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Abstract 
 
Silicon is known to improve resistance against salinity stress in maize crop. This study was conducted to evaluate the 
influence of silicon application on growth and salt resistance in maize. Seeds of two maize genotypes (salt-sensitive ‘EV 
1089’ and salt-tolerant ‘Syngenta 8441’) were grown in pots containing 0 and 2 mM Si with and without 50 mM NaCl. 
After detailed investigation of ion concentrations in different maize organs, both genotypes were further selected in 
hydroponic experiment on basis of their contrasting response to salinity stress. In the second experiment, pre-germinated 
seedlings were transplanted into nutrient solution with 0 and 60 mM NaCl with and without 2 mM Si. Both genotypes 
differed significantly in their response to salinity. Silicon addition alleviated both osmotic and oxidative stress in maize 
crop by improving the performance of defensive machinery under salinity stress.  Silicon application also improved the 
water-use efficiency in both tested genotypes under both normal and salinity stress conditions. In conclusion, this study 
implies that the silicon-treated maize plants had better chance to survive under salinity conditions and their photosynthetic 
and biochemical apparatus was working far better than that of silicon-non-treated plants. 
 
Additional key words: chlorophyll; photosynthetic rate; total phenolics.  
 
Introduction 
 
Soil salinity generally prevails in arid to semiarid regions 
around the globe and is among the main causes for 
reduction of food production. Soil salinity causes 
physiological drought and ionic toxicity to plants (Acosta-
Motos et al. 2015) hampering growth and yield of plants 
(Tahir et al. 2011). A number of metabolic and physio-
logical adaptations/mechanisms have been reported in 
plants to cope with salinity stress (Ashraf et al. 2010, Tahir 
et al. 2012). All of these mechanisms are directed (1) to 
maintain cell homeostasis by decreasing toxic ions (Na+ 
and Cl–) accumulation or by increasing uptake of 
combating ions such as K+ and Ca2+, (2) to decrease a 
growth rate, and (3) to scavenge the free radicals produced 
within plant cells by increasing antioxidant enzyme acti-
vities or content of phenolic compounds (Ashraf et al. 
2010).  

Plant species and even cultivars within species differ in 
one or more mechanisms; hence, they differ in their 
response to soil salinity. Many crops, which are reported 
as salt sensitive at early growth stage, proved to be salt 
tolerant at the later growth stage (Bhutta and Hanif 2010, 
Khan et al. 2015). At the early growth stage, tissues are 
less developed relative to a mature stage, so plants have no 
proper mechanisms to exclude toxic ions. This variation in 
response of plants to applied salinity at different growth 
stages have been reported in maize (Khan et al. 2015), but 
mechanisms underlying these variations are not studied in 
detail. 

Several researchers have indicated beneficial effects of 
Si on plants under biotic and abiotic stresses (Tahir et al. 
2012,  Mateos-Naranjo et al. 2013, Khan et al. 2015, 
2016a,b). Silicon application is helpful to combat many  
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kinds of these stresses, i.e., metal toxicity, drought or 
salinity (Cooke and Leishman 2011). An increase in the 
availability of Si in a growth medium may reduce the 
salinity-induced changes in plants by altering soil and 
plant factors (Gattullo et al. 2016), but specific mecha-
nisms are still under debate. Abbas et al. (2015) reported 
that Si increases a root activity for nutrient uptake, inhibits 
transpiration, while reducing the osmotic stress. It also 
increases the activity of ATPase and PPase in plasma 
membrane which ultimately increases K+ and decreases 
Na+ uptake (Tuna et al. 2008). Chen et al. (2016) reported 
that Si application enhances K+ concentration in sorghum 
by regulating its putrescine metabolism. Increased K+ con-
centration by application of Si has already been reported 
by Tahir et al. (2012) in wheat under salinity stress. 

Silicon application significantly increases the effi-
ciency of photosynthetic apparatus of maize plant under 
salinity stress by enhancing the maximum quantum yield 
of primary photochemistry which maintains the conitinuity 
of electron transport chain (Khan et al. 2016 a). Abbas et 
al. (2015) confirmed that the photosynthetic rate (PN), 
stomatal conductance (gs), and water-use efficiency (WUE) 

significantly enhanced in okra crop by Si application under 
saline regimes. 

Lipid peroxidation occurs under salinity stress which 

further induces oxidative damages. Si application miti-
gates such oxidative stress by increasing α-tocopherol in 
barley (Liang et al. 2003). Silicon also stimulates leaf 
superoxide dismutase (SOD) activity and increased the 
activity of root H+-ATPase in the cell membrane of 
cucumber (Wang et al. 2015). Silicon induced improve-
ment in plasma membrane integrity (Tahir et al. 2011); 
structure and functions may be attributed to the mani-
pulation of peroxidation (stress-dependent process) of 
membrane lipids (Liang et al. 2003). Different scientists 
reported that exogenous Si application could increase the 
antioxidant enzyme activities by reducing the H2O2 

concentrations in roots of salt-stressed sorghum crop (Liu 
et al. 2015) or due to reduction of lipid peroxidation in 
barley under salinity stress (Liang et al. 2003).  

However, the information on the role of Si in 
alleviating the salinity-induced harmful effects on maize 
crop is not much explored and limited literature is 
available. In a preliminary germination experiments, we 
categorized maize genotypes according to their salinity 
tolerance (Khan et al. 2015). Two genotypes with 
contrasting salinity tolerance at germination were selected 
to identify possible salinity tolerance mechanisms induced 
by Si application. This study reported the variation in 
growth response of two contrasting maize genotypes. 

 
Materials and methods 
 
Experiment 1: The experiment was carried out in a wire-
house, Institute of Soil and Environmental Sciences 
(ISES), University of Agriculture Faisalabad, Pakistan 
(31.4289°N, 73.0750°E) under natural conditions 
(August–September, 2014). During this study, the wire-
house average temperature fluctuated from 32 ± 5°C 
during the day and 20 ± 5°C during the night. Relative 
humidity ranged from 45 (midday) to 85% (midnight) and 
light intensity varied from 400–1,300 µmol(photon) m−2

 s−1. 
The soil (0–15 cm) was collected from ISES research area. 
The collected soil was sieved through a 2.0-mm sieve.  
 
Soil texture Clay loam 

Sand 39% 
Silt 29% 
Clay 32% 
pH 7.91 
Organic matter 0.7% 
CaCO3 21.9 g kg–1 
CEC 6.46 cmolc kg−1 
Fe 4.2 mg kg–1 
Zn 0.59 mg kg–1 
Na 98 mg kg–1 
K 108 mg kg–1 
 

For physicochemical properties of soil, a subsample of 
the prepared soil was analyzed for texture (Gee and Bauder 
1986), pH, electrical conductivity (EC), cation exchange 
capacity (CEC), CaCO3 (Allison and Moodie 1965), 
organic matter (Nelson and Sommers 1982), and ion 

contents. Seeds of maize genotypes Syngenta 8441 (salt-
tolerant) and EV1089 (salt-sensitive) were sown (n = 10 in 
each) in each pot containing 10 kg of soil. Two 
concentrations of Si (0 and 2 mM H2SiO3) and salinity  
(0 and 50 mM NaCl) were applied 7 d before seed sowing. 
Each treatment was replicated three times. Pots were 
randomized according to three-factor-factorial design. 
After 4 d of germination, four uniform plants were 
maintained in each pot. Distilled water was used to 
maintain soil moisture contents at field capacity in all pots 
during the experimental period. Plants were harvested after 
25 d from sowing. 

Plant samples were washed with distilled water and 
blotted dry with tissue paper. The plant samples were 
divided into roots and shoots, air-dried, and then oven 
dried at 65°C in a forced air driven oven (WFO-600ND, 
Tokyo Rikakiai Co. Ltd., Japan) to a constant mass. Dry 
matter yield of different plant parts (root, shoot, old and 
young leaf) was taken and plant samples were ground. 
Finely, ground plant samples (0.1 g) were digested in a di-
acid (HNO3:HClO4) mixture (Jones and Case 1990). Plant 
samples were tested for the Na+ and K+ concentration in 
different plant parts by flame photometer (Jenway, PFP-7, 
UK).  

 
Experiment 2: The hydroponic study was performed at 
the same wire-house during February–April, 2015. During 
the whole experimental period, environmental conditions 
remained: average day temperature of 28 ± 3°C, while  
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20 ± 3°C at night, 45–80 % relative humidity, and 
irradiance of 300–1,100 µmol(photon) m-2 s-1. 

Seeds of two selected (salt-sensitive ‘EV 1089’ and 
salt-tolerant ‘Syngenta 8441’) maize genotypes were 
sterilized in sodium hypochlorite solution (0.1%) for 
5 min. Then, well washed river sand was taken in plastic 
trays and seeds were sown after rinsing with distilled 
water. After 10 d, the uniform sized (with two expanded 
leaves) seedlings were transferred to small pots containing 
continuously aerated 128-L nutrient solution, which 
contained macroelements [2 mmol(Ca(NO3)2 L−1, 0.2 
mmol(KH2PO4) L−1, 4 mmol(K2SO4) L−1; 0.5 mmol 
((NH4)2SO4) L−1, 1 mmol(MgSO4) L−1] and microelements 
[25 μmol(H3BO3) L−1,  2 μmol(MnSO4) L−1, 2 μmol 
(ZnSO4) L−1, 0.5 μmol((NH4)2MoO7) L−1, 1 μmol(CuSO4) 
L−1, 0.1 mmol(Fe-EDTA) L−1]. There were two concen-
trations of Si (0 and 2 mM H2SiO3) and two levels of Sali-
nity (0 and 60 mM NaCl). Salinity stress was applied in 
two equal splits. The Si and NaCl treatments were applied 
after 5 d from the transplantation. Each treatment was repli-
cated four times according to 3-factor-factorial design.  

The pH of the treatment solution was maintained at 6.5 
using 0.01 N KOH or 0.01 N HCl. The treatment solutions 
were well aerated and changed weekly. After 40 d, four 
plants/replicates of each treatment were harvested and 
rinsed with distilled water and following biochemical 
parameters were measured. 

 
Total phenolics in maize shoots and roots at vegetative 
growth stage: Total phenolics in the shoots and root 
extracts were determined colorimetrically following the 
method described by Singleton et al. (1999). Absorbance 
of the sample reaction mixture and gallic acid standards 
was measured at 760 nm on spectrophotometr (UV-1201, 
Shimadzu, Maryland, USA). The concentration of the total 
phenolics was expressed in μg g–1(FM). 

 
Total soluble proteins at vegetative growth stage: 
Protein contents in green leaves of stressed and non-
stressed plants was determined following Bradford (1976) 
method. Concentration of protein [mg g–1(FM)] was 
calculated by standard curve using different concentrations 
of bovine serum albumin (BSA). 

 
Antioxidant enzyme assays at vegetative growth stage: 
Fresh leaf tissue was collected from each experimental 
unit. Leaf tissue (200 mg) was ground to a fine powder 
using a precooled mortar and pestle, and then thoroughly 
homogenized in 1.2 mL of 0.2 M potassium phosphate 
buffer (pH 7.8 with 0.1 mM EDTA). The samples were 
centrifuged at 15,000 × g for 20 min at 4°C. The super-

natant was removed, the pellet was resuspended in 0.8 mL 
of the same buffer, and the suspension was centrifuged for 
another 15 min at 15,000 × g. The combined supernatants 
were stored on ice and used to determine antioxidant 
enzyme activities. spectrophotometr (UV-1201, Shimadzu, 
Maryland, USA).  

Total superoxide dismutase (SOD, EC: 1.15.1.1) 
activity in leaves was assayed using a modified nitroblue 
tetrazolium (NBT) method (Bayer and Fridovich 1987). 
The enzyme activity [unit mg–1(protein)] of a sample was 
determined from a standard curve obtained by using pure 
SOD. Ascorbate peroxidase (APX, EC: 1.11.1.11) activity 
was assayed using a modified method of Nakano and 
Asada (1981). APX activity was determined from the 
decrease in absorbance at 290 nm due to oxidation of 
ascorbate in the reaction. The extinction coefficient of 
2.8 mM−1 cm−1 for reduced ascorbate was used in calcu-
lating the enzyme activity that was expressed in terms of 
mM(ascorbate) min-1 mg-1(protein). 

Catalase (CAT) activity was measured by decrease in 
absorbance at 240 nm due to H2O2 extinction. The activity 
was calculated in terms of mM(H2O2) min–1 mg–1(protein) 
at 25 ± 2°C (Cakmak and Marschner 1992). 

 
Gas-exchange parameters: Carbon dioxide assimilation 
rate (PN), transpiration rate (E), and stomatal conductance 
(gs) were recorded in the morning during 8:00–9:00 h from 
the fully expanded penultimate leaves (one per plant and 
three extra taken randomly) using an infrared gas analyzer 
CIRAS (Model-3, Amesbury, Massachusetts, USA) in an 
open system 30 d after transplantation at ambient CO2 
concentration of 390 ppm, temperature of 26°C, 55 ± 5% 
relative humidity, and a photon flux density of 1,002 µmol 
m–2 s–1. Water-use efficiency (WUE) was estimated as a 
ratio of PN to E (Ahmad et al. 2013)  

 
Chlorophyll (Chl) concentration was determined in fully 
expanded leaf harvested 40 d after transplantation. Leaf 
sample (1 g) was ground in 90% acetone using a pestle and 
mortar. The absorbance was measured with a UV/visible 
spectrophotometer (Shimadzu, UV–1201, Kyoto, Japan) 
and Chl concentrations were calculated using the equation 
proposed by Strain and Svec (1966). 

The remaining plants from each pot grounded and dry 
mass was recorded. 

 
Statistical analysis: Data was statistically analyzed by 

Microsoft Excel 2010® (Microsoft Cooperation, USA) and 

Statistix 8.1® (Analytical Software, Tallahassee, USA). Sig-
nificantly different treatment means were separated using 

least significant difference (LSD) test (Steel et al. 1997). 
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Results 
 

Study 1 
Biomass production: We found significant main and 
interactive effects of genotypes, salinity, and silicon 
application on plant biomass production (Table 1). Salinity 
stress significantly decreased plant shoot and root dry 
matter in both genotypes, however, the decrease in shoot 
dry matter was higher in the EV-1089 (52%) genotype than 
that in Syngenta 8441 (45%). Silicon application caused a 
significant increase in shoot and root dry matter of both 
genotypes under normal as well as saline conditions and 
this increase was higher in EV 1089. Shoot to root ratio 
was different in both genotypes as the root growth was 
higher in EV 1089 compared to Syngenta 8441 at all 
treatments.  

 

Ion concentrations: There were significant main and 
interactive effect of genotypes, salinity, and silicon on 
shoot Na+ and K+ concentration in various plant organs 
(Table 1). Salinity stress significantly increased the Na+ 
concentration in all plant organs; nonetheless, variations 
were observed in different organs for Na+ concentration. 
Moreover, both genotypes varied significantly in Na+ 
accumulation in different organs. Maximum increase in 
Na+ concentration was noted in EV-1089 in roots, young 
and old leaves. In case of Syngenta 8441, the increase in 
Na+ concentration was observed in all organs except for 
young leaves (Table 1).  

Silicon application had variable effect on Na+ concen-
tration in different plant organs. It caused a decrease in Na+ 

concentration in young leaves and stems in both genotypes, 
while an increase was observed in roots and old leaves 

(Table 1). Application of Si under salinity stress signifi-
cantly decreased Na+ concentration compared to saline 

treatment in both genotypes and maximum decrease was 

observed in case of EV-1089 in roots (50%), young (45%) 

and old leaves (32%). The decrease in Na+ concentration 

was not prominent in all plant organs in Syngenta 8441, 
when Si was applied. 

Contrary to Na+ concentration, salinity stress reduced 

K+ concentration in all plant organs in both maize 

genotypes; however, the reduction was variable among 

organs and genotypes (Table 1). Maximum reduction in K+ 

concentration was observed in leaves of EV 1089 compared 

to their respective controls. Surprisingly, salinity stress did 

not affect the root K+ concentration in both genotypes. In 

case of a stem, a higher decline in K+ concentration was 

observed in EV-1089 compared to Syngenta 8441. 
Nonetheless, the application of Si significantly improved 

the leaf K+ concentration in leaves and prominent increase 

was observed in Syngenta 8441. Silicon application under 

salinity stress also improved the K+ concentration in all 
plant organs in both genotypes except roots. The two fold 

increase in K+ concentration was observed in younger 

leaves of EV 1089 with Si application under salinity stress 

compare to the saline treatment only.  
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Study 2 
Plant biomass: We observed significant main and 
interactive effects of genotypes, salinity, and silicon on 
plant dry matter production (Fig. 1). Mean dry matter 
production of all organs was higher in Syngenta 8441 than 
that in EV 1089. Salinity stress significantly decreased dry 
matter production of all organs in both genotypes. 
Reduction in plant dry mass was higher in EV 1089 (44%) 

than that in Syngenta (38%). Comparing various plant 
organs, maximum reduction in dry matter was observed in 
young leaves of Syngenta 8441, while it was contrary to 
EV 1089, where a more apparent reduction was observed 
in old leaves. Application of Si improved dry matter of 
treated plants relative to control (Fig. 1) in both genotypes 
except for young leaves of Syngenta 8441.  

 

 
 
Fig. 1. Dry mass of 40-day-old maize genotypes (A: young leaves, B: old leaves, C: stem,  and D: roots) influenced by the Si application 
under salt stress developed after plants were established in nutrient solution. Bars sharing similar letters are statistically similar to each 
other at p≤0.05. Letters belong to each part of both maize genotypes separately and values are means ± SE. n = 4. OL – old leaf; YL – 
young leaf; S – shoot; R – root; Syn.8441 = Syngenta 8441. LSD0.05: interaction effect for OL = 2.0; YL = 1.5; S = 1.9; R = 1.9). 
 
Total soluble phenolics: Genotypes differed significantly 
in their response to applied salinity and Si application in 
terms of root and shoot total phenolics (Fig. 2A,B). Salinity 
stress decreased the shoot total phenolics in Syngenta 8441 
only, while there was no effect on root total phenolics in 
both genotypes. Silicon application also improved the 
shoot total phenolics in Syngenta 8441 under normal 
conditions, while there was no effect observed in saline 
environment.  

 
Antioxidant enzymes activity: There was no effect of 
salinity stress on shoot SOD activity in both genotypes 
(Fig. 3A). SOD activity increased with Si application in EV 
1089, while the effect was insignificant in case of 
Syngenta 8441.  

APX activity in maize leaves differed significantly in 
both genotypes. The APX activity decreased (32%) 
significantly in EV-1089 because of applied salinity 
(Fig. 3B), while the effect was insignificant in case of 
Syngenta 8441. Silicon application significantly improved 
APX activity in both maize genotypes grown with and 
without salinity stress; however, maximum increase (35%) 

was observed in EV 1089 with Si application under salinity 
stress relative to saline treatment only.  

Genotypes did not differ in CAT activities at all 
treatments except that with Si application (Fig. 3C). 
Salinity stress significantly decreased the CAT activity in 
Syngenta 8441. Interestingly, application of Si deceased 
CAT activity relative to control in EV 1089 under normal 
conditions, while it improved CAT activity after the saline 
treatment in the same genotype.  
 
Total soluble protein contents: There were significant 
main and interactive effects of salinity, genotype, and Si 
application on total soluble protein contents in maize 
leaves (Fig. 4). Genotypes did not differ significantly in 
their total soluble proteins, when grown without salinity 
stress; however, differences between both genotypes were 
significant, when NaCl was applied in nutrient solution. 
Salinity stress significantly declined total protein contents 
and reduction was prominent in EV 1089. Silicon 
application caused a significant increase (> 50%) of 
protein contents in case of EV 1089 under both normal and 
saline treatments. 
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Fig. 2. Influence of silicon application on (A) root and 
(B) shoot total phenolic contents in two maize 
genotypes salt stress. Bars sharing similar letters do
not differ from each other at p≤0.05. Values are 
means ± SE. n = 4. Syn.8441 – Syngenta 8441. 
LSD0.05: interaction effect for root total phenolics =
10.0; for shoot total phenolics = 11.2). 

 
Gas-exchange parameters: PN was significantly in-
fluenced by the interactive effect of salinity, Si, and 
genotypes (Table 2). There was no difference between the 
genotypes for PN under normal conditions. Salinity stress 
significantly decreased PN in both genotypes; however, 
reduction was more prominent in Syngenta 8441. Silicon 
addition decreased the reduction in PN among both 
genotypes compared to salinity treatment. The reduction of 

PN in EV 1089 decreased from 41 to 33% in the treatment 
where plants were grown with Si under salinity stress. 

The absolute value of E was higher in Syngenta 8441 
relative to EV 1089 under control conditions (Table 2). 
Salinity stress significantly decreased E in Syngenta 8441, 
but no significant difference was found in EV 1089 under 
applied stress. Silicon application had no significant 
influence on E in both genotypes where plants were grown 
with Si under salinity stress.  

Stomatal conductance (gs) of maize genotypes was 
significantly influenced by the interactive effect of 
salinity, Si, and genotype (Table 2). The absolute value of 
gs was higher in Syngenta 8441 relative to EV 1089 under 
control conditions. Salinity stress significantly decreased 
gs in both genotypes, however, the reduction was variable 
in both genotypes. Silicon addition improved gs in plants 
grown with salinity. The reduction of gs in Syngenta 8441 

decreased from 45 to 23% in the treatment, where plants 
were grown with Si under salinity stress.  
Salinity stress significantly decreased the WUE of both 
genotypes (Table 2); however, maximum reduction in 
WUE was observed in Syngenta 8441 (65%), while 
EV1089 showed minimum reduction (9%) relative to 
control. Silicon addition significantly improved WUE 
compared to the saline treatment only. The reduction of 
WUE in Syngenta 8441 decreased from 65 to 3% by Si 
treatment under salinity stress.  
 
Chl: Salinity stress significantly reduced the Chl contents 

(Chl a and Chl b) in both genotypes. Salinity stress caused a 

significant decrease (60 %) in Chl a in EV1089 (Table 2); 
however, Syngenta 8441 showed minimum reduction 
(40%) compared with control. Silicon application in-
creased the Chl a concentration relative to saline treatment 
only. Chl a concentration in the genotype EV1089 
decreased from 60 to 31% by the Si treatment under 
salinity stress compared to salinity treatment only.  

Similarly, salinity stress significantly decreased Chl b 
concentration in both genotypes (Table 2); however, 
reduction was variable in both genotypes. Chl b concen-
tration in Syngenta 8441 increased 6-folds if grown with 
Si under salinity stress relative to saline treatment only. 
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Discussion 
 
Effect of salinity stress on plant biomass: Soil salinity 
caused severe reduction in root and shoot biomass 
production in crops at early growth stages (Kafi and 
Rahimi 2011). In wheat and barley, the germination period 
is known to be more sensitive to salinity stress compared 
to later growth stages (Bhutta and Hanif 2010, 
Khayatnezhad et al. 2010). Maize genotypes were selected 
from a screening experiment against salinity stress at 
germination and the genotype EV 1089 was selected as the 
sensitive one, while the genotype Syngenta 8441 was 
found as salt tolerant by different germination parameters 
(Khan et al. 2015). In two different experiments, both of 
these genotypes were selected to study their response at 
later growth stages (vegetative). As expected, salinity 
stress decreased significantly shoot and root biomass of 
both genotypes in this experiment. Interestingly, no 
significant effect of salinity was observed on dry matter 
yield in both genotypes when crops were grown in 
hydroponics (Fig. 1). The effect was more pronounced in 
pots as germination was more affected by salinity stress. 
This might be due to the presence of salinity in pots during 
the germination of both genotypes which leads to the 
reduction in growth of genotype EV 1089, while in hydro-
ponics, salinity stress was applied when plants were 18-d 
old. Therefore, the plants survived in saline environments 
and showed significant growth before the application of 
salinity stress (Table 3). Khatoon et al. (2010) also 
reported that maize is sensitive to salinity stress at early 
growth stages but tolerant at later stages. Crops vary in 
salinity-stress tolerance due to their genetic variability and 
might be sensitive at early growth stages due to poor 

development of defensive mechanisms (Morales et al. 
2012). However, if salinity stress is applied in later stages, 
plants may develop mechanisms to withstand it (Munns 
and Tester 2008). 

 
Ion concentration in different plant organs: Salinity 
stress alters the nutritional balance by increasing Na+ 
concentration and decreasing K+ in both root and shoot of 
maize genotypes (Table 1). As expected, salt-sensitive EV 
1089 exhibited higher Na+ concentration in roots, young 
and old leaves relative to Syngenta 8441 (Table 1). Lower 
concentration of Na+ in roots and leaves of Syngenta 8441 
indicated some possible mechanisms for Na+ exclusion 
(Munns and Tester 2008). Furthermore, Syngenta 8441 
accumulated more Na+ in old leaves than in young leaves, 
due to salinity tolerance mechanism preventing Na+ to be 
accumulated in metabolically actives plant parts, i.e., 
young leaves and roots. Increased Na+ concentration in 
plant shoots caused a significant decrease in K+ uptake 
(Liu et al. 2015). Decrease in K+ concentration in plant 
tissues grown under salinity stress is well reported 

phenomenon in different plant species (Tahir et al. 2012). 
It causes significant reduction in plant growth as K+ is 
involved in a number of defense mechanisms against 
abiotic stresses (Wang et al. 2015).  

 
Effect of silicon application on plant growth and 
physiology under salinity stress: Silicon application 
improved growth of both genotypes at normal as well as 
saline conditions in both experiments (Table 1, Fig. 1). 
Silicon is known to increase salinity tolerance in plants 
(Liang et al. 2005, Tahir et al. 2011, Khan et al. 2016b). 
Possible mechanisms of increased salinity tolerance may 
vary within species and even within genotypes of the same 
species. Silicon works as a plant Na+ detoxification by 
increasing cell-wall Na+ binding in wheat (Khan et al. 
2016b) thereby decreasing its movement towards 
shoot/leaves. In this experiment, Si application decreased 
Na+ concentration in both young and old leaves of salt-
sensitive genotype (EV 1089); however, Na+ cell-wall 
binding at roots was not observed in both genotypes as 
indicated by decreased or the same Na+ concentration in 
roots (Table 1). Thus, Na+ exclusion at a leaf or shoot level 
is obvious in the salt-sensitive genotype upon Si 
application, increasing its growth at salinity stress. 
However, there was the insignificant difference in Na+ 
concentration in young and old leaves of Syngenta 8441. 
This clearly indicated that effect of Si on salinity tolerance 
may differ between genotypes.  

 
Potassium concentration in different plant tissues: High 
requirement for K+ was reported for cell expansion, osmo-
regulation, stomatal opening, and carbon dioxide (CO2) 
supply for photosynthesis (Khan et al. 2016a). Potassium 
concentration in different tissues is an important indicator 
of salinity tolerance and plant growth under salinity stress 
(Tahir et al. 2011, Khan et al. 2016b). Genotypes having 
ability to maintain higher K+ concentration are considered 
being more tolerant to salinity stress. It has been reported 
that stem and leaves of cereal plants possess better 
mechanism to exclude Na+ and maintained higher concen-
trations of K+ (Morales et al. 2012). As shown in our 
experiment, the younger leaves of both genotypes 
maintained the high content of K+ relative to older leaves 
(Table 1). Moreover, the difference was more prominent 
in Syngenta 8441 (salt tolerant). Silicon application caused 
a significant increase in K+ concentration in shoots in both 
genotypes grown under salinity stress (Table 1). This high 
K+ concentration can be attributed to increase of root 
plasma membrane H-ATPase pump due to Si application 
(Liu et al. 2015). Increased K+ concentration in wheat 
shoots have been already reported because of Si 
application (Tahir et al. 2012). 
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Fig. 3. Influence of silicon application on (A) superoxide dismutase (SOD), (B) ascorbate peroxidase (APX), and (C) catalase (CAT) 
activities in two maize genotypes salt stress. Bars sharing similar letters are statistically similar to each other at p≤0.05. Values are 
means ± SE. n = 4. Syn.8441 – Syngenta 8441. LSD0.05: interaction effect for SOD = 2.34; for APX = 6.84; for CAT = 4.24. 
 

 
 
Fig. 4. Total soluble protein contents of 40-d-old maize genotypes influenced by the Si application under salt stress developed after 
plants were established in the nutrient solution in pots, where bars sharing similar letters are statistically similar to each other at p≤0.05. 
Values are means ± SE. n = 4. Syn.8441 – Syngenta 8441. LSD0.05: interaction effect for total protein = 2.3. 
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Table 2. Influence of silicon application on gas exchange, chlorophyll (Chl) contents, and water-use efficiency (WUE) in two maize 
genotypes under salt stress. Values are means ± SE. n = 4. PN – net photosynthetic rate; E – transpiration rate; gs – stomatal conductance. 
LSD0.05: PN – 4.5; E – 4.07; gs – 39.7; WUE – 0.98; Chl a – 0.19; Chl b – 0.23. 
 

Parameter Genotype Control NaCl Si NaCl + Si 

PN [μmol m–2 s–1] Syn.8441 10.8 ± 0.8A 3.4±0.5C 8.2 ± 0.3AB 3.9 ± 0.6C 
EV1089 11.9 ± 0.4A 6.6±0.6BC 11.1 ± 0.2A 7.2 ± 0.7BC 

E [mmol m–2 s–1] Syn.8441 5.5 ± 0.3A 3.7 ± 0.3AB 5.5 ± 0.2A 4.3 ± 0.3AB 
EV1089 4.1 ± 0.3AB 4.1 ± 0.4AB 4.0 ± 0.1AB 3.0 ± 0.1B 

gs [mmol m–2 s–1] Syn.8441 210 ± 1.7A 106 ± 3.3C 218 ± 4.5A 156 ± 4.6B 
EV1089 131 ± 1.5BC 95 ± 4.4C 124 ± 5.4BC 113 ± 2.4C 

WUE  Syn.8441 3.9 ± 0.6BC 2.4 ± 0.7D 7.3 ± 1.2A 4.4 ± 1.3B 
EV1089 3 ± 1.6CD 2.9 ± 1CD 6.7 ± 1.8A 3.3 ± 0.8C 

Chl a [µg g–1(FM)] Syn.8441  0.5 ± 0.01BC 0.3 ± 0.02CD 1.3 ± 0.1A 0.6 ± 0.03B 
EV1089 0.5 ± 0.01BC 0.2 ± 0.03D 0.4 ± 0.01C 0.4 ± 0.04C 

Chl b [µg g–1(FM)] Syn.8441  0.7 ± 0.01A 0.1 ± 0.01B 1.1 ± 0.02B 0.7 ± 0.03A 
EV1089 0.6 ± 0.04A 0.2 ± 0.02B 0.6 ± 0.01A 0.7 ± 0.01A 

 
Table 3. Relationship (Pearson´s coefficient correlation) among maize dry mass and its photosynthetic, antioxidant parameters with Si 
application under salt stress in hydroponic study. n = 45. ns  – insignificant; * – significant at p≤0.05; ** – significant at p≤0.01. PN – net 
photosynthetic rate; E – transpiration rate; gs – stomatal conductance; CAT – catalase; APX – ascorbate peroxidase; SOD – superoxide 
dismutase; DM – dry mass. 
 

Parameter PN CAT E APX Protein SOD DM gs Root phenol 

CAT –0.1220 ns         
E 0.3024 ns 0.1034  ns        
APX 0.2139 ns –0.2271 ns -0.1959 ns       
Protein 0.1079 ns –0.0281 ns 0.3463 ns 0.5532 ns      
SOD 0.3663 ns 0.0747 ns –0.4949 ns 0.7273* 0.1287 ns     
DM 0.3776 ns 0.0814 ns 0.7130* 0.3878 ns 0.7564* 0.0551 ns    
gs 0.286 ns 0.362 ns 0.8974** 0.033 ns 0.587 ns –0.238 ns 0.877**   
Root phenol 0.2619 ns 0.442 ns 0.1885 ns 0.6478* 0.3927 ns 0.5620 ns 0.6262* 0.5028 ns  
Shoot phenol 0.4513 ns 0.280 ns 0.8472** 0.226 ns 0.447 ns –0.004 ns 0.8366** 0.9136** 0.6542* 
 

Total phenolics, enzyme activities and total proteins: A 
number of adaptive mechanisms have been reported in 
higher plants to reduce oxidative damage caused by 
salinity stress, through the biosynthesis of a cascade of 
antioxidants (Ashraf et al. 2010, Munns and Tester 2008). 
Among antioxidants, phenolic compounds, such as 
phenolic acids, flavonoids, and proantho-cyanidins, play 
an important role in scavenging free radicals (Waskiewicz 
et al. 2013). Salinity stress reduces root and shoot total 
phenolics (Ashraf et al. 2010); similar reduction in shoot 
total phenolics was observed in Syngenta 8441 (Fig. 2). 
Salinity stress did not affect total phenolics in shoot and 
root of EV 1089 genotype. Silicon application enhanced 
the total phenolic compounds in roots of both genotypes 
and shoots of Syngenta 8441 under stress conditions 
(Fig. 2) thereby increasing the tolerance against salinity by 
scavenging free radicals (Waskiewicz et al. 2013).  

The overproduction of reactive oxygen species (ROS) 
in plants is toxic and cause damage to the subcellular 
components such as proteins, carbohydrates, lipids, and 
DNA which ultimately leads to the cell death (Abbas et al. 
2015). Salinity stress has variable effects on different 
enzyme activities. APX activities were reduced in EV 

1089, while CAT activity was reduced in Syngenta 8441. 
Application of Si enhanced enzyme activities in both 
genotypes under salinity stress (Fig. 3). These enzymes 
(SOD, CAT, and APX) are very important as the first line 
of defense in order to scavenge ROS produced in the PSI 
during light reaction. SOD distribution varies in different 
plant organs, such as mitochondria, cytosol, and chloro-
plast, where it catalyzes the detoxification of superoxide 
free radicle and convert it into H2O2 (Abbas et al. 2015). 
CAT is present in peroxisomes, while APX distributed in 
cytosol, chloroplast, peroxisome, and mitochondria. Both 
these enzymes are involved in detoxification of H2O2 
(Khan et al. 2016b). 

The protein contents increased with the Si application 
under salinity stress (Fig. 4). This was confirmed by other 
scientists in different crops, such as cucumber (Wang et al. 
2015) and sorghum (Chen et al. 2016). Silicon application 
increases polyamine (PA) contents in sorghum and reduces 

the 1-aminocyclopropane-1-carboxylic acid (ACC) con-
centrations under salinity stress (Yin et al. 2016). 

 
Gas-exchange parameters and Chl content: Salinity 
stress reduced the gas-exchange parameters in both 
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genotypes except gs in EV 1089 (Table 2) resulting in 
reduced CO2 availability to the plant and restricting the 
CO2 fixation (Liu et al. 2015). There was detrimental 
effect of salinity on metabolic process of protein synthesis 
(Mateos-Naranjo et al. 2013), which led to photoinhibition 
and affected carboxylase activity of Rubisco (Antolín and 
Sánchez-Díaz 1993). Hence, in our experiment, the 
decrease in PN and gs (Table 2) can be attributed to 
modification of Rubisco enzyme activity. Silicon appli-
cation increased CO2 assimilation and stomatal con-
ductance in both genotypes under salinity stress (Table 3). 
Liang et al. (2005) also described the improvement in CO2 
assimilation and stomatal conductance due to increased 
activity of Rubisco in barley crop under salinity stress.  

E was reduced with Si application under salinity stress 
(Table 2). This might be due to Si deposition beneath the 
cell walls in roots (Khan et al. 2016a) which hinders the 
translocation of salts and free water movement through 
xylem. Wang et al. (2015) also reported in cucumber that 
higher contents of Si might reduce Na+ uptake and also 
cause restriction in bypass flow of water to maintain water 
status inside a plant body. The WUE was reduced in both 
maize genotypes due to applied salinity stress (Table 2); as 
plant growth faces initial osmotic adjustment (Liu et al. 
2015). The WUE was improved with Si application under 
salinity stress in both genotypes. There might be two 
possible reasons for this increase: either the reduced 
transpiration is directly related to the plant water status 
(Wang et al. 2015) or the deposition of Si crystals under 

the epidermal layer of leaves (Khan et al. 2016a) reducing 
the water loss through stomata or cuticle. 

Chl a and b contents also decreased with applied 
salinity stress (Table 2). This might be due to the Chl 
degradation; it occurs when different proteolytic enzymes 
such as chlorophyllase started functioning under stress 
conditions (Sabater and Rodriquez 1978). The other reason 
is inefficient activity of photosynthetic apparatus (Mateos-
Naranjo et al. 2013). Silicon application enhances the con-
tents of both pigments under salinity stress conditions 

(Wang et al. 2015) as it was confirmed in this study (Table 

2). The prominent increase in Chl b in both genotypes 
happened because of Si application under salinity stress.  

 
Conclusion: The genotype Syngenta 8441 showed better 
adaptive mechanisms against salinity stress, therefore it 
must be preferred in salt-affected soils, while the genotype 
EV 1089 proved to be excellent in normal soils. In 
hydroponic study, both genotypes showed normal growth 
due to salt application at later growth stages. Differential 
accumulation patterns of Na+ in tissues are one of the 
possible reasons for differences in salinity tolerance of 
both genotypes. The salt-tolerant genotype Syngenta 8441 
restricts the Na+ movement from old to young leaves 
thereby maintaining growth of young leaves. Silicon 
application improved growth of plants under salinity stress 
mainly because of changes in ion accumulation, improve-
ment in photosynthetic rate, enzyme activities, and 
phenolic compounds. 
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