Na and Cl absorption and enhances 
K and Ca inclusion. Consequently, maintaining high 
K/Na and Ca/Na ratios results in safe growth. Salt tol-
erance in the sensitive pepper Demre was increased by 
the addition of Si in terms of growth, ion regulation, 
osmotic adjustment, and chlorophyll content.
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