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ABSTRACT 

Three independent experiments were carried out in hydroponic and sand cultures to explore 

the alleviating effects of different levels of silicon (Si) on growth related attributes and some 

vital physio-chemical characteristics in two maize cultivars exposed to NaCl-induced salinity 

stress. Each experiment comprised two maize cultivars (Sadaf and Sahiwal-2002), two salt 

concentrations (0 and 120 mM NaCl) with varied Si concentrations. Initially, nine Si levels 

(0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8 and 3.2 mM) were used for optimization of Si levels in 

Hoagland’s nutrient solution. Silicic acid [Si(OH)4] was used as a source of Si. Four Si levels 

(0, 1, 2 and 4 mM) were selected from the optimization experiment, which then were 

employed for major experimentation. Interactive effect of Si and salt  on growth, gas 

exchange characteristics, plant pigments, chlorophyll fluorescence attributes, biochemical 

parameters like proline, total phenolics, H2O2, MDA, antioxidant enzymes (CAT, POD and 

SOD) and ion accumulation (Na+, Ca2+, K+, Cl- and Si)  were determined. Exogenous 

application of Si improved the growth, photosynthetic efficiency, membrane stability, and 

antioxidant activities and alleviated the toxic effect of Na+ ion via improving plant K+, water 

status, photosynthetic efficiency, membrane stability and activities of antioxidant enzymes. 

Of various levels, 1 or 2 mM Si were found more effective in this regard under control 

conditions. However, under stressful environment, 4 mM of Si gave maximum protection 

against salt stress. Of yield attributes, a positive association was found between Si 

application and grain yield per plant, although, Si made no change in 100-grain weight. 

Conclusively, Si had a positive impact on overall health of plant especially under stressed 

environment and was found effective in the enhancement of salinity tolerance of maize 

plants.



 
 

1

Chapter 1 

INTRODUCTION 

The global human population is increasing at a consistent rate (FAO, 2008) which 

expected to be 9.1 billion up to the middle of the 21st century (Stephenson et al., 2010). So 

this situation is highly alarming in most countries including developing countries. Thus, it is 

more difficult for these countries to provide the basic needs of their millions of people like 

food, shelter and medicine. To cope up with this situation, it is a prime need to increase crop 

planting area as well as production per unit area (Jamil et al., 2011). 

Among cereal crops, maize has highest productivity rate (Nawaz, 2007). It is ranked 

third among the most commonly grown crops of the world and the area under its cultivation 

is higher than 132 Mha, with an annual output of about 570 metric tons (Govt. of Pakistan, 

2009). However, in Pakistan, it is ranked fourth among the largest grown crops after wheat, 

rice and cotton, and the area under cultivation is over one Mha with 3.5 metric ton annual 

production. Of all provinces of Pakistan, Kyberpaktunkawa and Punjab contributes 51% and 

48% of the total area, and 31%  and 48% of its total annual production, respectively (Tariq 

and Iqbal, 2010).  

Maize is grown for grain and forage, consumed by both humans and animals, 

respectively. Moreover, it has a remarkable ability to grow under wide range of 

environmental conditions. Its seed contains 2.5-5.5% oil content with 80-85% unsaturated 

fatty acids. It is utilized in the manufacturing of starch, syrup, dextrose, oil, gelatin, and lactic 

acid (http://www.pakissan.com/english/allabout/crop/maize.html). Although, maize is 

moderately salt sensitive among cereals, it is considered to be the most sensitive to salinity as 

compared to other commonly cultivated crops (Maas and Hoffmann, 1997; Ouda et al., 2008; 

Carpici et al., 2009; Isla and Aragues, 2010). Because of its great yield potential, a good food 

source for humans and animals and second most important crop to soyabean for biodiesel 

production (Vasudevan and Briggs., 2008), in coming years, its area under cultivation must 

be enhanced to fulfill needs of growing population. The gap between its potential and 

realized yields can be bridged up by utilizing suitable agronomic practices and minimizing 

biotic and abiotic stress factors (Tahir et al., 2006). 
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Salt toxicity is a ubiquitous agricultural and eco-environmental stress factor (Munns 

and Tester, 2008), but it is prominent in drylands of the world, which constitute about 1/3 of 

the total land area (Schleiff, 2008; Collado et al., 2010). Soil salinity in these areas has 

become a severe and constant source of crop deterioration. 

Pakistan being an irrigation-based agricultural country is worst hit by salinity as 38% 

(6.67 Mha) of its total irrigated area is affected by salinity (Economic Survey, 2008). In 

Punjab province only, damages by salinity have been expected about US $ 300 million each 

year (Athar and Ashraf, 2009). 

Among salts, NaCl is the predominant one, found in saline soils. A high salt content 

in root zones affects maize growth and consequently, produces a severe drop in its yield 

(Munns, 2002) by inducing low osmotic potential (Lewis, 2002), inhibiting enzyme 

activities, disturbing solute accumulation (Flowers, 2004), creating ionic imbalance (Barnard 

et al., 2010), altering plant metabolic activities or due to combination of all these factors. 

These factors have severe effects on plants at cellular level. 

Although, salt stress severely affects plant growth, this effect differs with plant 

growth stage attributed to changes in physiological and biochemical processes (Najafi et al., 

2007). Earlier reports depict that salinity substantially affects plants by lowering water 

potential, toxicating with Na+ and Cl- ions (Munns and Tester, 2008), and interfering with the 

absorption of essential nutrients (Akram et al., 2007). Salt-induced growth reduction happens 

in two phases; immediate response due to accumulation of excessive salt in root zones and 

slow response in relation to the accumulation of salts to toxic level in leaves (Katerji et al., 

1994, 2004; Arzani, 2008). 

Root zone sodicity alters plant water and ionic status as plants fail to absorb water on 

account of low soil water potential developed by excessive salts in the rhizospheric solution 

(Munns et al., 2006). Moreover, salinity causes build-up of Cl- and Na+ ions to toxic level 

which in turn interfere with absorption and mobility of essential mineral nutrients such as 

Ca2+, N, P and K+ to physiologically active areas of plant (Chinnusamy et al., 2005). For 

example, high amount of NaCl in growth medium caused considerable increase in Cl- and 

Na+ ions, and reduced the accumulation of Ca2+, P, K+ and N in maize leaves (Zhu, 2001b). 

As in plants, salt toxicity primarily occurs from Na+ damage. Plants use three mechanisms to 
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block the Na+ accumulation; activation of Na+ efflux, restriction of Na+ influx and vacuolar 

compartmentalization  of Na+ (Lewis, 2002). 

Besides ionic and osmotic stress, salinity induces excessive generation of reactive 

oxygen species (ROS) like singlet oxygen, hydrogen peroxide, superoxide and hydroxyl 

radical (Verma and Mishra, 2005). These ROS not only denature macromolecules, but also 

peroxidize membrane lipids thereby impairing whole plant metabolism (Mittler, 2002). To 

cope up with this salt-induced oxidative damage, plants have to detoxify ROS. For this, 

plants have scavenging mechanism which includes enzymatic antioxidants like catalase, 

peroxidase and superoxide dismutase (Menezes-Benavente et al., 2004) and non-enzymatic 

antioxidants like glutathione, α-tocopherol and ascorbate. 

Two strategies were emphasized regarding usage of salt affected soil; by chemical 

amendments or by cultivation of salt tolerant plants (Ashraf, 1994). But second one is most 

practicable and economical. Plant salt tolerance could be improved through selective 

breeding (Flowers and Flowers, 2005) or through exogenous application of mineral nutrients. 

However, the second one was proved as a shotgun technique to mitigate the severity of 

salinity stress (Raza et al., 2006; Ali, 2009). For example, the disastrous effects of salt stress 

have been lessened with externally applied K+ in Triticum aestivum (Akram et al., 2007) and 

Ca2+in snapbean (Awada et al., 1995). However, the use of Si for salt stress mitigation is at 

infancy level and needs further exploration. 

Silicon is the most abundant mineral element after oxygen that constitutes about 28% 

of earth's crust (Epstein, 1999; Datnoff, 2004; Hashemi et al., 2010). Despite its abundance, 

its deficiency may still happen (Ma, 2004) due to continuous intensive cropping. For 

example, Rice uptakes roughly 230 to 470 kg of Si per hectare. Removal of Si from the soil 

solution is at faster rate than it replenished naturally (Liang et al., 2006). 

Plants absorb Si as monosilicic acid, Si(OH)4. It is carried via transpiration stream 

and accumulated in plant as opal, SiO2.nH2O (Mitani et al., 2005). The amount of Si 

deposited in plant tissues varied from species to species and ranged 1% to 10% by weight 

(Takahashi et al., 1990; Foyer et al., 1997; Rout and Shaw, 2001; Hodson et al., 2005). Plant 

species containg Si higher than 1% dry weight basis are considered as Si accumulators 

(Liang, 1999). Generally, dicots comparing to monocots are poor accumulators of Si having 

Si lower than 0.1% in their tissues. Terrestrial grasses such as rye, wheat, barley, oat, 
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sorghum, maize, sugarcane, and turfgrasses have about 1% of Si in their tissues, whereas 

hydrophytes contain up to 5% Si (Nakano and Asada,1981; Foyer et al., 1997; Liang, 1999; 

Bor et al., 2003; Zargar et al., 2010). On dry weight basis, Si is absorbed at rate equal to or 

greater than macronutrients such as calcium, potassium and nitrogen in species belonging to 

the families Poaceae, Equisetaceae, and Cyperaceae. At present, 21 plant families have been 

recognized as Si accumulators (Hodson et al., 2005). 

In soil solution, Si exists as silicic acid with concentration varied 0.1 to 0.6 mM 

almost double than phosphorus concentration in soil solutions (Gogi et al., 2010). Soil pH 

modifies the solubility of silicic acid. Maximum Si absorption occurs within pH range 4.7-

7.6. Its absorption is proportional to its concentration in soil solution (Jones and Handreck, 

1965) which varies between 1-100 mg/dm3 (Raven, 2003) depending on clay content (Raij 

and Camargo, 1973), iron and Al oxide, (Freitas et al., 1997), and pH (Jones and Handreck, 

1967; Iller, 1979). 

The variable concentration of Si in plant depends on type of its uptake mechanism 

and transport (Jarvis, 1987; Rogalla and Romheld, 2002). Takahashi et al. (1990) suggested 

three ways of Si uptake: rejective (legumes), active (rice), and passive (cucumber). Ma et al. 

(2009) investigated various modes of Si absorption and accumulation in rice using its 

mutants flawed in Si uptake. Two different transport systems for Si uptake were reported 

which comprise transporter Lsi1 on proximal and Lsi2 on distal side of root exodermis. Si is 

transported via Lsi1 from soil to root cortical cells (Ma and Yamaji, 2008), and Lsi2 is 

involved in Si loading in xylem. Lsi1 gene expression is triggered by the availability of silicic 

acid, because with the constant supply of silicic acid decreased expression of Lsi1 is 

regulated (Ma and Yamaji, 2008; Mitani et al., 2009). While working with a tomato and 

cucumber, low-level and moderate Si accumulators, respectively. Mitani and Ma (2005) 

found that uptake of Si was mediated by the same transporter (Lsi 1) as in rice, but differed in 

its density on roots. However, contrary to rice, tomato and cucumber adopted a process of 

passive diffusion for Si loading in xylem. 

Si helps plants in alleviation of number of stresses (Ma and Yamaji, 2006; Datnoff, 

2008). For example, Si improves resistance to fungi and bacterial diseases like sheath blight 

and rice blast (Savant et al., 1997; Fauteux et al., 2006). Si inhibits pest attack preventing 

their lodging and penetration (Ma and Yamaji, 2008). Moreover, Si lessens metal toxicity, 
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salt stress, drought and also regulate nutrient balance in a variety of plants (Ma and Yamaji 

2008, Sajad et al., 2010). 

There are reports which show that Si accumulation results in decreased transpiration, 

increased resistance to diseases, decreased pest lodging, improved light interception, 

improved fertility and yield (Yoshida et al., 1969; Synder et al., 1986; Takashaki, 1995; Ma 

and Takashaki, 2002). 

Previous studies have also shown that artificialy induced silicon affect the 

permeability of plasma membranes particularly in leaf cells (Liang, 1999), and cause 

improvement in ultrastructure of chloroplast, disrupted by the application of salt (Liang, 

1998). 

Long ago it was reported that when the concentration of Si exceeds 100–200 mg kg−1, 

polymerization of silicic acid occur, depending on numerous factors, the temperature, the pH, 

and presence of certain ions. Depending upon the degree of polymerization, water content, 

and degree of porosity, Si may adsorb other compounds (Wang et al., 2004). There is no 

single evidence reported in literature that Si is a part of any molecule (Epstein, 1999). 

However, it has been reported to be beneficial for enhancing plant tolerance against UV-B 

radiation (Li et al., 2004), drought (Gong et al., 2005), boron (Gunes et al., 2007), heavy 

metals (Neumann and Nieden, 2001), and pathogens (Richmond and Sussman, 2003). 

.       As productivity and cultivation area of maize are greatly affected by soil salinity. 

So, improvement in salt tolerance of this crop is the major interest of many plant scientists. 

Various strategies are being employed to counteract the disastrous effect salt stress. Of them, 

external application of nutrients like Si has a great promise in enhancing yield and growth of 

maize under salinity stress because Si is reported to stabilize membrane system, detoxify 

ROS by activating anti-oxidative defense mechanism and improve plant water status (Matoh 

et al., 1986; Mali and Aery, 2008; Eraslan et al., 2008). However, information of the 

influence of exogenous application Si on maize is not much available in the literature and 

detailed insights regarding the protective effects of Si on maize crop still need to be explored.  
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OBJECTIVES 

 To explore the involvement of silicon in metabolism of maize, subjected to 

salinity stress 

 To determine the optimum level of Si for maize which could give maximum 

growth and yield under saline conditions 

 To draw the relationships among various growth and physio-chemical 

attributes in silicon treated maize plants exposed to saline conditions 
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Chapter 2 

REVIEW OF LITERATURE 

 Salinity poses a great threat to food security as it is a major yield reducing factor in 

dry-lands of the world (Munns, 2005; Arzani, 2008; Turan et al., 2010). Primarily, salinity 

occurs by elevation of capillary water and subsequent evaporation of soil water (Arzani, 

2008). Now-a-days, it spreads due to human activities. Irrigation practice is a major 

contributor in this regard and this condition is more severe in drylands of the world (Turan et 

al., 2010).  

2.1 Salinity and crop productivity  

  Salinity is major noxious environmental factor that poses a major threat to crop 

productivity (Munns, 2005). Maize, a third most important cereal crop of this region whose 

productivity is affected severely under salt stress (Ouda et al., 2008; Carpici et al., 2010). 

Soil salinity reduces plant growth by perturbing different biochemical and physiological 

processes (Neto et al., 2004). The salts taken up by plants reduce their growth by affecting 

turgor, photosynthesis and enzymes activities (Munns, 1993; Cha-um and Kirdmanee, 2009). 

Ashraf (2004) reported suppression in plant growth due to reduction in photosynthetic 

efficiency when plants were subjected to salt stress. Salinity had an inverse relationship with 

photosynthetic assimilation and stomatal conductance (Rozeff, 1995; Parida and Das, 2005). 

According to Nawaz and Ashraf (2007) plant roots when exposed to saline rooting medium, 

the cell turgor pressure decreased and stomata were closed which resulted in decreased 

photosynthesis. Chlorophyll contents decreased thereby reducing the photosynthetic rate 

under saline environment. In most of plant species such as Phaseolus vulgaris (Zuccarini, 

2008), Silvinia natans (Jampeetong and Brix, 2009), Brassica juncea L. (Khan et al., 2009) 

and Aster tripolium L. (Geissler et al., 2009) photosynthetic activity decreased under salinity.  

  Salinity may affect cell expansion and division in growing leaves and cause a 

damaging effect on plant growth (Greenway and Munns, 1980, Tester and Davenport, 2003). 

Prolonged exposures to salt caused distortion of chloroplast and breaks plasmodesmatal 

connections of leaf cells.  

2.2 Mechanisms of Salinity Stress  
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 Increased soil salinity has been taken as a noxious factor for most of the glycophytes like 

wheat. It induces specific changes at cell, tissue and organ levels. These changes are 

morphological and anatomical in nature (Sairam and Tyagi, 2004). Saline soils contain high 

amounts of salts, supressed plant growth. Major mechanisms for salinity-induced growth 

reduction are:  

 Specific ion toxicity  

 Osmotic stress  

 Nutritional imbalance  

 Oxidative stress  

2.2.1 Specific Ion Toxicity  

     Excessive accumulation of NaCl in rhizosphere is the root cause of growth retardation 

under salinity (Chinnusamy et al., 2005). Arzani (2008) stated that growth might be reduced 

more due to ion toxicity than that of negative water status. The toxic level of NaCl in leaves 

interfered with metabolic pathways, and retarded plant growth. Ion toxicity occurred due to 

replacement of K+ with Na+ that caused conformational changes and inactivation of proteins. 

It was also reported that increased Na+ concentration negatively affected gas exchange and 

PS II efficiency, ultimately hampered the plant development (Dionisiosese and Tobita, 2000; 

Ashraf, 2009).  

2.2.2 Osmotic Stress  

           Excessive salts inhibit pant growth by decreasing the plant potential to absorb water 

(Munns et al., 2006). Grattan and Grieve (1999) reported that decrease in dry biomass under 

salt stress can be either due to nutrient imbalance or/and low water uptake, and caused water 

shortage for metabolic reactions (Lopez and Satti, 1996). Plaut et al. (2000) proposed that 

instead of low water potential, high transpiration rate dertermined via hydraulic conductivity 

is an index of salinity tolerance in sugarcane. According to Saqib et al. (2004) growth 

retardation was mainly due to loss of turgor as it affects the gas exchange and photosynthesis 

severely.   

2.2.3 Nutritional Imbalance  

            Imbalance nutrition is another crop deteriorating factor (Marschner, 1995; Rogers et 

al., 2003; Hu and Schmidhalter, 2005). Salinity-induced alteration in nutrient acquisition and 
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their competitive uptake and partitioning are major contributor in nutritional imbalances, 

affecting crop yield (Grattan and Grieve, 1999).  

       Interactive effects between Na+ and NH4
+ and/or between Cl- and NO3

- decreased 

nitrogen uptake and reduced plant growth under saline conditions (Rozeff, 1995). A number 

of studies have shown that salt stress could inhibit N uptake (Feigin et al, 1991; Subasinghe, 

2006). Feigin et al. (1987) and Bar et al. (1997) considered Cl- antagonism of NO3
- uptake, 

whereas Lea-Cox and Syvertsen (1993) suggested low water uptake contribute in decreased 

N uptake under salt stress. Like N, P content was also lowered upto 50% under salinity. Hu 

and Schmidhalter (2005) investigated Na+ and Ca2+ interactions and found Ca2+ rapid 

displacement by Na+ under saline environment. Moreover, Ca2+ precipitation also attributed 

to low Ca2+/Na+ ratio, a salinity tolerance index (Cakmak, 2005).               

Nutrient availability under salt stress varied with soil pH, redox potential, its 

solubility, and on binding sites of soil particles and their contribution in nutritional imbalance 

also varied from crop to crop (Oertli, 1991).  

2.2.4 Oxidative Stress  

             Salinity induced stomatal closure decreased CO2/O2 ratio, thereby CO2 fixation in 

leaves. Such conditions triggers excessive ROS production like singlet oxygen (1O2), 

hydroxyl radical (.OH), superoxide radical (O-
2

-), and hydrogen peroxide (H2O2) during 

photosynthesis and photorespiration (Foyer and Noctor, 2000), and senescence (Vitoriaa et 

al., 2001). Reactive oxygen species denature macromolecules and also disrupt membrane 

integrity (Foyer et al., 1994; Lin and Kao, 2000). Choi et al. (2002) reported that salinity 

stress indirectly generate ROS in chloroplast and mitochondria affecting plant metabolic 

processes.  

2.3 Strategies to develop salt tolerance  

                 Various strategies such as recombination of genes, screening of large international 

collections, detailed field trials, conventional and non-conventional breeding methods and 

regulation of mineral nutrients have been in practice to improve the salt tolerance in plants 

(Munns et al., 2006).  

  As human population is increasing at exponential rate (Stephenson et al., 2010), so 

to fulfill the nutritional requirements of people, maize cultivation should be increased owing 

to its highest productivity rate. Moreover, salinity problem either natural or due to human 
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interference has hampered its growth severely. So, the goal of increasing maize productivity 

can only be achieved via enhancing its tolerance against salinity, and mineral 

supplementation has been proved effective in this regard. So, in view of all these facts, the 

present project was designed to determine the role of Si in maize productivity under saline 

environment. 

2.4 Silicon (Si) 

 Si role in plant biology has been overlooked until middle of the 20th century owing to 

its biologically unreactive nature as considered earlier and absence of its any visual 

deficiency/toxicity symptoms on account of its quantitative abundance (Richmond and 

Sussman, 2003). However, continuous and constant cropping and chemical fertilization have 

led to depletion in plant available Si, especially in highly weathered soils. This Si deficiency, 

now acts as a limiting factor crop productivity, particularly for rice (Datnoff, 2004)  

2.4.1 Properties of Si 

Si is the seventh most prevalent element in universe and second in earth’s crust 

(Sommer et al., 2006). John Jacob Berzelious (1824) credited with the discovery of silicon. It 

exists in two forms abundantly; silicon oxide such as sand, quartz, jasper, amethyst, flint, and 

opal and silicates including granite, feldspar, asbestos, clay, mica, etc 

(http://en.wikipedia.org/wiki/silicon). Both these forms exist in two pseudo-allotropic forms, 

crystalline (dark grey,  opaque needle like crystal) and/or amorphous form (dark brown 

colored) (Datnoff et al., 2001) having melting point 1.41oC, boiling point 2.35oC and density 

2.3 g/cm3.   

2.4.2 Essentiality of Si 

Despite of its universal existence, it is not considered essential in plant biology 

because of lack of evidence that it is a constituent of plant (Epstein, 2001). However, Epstein 

and Bloom (2005) devised new essentiality criteria for the elements that either the element is 

structural component of plant or its deficiency restricts the plant growth (Epstein, 2001). So, 

Si is considered as “Quasi essential” because of its basic requirement for healthy growth of 

many plants.      

2.4.3 Absorption and accumulation of Si  
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 The members of two families namely Poaceae and Cyperaceae absorb and stock Si in 

them on a large scale in their tissues (Mitani and Ma, 2005). It is, therefore, it makes healthy 

growth certain. The maize which is the member of the Poaceae family is thought to be a Si 

accumulator and also graded as salt sensitive crop, because salt influences the nourishing of 

the plant bitterly. A number of researchers suggested the supply of Si to certain crops of the 

Poaceae family as it appears to limit the drastic effects of salt stress in plants.     

   Among different plant species, Si accumulation differs considerably from 1 to 10% 

of their shoot dry weights (Ma and Takahashi, 2002). Plants of family Graminae and 

Cyperacea are Si accumulators whereas plants belonging to Commilinacea, Utricales and 

Cucurbitales are categorized as intermediate Si accumulators while plants of remaining 

families are referred as non-accumulators (Ma and Takahashi, 2002). This differential Si 

accumulation in plants is attributed to the absorptive capacity of their roots (Takahashi et al., 

1990).  Among plants, rice has a remarkable ability of Si accumulation which rises to 10% of 

dry biomass, that is equivalent or may exceed the level of essential elements like Ca, K, N, P 

(Ma and Takahashi, 2002).  

2.4.4 Si Transport 

It is said that absorption of Si takes place by three means compared with the speed of 

absorption of water i.e. passive (equal to water), active (greater than water uptake) and 

rejective (lower than water uptake). Presently, two transporters (Lsi1 and Lsi 2) have been 

traced out in rice that are responsible in absorbing and transferring Si to xylem. Lsi 1 is Si 

influx transporter existed at distal side of root exo- and endo-dermis, but the Lsi 2 is a Si 

efflux transporter found at proximal side of root endodermis and exodermis (Ma et al., 2006, 

2007). Germanium, a Si analogue, competes Si and tends to join transporter with the same 

affinity (Rain et al., 2006)  

2.4.5 Si in plant system  

In soil solution, silicic acid is the most prevalent form of Si with concentration 0.1-

0.6 mM (Casey et al., 2003; Mitani et al., 2005). Plants absorb Si in this form and transport it 

to plant tissues through transpiration stream where it is deposited as opal (polymerized), 

mostly within the cell wall (Raven, 2003). Moreover, leaf edges of plants may become rough 

when plants are fertigated with Si (Deren, 2001). Epstein (2001) observed that Si-enriched 

plants differed from Si-deficient plants with respect to mechanical strength, chemical 
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composition, enzymatic factors, pest and disease resistance, salt and metal toxicity and yield 

etc.   

2.4.6 Si and plant nutrition 

Utilization of Si is linked to its stock quantity in shoots (Mitani and Ma, 2005). 

Against the most minerals, if it is in 2 mM quantity, it gets polymerized at 25oC (Tamai and 

Ma, 2003). But, the reason of polymerization is because of strong alkaline situation (Dietzel 

and Letofsky-Papst, 2002). Si itself gets depolymerized but it seems that Al proves hurdles in 

the way and stabilize the polymeric silicic acid. The concentration of Si in soil depends upon 

solubility of Si compounds that varies with the soil pH, temperature, chemical composition, 

particle size and presence of disrupted soil surfaces (Sommer et al., 2006).   

2.5 Si and plant stress tolerance 

Si fertilization not only reinforce plant defensive mechanism against insect attack, 

diseases and severe environmental conditions but also increase soil fertility by improving 

physical and chemical properties of soil  and nutrient availability to plant (Matichenkov and 

Kosobrukhov, 2004).  

2.5.1 Si and biotic stress 

         Si provides protection against both biotic and abiotic stresses. Some authors suggest 

that Si improves the resistance of plants against diseases (fungal, pest) by providing 

mechanical strength as it is mostly deposited in apoplastic system specifically in cell wall 

thereby preventing the fungal hyphae into plant tissues (Bowen et al., 1992).While the other 

school of thought is different that Si defense is of specific nature. For example, Si enhances 

antifungal activity by the accumulation of phytoalexin. Si accumulation activates plant 

antioxidant system under stress conditions. Foliar application is found to be effective under 

biotic stress such as protection against powdery mildew in muskmelon, squash and cucumber 

(Menzies et al., 1999; Datnoff et al., 2001). Si increased the plant resistence by strengthening 

its natural defense by strengthening plant natural defense (Belanger et al., 1999; Bowen et 

al., 1992; Voogt and Sonenfeld, 2001; Rodrigues et al., 2004) and by stimulating chitinase 

and polyphenol oxidase activity (Cherif et al., 1994; Ishiguro, 2001). 

However, there is a debate to assess the protective roles of Si either increased 

physical strength of plants due to its addition is sufficient to explain the underlying 

mechanism of is effects (Fauteux et al., 2005) or it acts by triggering secondary metabolites. 
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This role of Si was first demonstrated in cucumber. Si treated plant showed elevation of 

chitinases peroxidases, flavonoid, phytoalexin and many other compounds against fungal 

attack (Chérif et al., 1994; Fawe et al., 1998). Further investigation was done by Rodrigues et 

al. (2003) in rice. They studied that Si-induced biologically active agents enhanced the 

production of glycosylated phenolics, diterpenoid, phytoalexins and antimicrobial products. 

An experiment performed on cucumber, the Si and proline rich proteins interactions resulted 

in resistance against microbial infections (Kauss et al., 2003).  

2.5.2 Si and abiotic stress 

               Silicon can regulate balances between Zn and P (Horst and Marshner 1978; 

Marschner, 1995; Cocker et al., 1998; Britez et al., 2002). Abiotic stresses can also be 

mitigated by the application of Si. Si also exerts the protective effects by precipitating Zn as 

silicates (Neuman and Zur-Nieden, 2001). Si via enhancing enzymatic activity reduced lipid 

peroxidation (Shi et al., 2005), and high phenolics with strong chelating ability (Kidd et al., 

2001). The transpiration rate decreases at application of Si (Epstein, 1999) and it also 

provides cooling effect, a tool for improving plant tolerance against temperature stress (Lijun 

et al., 2005). Si also enhanced the enzymatic activity such as SOD and catalase which are the 

key enzymes responsible for the prevention of plasma membrane against damage (Zhu et al., 

2004; Moussa, 2006). 

2.5.3 Si and heavy metal tolerance 

 In addition to salt stress, Si is also accounted to mitigate the toxic effects of heavy 

metals such as Al, Mn, Cd, B and N toxicities and P deficiency. As plant species differ with 

respect to Si and Al accumulation in their tissues, so variant degrees of ameliorative effects 

of Si was observed among different plant species (Hodson and Evans, 1995). It was proposed 

by Cocker et al. (1998) that Si ameliorated Al toxicity via formation of hydroxy 

aluminosilicate and aluminosilicate and regarded root cell wall as Al detoxification site. 

         The influence of Si on Cd toxicity was investigated by Lijun et al. (1999) who showed 

that Si not only affects cellular accumulation of Cd, but its distribution also. X-ray 

microanalysis showed that Cd deposited in vacuole and cytoplasm in Si depleted rice as 

compared to Si enriched plants (Nable et al., 1992). Chen et al. (1999) investigated that 

added Si increased the tolerance to Mn toxicity by assuring its uniform distribution in plant 

tissues. 
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2.5.4 Si and salt stress tolerance 

  It has been reported earlier that Si alleviated the deleterious effects of salinity in most 

plants including Triticum aestivum (Ahmad et al., 1992), Hordeum vulgare (Liang et al., 

1996; Liang 1998), Prosopis juliflora (Bradbury and Ahmad 1990), Oryza sativa (Matoh et 

al., 1986; Yeo et al., 1999), Lycopersicon esculentum (Al-aghabary et al. 2004, Gunes et al., 

2007), Cucumis sativus (Zhu et al., 2004). 

         Si nutrition benefits plants particularly under stress conditions via increased K+:Na+ 

selectivity ratio, suppressed lignification, improved photosynthetic rate and enhanced 

enzyme activity (Ahmad et al.,  1992; Liang, 1999; Matichenkov et al., 2001). Decrease in 

sodium absorption occurs due to Si accumulation in the root exodermis and endodermis 

which leads to decreased apoplastic transport across root under saline condition as reported 

by Gong et al. (2006). Moreover, lignification impairs cell wall loosening and plant growth. 

Si secures from loosening the cell wall and growth stops. When we provide Si to plant, lignin 

becomes short. Either it makes Si-polyphenolic complex or takes the place of lignin partially 

(Maksimovic et al., 2007).  

2.5.5 Si and plant water status under salt stress 

        High salts in soil solution create low water potential rendering it difficult for the 

plants to absorb water from soil solution. Moreover, continuous transportation on of Na+ and 

Cl- ions to the above ground plant parts via transpiration stream and their subsequent 

accumulation in the extracellular portion of plant body raises concentration of these ions to 

the toxic level, causing an adverse damage to plant tissue (Romero-Aranda et al., 2001). To 

survive in such condition plant must retain water for mitigation of the toxic effects of these 

excessive ions by dilution effect. Si being hydrophilic in nature improves plant tolerance to 

salt toxicity by increasing water status of plant and decreasing osmotic effect of salt stress on 

plant water uptake (Cuartero et al., 1992)  

          In maize, water content was decreased due to salt stress. However, Si 

supplementation significantly improves plant water status under saline condition. Remero-

Aranda et al. (2006) observed increase of water content in tomato seedling grown under 

saline conditions. This increased water influx resulted in increased biomass production. The 

increased plant leaf area upon Si application was observed in salt stressed plants. Si could be 
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involved in increase in cell turgor, decrease in lignification and ultimately leads to cell 

enlargement and growth. 

               It was reported by Ahmad et al. (1992) that under salt stress, Si application 

increases symplastic water content within tomato seedlings with a concomitant increase in 

biomass production due to increased water influx. It was also observed by Agurie et al. 

(1992) while working with rice plants that water-use efficiency was 17% higher in Si treated 

salinized plants than that in Si-depleted plants.     

2.5.6 Si and Na+ uptake 

           Specific ion toxicity is one of the primary growth inhibitory factors (Tester and 

Davenport, 2003). Marschner (1995) proposed that active Na+ efflux, prevention of Na+ 

influx and vacuolar compartmentation of Na+ ion are the possible mechanisms by which 

plants restrict Na+ concentration to low level. Proton pumps are involved in dumping of Na+ 

ion into vacuole without perturbing symplastic metabolic activities. It is believed that Si 

enhances salinity tolerance by activating proton pumps to compartmentalize Na+ into 

vacuole. Si stimulated the activity of H+-ATPase and H+-PPase on plasma membrane and 

tonoplast, respectively. H+-PPase is involved in Na+ deposition in vacuole while H+-ATPase 

through antiport movement increases the entry and upward transportation of K+ and 

decreases the Na+ movement. Resultantly, K+:Na+ ratio in salt stressed shoots decreases as 

observed in barley by Liang et al. (2005).  

          Thus, Si not only decreases the free Na+ ions in root symplast, but also restricts its 

translocation to aerial plant parts. Ma et al. (2001) while working with maize plant observed 

Na+ and Si complexes in solution and considered it as the most important physiological 

impact that Si had on plant salt tolerance. It was reported by Matoh et al. (1986) that Na+ 

accumulation in rice shoot was reduced 50% when growth medium was supplemented with 

soluble silicates. Gong et al. (2006) also suggested co-precipitation of Na+ with Si in plant 

roots as a possible phenomenon with respect to Na+ detoxification in plants under salt stress 

because Si deposition as polymerized silicates in root exodermis and endodermis resulted in 

a Na reduction. Furthermore, Yeo et al. (1999) observed the reduction in transport of both 

Na+ and apoplastic tracer (trisodium-8-hydroxyl-1, 3,6-pyrenetrisulphonic acid) in rice plant 

under salinity and considered it as a probable effect of silicate, thereby reducing Na+ uptake 

by obstructing the transpiration flow via apoplastic region. So, a major proportion of 
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absorbed Na+ is deposited in apoplast and in some species, it may be as much as 85% of total 

Na+ content of plant. Liang (1999) observed a decrease in Na+ with a simultaneous increase 

in K+ in barley plants in saline environment along with Si supplemented growth medium. 

Thus, Na+ absorption and its transportation to shoot were significantly suppressed by Si 

addition under salt stress. Si also had a slight impact on shoot Ca2+ content under saline and 

non-saline conditions. Zuccarini (2008) declared that low absorption of K+ in salt stress was 

counteracted by Si, particularly in roots. While Cl- of root and shoot was not interacted 

significantly with Si. So, Si enhanced plant growth, particularly under salinity by 

counterbalancing the damages of NaCl on plant. 

 2.6 Si and plant antioxidant System 

      Reactive oxygen species (ROS) are produced in mitochondria, peroxisomes and 

cytosol under both normal and stressful conditions, but stress conditions enhance their 

production. Excessive ROS initiate phytotoxic reactions like DNA degradation, protein 

denaturation and lipid peroxidation (Mittler, 2002). ROS are scavenged by antioxidant 

system. 

         A number of scientists have reviewed earlier that Si application enhances the activity 

of antioxidant system. Al-aghabary et al. (2004) found that Si diminishes the detrimental 

effects of salt stress by promoting SOD and CAT antioxidative activities. Liang et al. (1996) 

investigated a significant stimulation of antioxidant enzymes under salinity when Si 

externally applied to the roots of barley. A similar report was shown by Zhu et al. (2004) 

while working with cucumber plants. Si application under salt stress condition improved 

plant growth by decreasing electrolyte leakage percentage and lipid peroxidation of 

membranes on account of limited production of hydrogen peroxide and thiobarbituric acid 

content due to enhanced activities SOD, GPX, APX, GR and DHAR, thus helped plants to 

counteract the salt-induced oxidative distortion. Gunes et al. (2007) observed that under 

sodic-B toxic condition, exogenous addition of Si to the growth medium of tomato and 

spinach plants, suppressed the H2O2 production and enhanced photosynthetic activity through 

increasing the chlorophyll content and ribulose bisphosphate carboxylase (RUBP) activity. 

Gong et al. (2005) observed a similar positive association of Si with antioxidant system 

under water deficit conditions. 
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  2.7 Si and plant productivity 

 Previous literature shows that Si enhanches chlorophyll content, photosynthesis and 

stomatal conductance, particularly under stress conditions. It is now evident that Si boosts 

photosynthetic rate by improving plant water status due to its hydrophilic nature, decreased 

transpiration rate and by stabilizing chlorophyll content against degradation through ROS. 

Increased water-use efficiency and photosynthetic rate lead to increased growth rate in terms 

of biomass production (Hattori et al., 2005). Thus, Si fertilization ensures better growth and 

consequently better yield. However, the degree of yield enhancement varies with dose, 

source and time of Si application. The degree of yield losses is dependent on duration, timing 

and intensity of a particular stress (Jenks et al., 2007).   

             Salinity limits the global agricultural productivity. It is accepted that it causes growth 

reduction through ionic toxicities, osmotic stress, nutritional disorders and oxidative stress 

(Frommer et al., 1999). The reduction in photosynthesis (Dubey, 2005) in salinized plants 

depends upon reduction in available CO2 by stomatal closure as well as cumulative effects of 

stomatal conductance, leaf water potential and transpiration rate. These cumulative effects 

result in low assimilates in leaves, and their poor translocation in turn reduces dry matter. 

                 One of the strategies to tackle the salinity is development of salt tolerant cultivars 

of crop plants. Like other abiotic stresses, resistance to salinity is a polygenic trait (Flower 

and Yeo, 1995). So, enhancement in salt tolerance of crops has not been significantly 

succeeded. Furthermore less genetic differences among crops has also been a major cause of 

lack of success (Flowers and Flowers, 2005). 

      The ROS and their scavenging mechanism were disturbed under stressful 

environments (Mittler, 2002; Apel and Hirt, 2004). Another problem associated with salinity 

is K+ efflux (Shabala et al., 2003, 2005, 2006) resulting in disruption of K+ regulation in 

cytosol (Cuin and Shabala, 2003; Shabala et al., 2006).  

               Presence of soluble salts in the soil solution perturbs plant water balance by creating 

low osmotic potential (Shannon et al., 1998). Sequestration of Na+ and Cl- in vacuole is a 

prime factor in diminishing the adverse effects of salinity in plants. So, increase in Na+ 

transport, increase salt tolerance. (Apes et al., 1999)  Maintenenace of high K+:Na+ is an 
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important factor (Maathiuis and Amtmann, 1999). The plant’s ability to counteract salt stress 

depends strongly on their ability to compartmentalize ions into vacuole.         

Among different crop species, maize is more sensitive to high salts in rhizosphere 

(Maas and Hoffman, 1977; Isla and Aragues, 2010). A number of approaches have been 

suggested by researchers to combat salinity induced growth reduction such as exogenous 

applications of antioxidant compounds, growth promoters, osmoprotectants, and inorganic 

salts (Flowers, 2004; Munns, 2005; Ashraf, 2009). However, external application of nutrients 

is considered to be a temporary and economical solution for induction of tolerance against 

salinity in crop species (Tahir et al., 2006). Keeping in view, the present study was 

conducted to examine how far exogenously applied Si could ameleorate the deleterious 

effects of salinity stress on maize growth.
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Chapter 3 

MATERIALS AND METHODS 

Three individual experiments were performed to evaluate the effect of salinity on 

growth and physiochemical parameters of maize and determine up to what extent Si via 

rooting medium could alleviate hazardous effects of salt stress on growth and yield of 

maize (Zea mays L.). These experiments were conducted in the Botanical Gardenof the 

University of Agriculture (UAF), Faisalabad during 2008-2010. Two maize cultivars, 

Sahiwal 2002 and Sadaf were used for the present study. Their seeds were obtained from 

the Maize and Millet Research Institute (MMRI), Yousafwala, Sahiwal, Pakistan. 

Meterological data (Fig. 3.1, 3.2, 3.3) during the course of experiments were recorded by 

the Weather Station of Crop Physiology Department, University of Agriculture, 

Faisalabad. 

The study comprised the following experimentations: 

 Optimization of Si levels for increased salinity tolerance in maize using 

hydroponic system 

 Assessment of the Si effects on some growth and physio-chemical attributes of 

maize at varying salt levels under hydroponic system 

 Assessment of the Si effects on some growth and physiological attributes of maize 

at varying salt levels in sand culture 

 

Experiment # 1 

3.1 Optimization of Si level using hydroponic system 

3.1.1 Growth attributes  

A seedling experiment was performed under natural conditions to determine the 

optimal levels of Si that could reduce the growth retarding effects of NaCl in maize. The 

seeds (three hundred) of each cultivar were sterilized in 0.1% mercuric chlorite. After 

rinsing, they were sown in pots containing sand enriched with Hoagland nutrient solution. 

8-day old uniform sized seedlings were transferred to hydroponic system. Each pot was 

supplied with 2L Hoagland’s nutrient solution. The experimental layout was completely  

 
 

 
 



 
 

20

Meterological Data: Meterological data analyzed by the crop physiology department, 
Universty of Agriculture, Fsd., Pakistan during 2008, 2009, and 2010 are given below:    
 
 
 

       
        
        
        
        
        
        
        
        
        
        
        

Fig. 3.1: Meteriological data depicting maximum and minimum temperature (oC), 
humdity (%), and rainfall (mm) for the period of crop growth during 2008.  

 
 

 
 
 

       
        
        
        
        
        
        
        
        
        
        
        

Fig. 3.2: Meteriological data depicting maximum and minimum temperature (oC), 
humdity (%), and rainfall (mm) for the period of crop growth during 2009.  

 
 

        
 
 
 

       
        
        
        
        
        
        
        
        
        
        
        
        
        

Fig. 3.3: Meteriological data depicting maximum and minimum temperature (oC), 
humdity (%), and rainfall (mm) for the period of crop growth during 2010.  
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randomized with four replicates, two NaCl levels (0 and 120 mM) and nine Si levels (0, 

0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2 mM). Solutions of different Si concentrations were 

prepared in 0.1 M KOH, using silicic acid (Mol.wt. 78.01; Mesh size: 100-300, MP 

Biomedical, LLC, France) as Si source, whereas the required salinity was developed by 

the addition of NaCl to Hoagland’s nutrient solution in aliquots of 40 mM on alternate 

days. pH was monitored and kept at 6.5 to 5.5 daily. Twelve hours aeration was applied 

to treatment solutions per day and solutions changed weekly. The plants were subjected 

to salt and Si treatment for 28 days, the two plants per replicate were harvested from each 

treatment and rinsed with water and became dry. Shoot and root lengths and their fresh 

weights were recorded, whereas for recording their dry biomass, plant parts were kept in 

an oven at 68 oC for three consecutive days.  

3.1.2 Gas exchange attributes 

Moreover, two days before harvesting, following gas exchange parameters were 

determined from 2nd intact leaf from top by using Infra-red LCA-4 gas analyzer; 

Analytical Development Company (ADH), UK at 10.15 a.m. to sharp 12:30 p.m.  with 

adjustments: ambient pressure 98.2 kPa, gas flow rate 302 mL per min, PAR at leaf 

surface was maximum up to 1020 µmol m-2 s-1, ambient temp. of leaf chamber ranged 

from 24.6 to 28.5 oC, molar flow rate of gas 401.2 µmol m-2 s-1, vapor pressure of water 

in chamber varied from 6.3 to 8.8 mbar, and atmospheric CO2 concentration was 362 

µmol mol-1. Measurement of stressed plants was followed promptly by the control plants 

of the same cultivar. 

 Assimilation rate (A) 

 Transpiration rate (E) 

 Stomatal conductance (gs) 

 Sub-stomatal CO2 concentration (Ci) 

 Water-use efficiency (A/E) 

 Ci/Ca 
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Experiment # 2 

3.3 Assessment of the Si effects on growth and some physio-chemical 

attributes of maize at varying salinity levels under hydroponic system 

The objective of conducting this hydroponic experiment was to find out the 

silicon-mediated changes in morphological and physio-chemical attributes of maize 

plants to counteract the inevitable damage caused by salinity stress. Two cultivars 

(Sahiwal 2002 and Sadaf) of maize (Zea mays L.), two salt levels (0 and 120 mmol/L) 

and four Si levels (0, 1, 2, and 4 mmol/L) were chosen on the basis of previous 

experiment. Seeds of maize cultivars were sterilized and sown in plastic pots containing 

sand. Eight-day old uniform seedlings of each cultivar were transplanted to hydroponic 

containers where plants were supported over the treatment solution with the help of a 

styrofoam sheet. Salt and Si treatments were initiated after 4 days of transplantation. The 

pH of the treatment solution was adjusted daily at 6-5.5 during the course of experiment. 

Plants were harvested at the seedling and vegetative stages after 14 and 35 days of 

initiation of treatment, respectively, and data for different growth and physio-chemical 

attributes of maize plants, measured and analyzed were given below: 

 

3.3.1 Growth attributes 

Following growth attributes were recorded at the time of harvest: Fresh weights and 

lengths of maize plants were recorded instantly, while their dry biomass was determined 

at 3 days interval when plant materials were fully moisture less in oven at 68 oC. 

Shoot and root lengths were measured and their fresh and dry weights determined.  

Prior to harvesting of plants, following physio-chemical parameters were 

measured: 

 

3.3.2 Water relations 

3.3.2.1 Water potential (-MPa) 

For the determination of water potential, fully matured leaf from top was removed 

at dawn, using a Scholander pressure chamber of Arimad-2-Japan. 
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3.3.2.2 Osmotic potential (-MPa) 

Osmotic potential measurement was made on a frozen leaf (-25 oC) and its sap 

was then extracted by pressing the leaf. The sap was utilized for osmotic potential using 

an osmometer (Wescor-5500, Logan, USA). 

 

3.3.2.3 Turgor potential (MPa) 

It was calculated as the difference between osmotic (Ψs) and water potential 

(Ψw). 

Ψp = Ψw – Ψs 

 

 3.3.3 Gas exchange characteristics 

Gas exchange attributes; net  assimilation rate (A), transpiration rate (E), sub-

stomatal CO2 concentration (Ci), stomatal conductance (gs), water-use efficiency (A/E) 

and Ci/Ca were measured using infra-red gas analyzer LCA-4 of ADH company, 

England. The data of all these parameters were taken on a fully developed youngest leaf 

of every plant from 10:30 to 13:00 hours with specifications mentioned earlier. 

 

3.3.4 Chlorophyll fluorescence 

The fluorescence rise was determined at different stages using a portable pulse 

modulated chlorophyll fluorometer (OS5p of ADH Bioscientific Ltd., Company, Herts, 

UK) following Strasser et al. (1995). Chlorophyll fluorescence was excited by two user 

channels centered at 660 nm and 450 nm and detected in the 710 nm- 750 nm range. 

Specifications were saturation pulse; two adjustable sources both with 690 nm filter, 

Halogen 0-15000 µmol m-2 s-1, LED 0-4, 50 µmol m-2 s-1. Detector; PIN photodiode with 

700-750 nm filter. Modulation frequency, 0.025 kHz-40 kHz and up to 1 million per sec. 

Prior to the fluorescence measurement, all samples were dark adapted for 30 minutes 

using leaf clips. Following chlorophyll fluorescence parameters were determined: 

Fo:  Non-variable fluorescence. Dark kept initial fluorescence 

Fm:  Max. Fluorescence determined during first saturation pulse after dark adaptation. 

qP:  Photochemical quenching 
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qN:  Non-photochemical quenching 

ETR: Electron transfer rate 

Y:  Yield of quantum efficiency 

 

3.3.5 Relative water content 

 Relative water content of leaf was determined by Jones and Turner (1978) 

method. The fully expanded leaves of equal size were excised from every replicate and 

weighed immediately. All leaf samples were soaked in distilled water for 10 hours at 

room temperature for complete saturation and thereafter turgid weight of leaves recorded. 

Leaves were then kept dry by keeping in oven at 70 oC for 48 hours and their dry weights 

recorded. Relative H2O content of leaf was then calculated using the following formula: 

RWC (%) =  Fresh wt. of leaf – Dry wt. of leaf ×100 

                  Turgid wt. of leaf – Dry wt. of leaf 

 

3.3.6 Electrolyte leakage 

Membrane permeability was determined by using an EC meter following the 

method of Lutts et al. (1999). Fully emerged plant leaves were incised into 1 cm2 pieces 

which were kept into individual test tubes having 10 mL of distilled water. These samples 

were then placed at 25 ºC on a vortexer (80 rpm) for 12 h. EC1 was then recorded. The 

leaf samples were kept in an autoclave at 100 °C for 25 minutes and the electrical 

conductivity (EC2) was noted at room temperature. Electrolyte leakage was calculated 

using following formula: 

EL (%) = EC1 ⁄EC2 × 100 

 

3.3.7 Chlorophyll contents 

Estimation of chlorophyll contents was made following the method of Arnon 

(1949). 0.2 g of fresh leaves was cut into small pieces and extraction made  at -5 oC 

overnight with 10 ml of 80% acetone. The extracts were centrifuged at 12000 × g for 6 

min and supernatant absorbance was taken at 480, 645 and 663 nm with a 

spectrophotometer. Leaf chlorophyll a and b contents were calculated by the formula of 

Arnon (1949). 
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 3.3.8 Leaf free proline 

The proline contents were determined by adopting the method of Bates et al. 

(1973).  Fresh leaf material (0.25 g) was ground in 3% sulfosalicylic acid and volume 

made up to 5 mL. A Whatman filter paper # 2 was used for the filtration of extracted 

sample. An aliquot (2 mL) of filtrate was added to 2 mL acid ninhydrin in a test tube. 

Acid ninhydrin was made by mixing two solutions. First was prepared by dissolving  1.26 

g ninhydrin in 32 mL glacial acetic acid and second was 20 mL of 6 M orthro-phosphoric 

acid. The material so prepared was reacted in a water bath at 97 oC. The reaction was 

stopped in an ice bath after one hour. The mixture was then extracted by mixing of 4 ml 

toluene. The reaction mixture was shaken vigorously by passing air for a few minutes. 

The absorbance of the chromophore dissolving toluene, and which was separated from 

water phase was read at 520 nm on spectrophotometer keeping toluene as a blank. The 

concentration of proline was calculated from a standard curve and proline concentration 

was calculated using the following equation: 

Proline (µM/g f. wt.) = (µg proline mL-1 × mL of toluene/115.5)/ g of sample 

 

3.3.9 Hydrogen peroxide 

The content of hydrogen peroxide in leaf tissue was quantified following 

Velikova et al. (2000). Fresh leaf sample (0.24 g) was ground in 2.5 ml of 0.1% (w/v) 

trichloroacetic acid (TCA) with ice cooled pestle and mortar. The mixture was 

centrifuged at 10000 × g for 12 min. An aliquot of 0.5 mL from the supernatant was 

poured down to a mixture containing 0.5 mL KHPO4/KH2PO4 buffer with pH 7.0 and 1 

mL of KI, vortexed the fusion mixture and absorbance determined at 390 nm with a UV-

visible spectrophotometer. 

 

 3.3.10 Malondialdehyde (MDA) 

Lipid peroxidation was measured as the concentration of malonaldehyde using 

thiobarbituric acid (TBA) reaction following Carmak and Horst (1991). Leaf sample (0.5 

g) was triturated in 1.5 mL of 1.0% TCA. The mixture so prepared was filtered and 

centrifuged at 15000 × g for 10 min. To 0.5 mL of the supernatant, 1 mL of 0.5% TBA 
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prepared in 20% TCA was added. These samples were then incubated at 97 oC for 1 hour 

with occasional shaking. After cooling it in an ice bath, the optical density of the reaction 

mixture was recorded at 532 and 600 nm. The reading at 600 nm was subtracted from all 

readings. The MDA concentration was estimated using the extinction coefficient (155 

mM-1 cm-1) and expressed as nmol (MDA) per g fresh weight. 

MDA content (nmol) = ∆ (A 532 nm -A 600 nm)/ 1.56 ×105 

 

3.3.11 Total phenolics 

 The Julkenen-Titto (1985) procedure was followed for the estimation of total 

phenolics in leaf tissues. A sample of 0.05 g was milled in 80% acetone and centrifuged 

at 4 oC at 12000 × g for 10 min. Two mL of water, 1 mL of Folin Ciocaltaeu reagent and 

100 µL supernatant were mixed and vortexed immediately upon addition of  5 mL of 

20% Na2CO3 solution. The absorbance was recorded at 750 nm and tannic acid used for 

preparing a standard curve. 

 

3.3.12 Total soluble proteins 

Leaf sample (0.5 g) was milled with 10 mL of an ice cooled 50 mM phosphate 

buffer having pH 7.8. The triturated leaf tissue was then centrifuged at 8000 × g for 15 

min at 4 oC. Protein concentration in the leaf tissue was estimated by adopting the 

Bradford method (1976). 

 

3.3.13 Antioxidant enzymes 

Antioxidant enzymes were separated by triturating 0.5 g of fresh leaves in ice 

cooled pestle and mortar using 10 mL of 50 mM chilled KH2PO4 / K2HPO4 with pH 7.8. 

The extract was then centrifuged at 14000 × g for 15 min at 4 oC. The supernatant was 

used for estimation of the following antioxidant enzymes: 

 

 3.3.13.1 Superoxide dismutase (SOD) 

SOD activity was measured by adopting the procedure of Giannopolitis and Ries 

(1977) in terms of its activity to check the photoreduction of nitroblue tetrazolium. One 
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mL of reaction mixture contained 13 mM methionine, 50 mM phosphate buffer, 50 µM 

riboflavin and 50 µL enzyme extract. Reaction was initiated upon inclusion of riboflavin 

and porting the tubes in a chamber under the fluorescence of 20 W lamps. The reaction 

was allowed to continue for 15 min and stopped by switching off the lamp. The 

absorbance at 560 nm was read using a UV-visible (IRMECO U2020) 

spectrophotometer. One unit SOD activity reflected enzyme quantity which caused 50%  

photochemical inhibition of NBT. 

 

3.3.13.2 Catalase (CAT) 

Its activity was assayed in 3 mL reaction solution comprising 50 mM phosphate 

buffer with 7.0 pH, 5.9 mM of H2O2 and 50 µL enzyme extract (Aebi, 1954). The 

reaction was initiated upon addition of the enzyme extract. The catalase activity was 

determined from the decline in absorbance at 240 nm after every 20 sec due to 

consumption of H2O2 (Havir and Mchale, 1987) 

 
3.3.13.3 Peroxidase (POD) 

The activity of POD was determined following Maehly and Chance (1954) by 

guaiacol oxidation in the presence of H2O2. The reaction solution for POD consisted of 

50 mM phosphate buffer (pH 7), 20 mM of guaiacol, 40 mM of H2O2 and 50 µL enzyme 

extract. The increase in the absorbance due to the formation of tetraguaiacol at 470 nm 

was assayed after every 20 sec. The enzyme activity was determined and expressed as 

unit min-1 g-1 fresh weight basis. 

 

3.3.14 Mineral determination 

3.3.14.1 Na+, K+ and Ca2+ determination  

0.42 g of Se and 15 g of LiSO4.2H2O was added in 350 mL of H2O2. 

Concentrated H2SO4 (420 mL) was poured down slowly while placing the mixture in an 

ice bath. This resultant solution was kept at 4 oC for digestion. Dried ground plant 

material (0.1 g) was transferred to each of the digestion tubes, 0.5 mL of digestion 

mixture was added into each tube and kept the tubes overnight. Then 0.5 mL of 

perchloric acid was poured along the sides of tubes, kept these tubes on a hot plate at 220 
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oC for 1 hour until the fumes produced. The tubes were heated for 30 minutes. The 

digestion tubes were cooled to room temperature and repeated the same step until 

material became colorless. The extract volume was made up to 50 mL in a flask. Na+, K+ 

and Ca2+ were determined using a flame photometer of model Jenway, PFP-7 (Wolf, 

1980). 

 

 3.3.14.2 Cl- determination 

Water extraction method was used for the chloride determination. Dried shoot or 

root sample (0.1 g) was taken in a digestion tube having 10 mL of distilled water. Tubes 

were then kept in a digestion block at 85 oC for 6 h and leveled again to 10 mL by adding 

distilled water. The chloride content was estimated using a chloride Analyzer (Sherwood 

Scientific Ltd., UK). 

 

3.3.14.3 Si determination 

Dried ground plant (0.1 g) was added to a capped polyethylene tube. An aliquot 

0.5 mL of 50% NaOH was added to the tube, mixed gently and autoclaved for 30 min at 

200 oC. An aliquot 0.2 mL of 50% H2O2 was poured into the tube after cooling and kept 

the tubes in an autoclave for additional 30 min and then diluted the mixture with distilled 

water up to 50 mL. Si content was calculated following the calorimetric aminomolybdate 

blue method (Elliot and Synder, 1991). To 1 mL of digested material 0.25 mL HCL and 

0.5 mL ammonium molybdate solution were added and mixed thoroughly for a few 

minutes. Then after 5 min, 0.5 mL of tartaric acid and 0.8 mL of sodium bisulphate were 

added. Absorbance was read at 650 nm with a UV-visible spectrophotometer and 

compared with a standard calibration curve of known Si concentrations. 

 

Experiment # 3 

3.4 Assessment of Si effect on growth and physiological attributes of 

maize at varying salt levels in sand culture 

A sand culture experiment was performed to draw the relationship of yield with 

some growth and physiological attributes of maize with silicon nutrition under salinity 
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stress and normal condition. Twelve seeds of each of the two cultivars (Sahiwal 2002 and 

Sadaf) were sown in each pot, having 8 kg washed sand. Two litres of Hoagland’s 

nutrient solution were applied to each pot until day 14 of sowing, after which NaCl 

treatment was started stepwise in parts of 40 mmol/L daily. The volume was enough to 

flush the existing salts in the sand. During the week, distilled water (300 mL) was used to 

keep the sand moist. Plants were thinned to 4 per pot. Different Si treatments (0, 1, 2, and 

4 mmol/L) were started on the day when required salt level (120 mmol/L) was achieved. 

After day 35 and 56 of initiation of salt and Si treatment, two plants were harvested 

carefully from each pot and morphological parameters such as fresh and dry biomass of 

shoot and root and their length were recorded as well as yield attributes adopting the 

same procedure as described earlier. 

 

3.5 Statistical analysis 

The experiment was designed in a completely randomized way with two salt (0 

and 120 mmol/L NaCl) treatments, four silicon (0, 1, 2 and 4 mmol/L) levels having four 

replications of each treatment. The data collected for each variable during the course of 

the study were analyzed statistically using the software program COSTAT v 6.3 of 

Cohort, Berkeley, California). 
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Chapter 4 

 RESULTS 

4.1 Silicon (Si) level optimization through hydroponic system 

Table 4.1 shows that addition of salt (NaCl) to rooting medium markedly 

suppressed shoot fresh and dry weight of maize cultivars. Exogenous application of 

silicon (Si) in different concentrations to the rooting medium substantially improved 

shoot fresh and dry weights of maize apart from 0.4 and 1.2 mM as Si exhibited non 

significant behavior. The highest enhancement in fresh and dry weights of shoot upon Si 

supplementation at 0.8, 1.6 and 2.8 mM has been noted during stress and non-stress 

conditions. 

Inclusion of salt to the rooting medium had a retarding effect on fresh weights of 

maize roots. Applied Si concentrations, 0.8 and 2.8 mM Si notably affected fresh weights 

of maize roots under saline regimes. Under saline conditions, behavior of both cultivars 

owing to root applied Si was not uniform. Sahiwal-2002 had more root fresh weight 

under saline conditions upon Si addition via rooting medium, while the reverse trend was 

seen in cv. Sadaf. 

External Si application enhanced dry mass of roots of both maize cultivars. Under 

normal conditions cv. Sahiwal- 2002 displayed better performance comparable to cv. 

Sadaf and the greatest was found when Si was added at the concentration of 0.8 and 1.6 

mM. Whereas, under stressed  conditions, both the maize cultivars showed a non-uniform 

improving trend in dry mass of roots to applied Si in the root culturing medium. 

The results for shoot length of maize cultivars reflected that rhizospheric salinity 

considerably decreased shoot length of Zea mays. Si in different levels enhanced shoot 

length of maize under saline environment (Fig. 4.1) 

 In contrast, both maize cultivars reflected divergent behavior to added silicon in 

control conditions. The highest positive change in shoot length was found in cv. Sahiwal-

2002, when 2.8 mM Si level was added, but the enhancement in shoot length of cv. Sadaf 

was highest at 1.6 mM Si. Under stress, maize cultivars depicted maximal shoot length 

when 0.8 and 2 mM concentrations of Si were applied (Fig. 4.1). 
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Fig. 4.1: Fresh weight, dry weight and length of shoots and roots of hydroponically 
grown two maize (Zea mays L.) cultivars when varying concentrations of silicon (0, 
0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2 mM) applied through the rooting medium under 
saline or non-saline conditions. (mean ± S.E. ; n=4) 
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Table 4.1: Mean squares from analyses of variance (ANOVA) of data for fresh 
weight, dry weight and length of shoots and roots of hydroponically grown two 
maize (Zea mays L.) cultivars when different concentrations of Si (0, 0.4, 0.8, 1.2, 1.6, 
2.0, 2.4, 2.8, 3.2 mM) applied through rooting medium under saline (120 mM) or 
non-saline (0 mM) conditions. 

 

Source of 
variation 

df 
Shoot 

f.wt. 

Root 

f.wt. 

Shoot 

d.wt. 

Root 

d.wt. 

Shoot 

length 

Root 

length 

Main Effects        

Cultivars(Cv)     1     0.22ns   2.31ns 0.110** 0.004ns     12.11ns     0.71ns 

Salt (S)     8 334.64*** 14.21*** 3.960*** 0.179*** 7687.78*** 493.95***

Silicon (Si)     8   10.21***   2.36* 0.180*** 0.015***   190.91***     9.41ns 

Interactions        

Cv × S     1     0.90ns   0.02ns 0.120** 0.004ns   143.12ns   13.02ns 

Cv × Si     8     1.11ns   1.69ns 0.020ns 0.003ns     34.19ns   12.25* 

S × Si     8     2.99**   3.10** 0.040* 0.007*   150.01***     5.76ns 

Cv × S × Si     8     1.44ns   2.31* 0.006ns 0.006ns     41.39ns     5.25ns 

Error 108     0.99   0.93 0.013 0.003     39.64     4.68 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Among different gas exchange parameters, photosynthetic rate (A) decreased due 

to salinity but this inhibition was more or less the same in both maize cultivars. Si 

addition to the growing medium substantially improved photosynthetic efficiency under 

saline environment. Under normal environment, maximal photosynthetic rate was found 

at 0.8 and 1.6 mM Si. While, under salinity stress, all concentrations of Si were effective 

in improving this attribute. 

The results presented in Fig. 4.2 show that rhizospheric salinity tremendously 

decreased transpiration rate (E) in the two maize cultivars. Whereas, varying levels of 

applied Si had considerably increased transpiration rate under saline circumstances, but 

this trend was not observed under normal conditions. At saline environment, highest 

transpiration was depicted at 1.6 and 2.4 mM concentrations of silicon (Fig. 4.2). 

Other parameters like Ci and gs of maize cultivars were also suppressed due to salt 

application. The cultivars did not exhibit different responses with respect to these 

parameters. A positive effect owing to external Si application on these parameters was 

found in stressed plants. A highest value in them was noticed when 0.8 and 1.6 mM 

silicon was applied in the rooting medium (Fig. 4.2). 

A salt-mediated inhibition in water-use efficiency (A/E) was noted in both maize 

cultivars which was overcome by Si addition. The cultivars responded differentially to 

different doses of applied Si in saline and control situations. The behavior of Sahiwal-

2002 has been observed maximum at 0.8, 2.0 and 2.8 mM Si under saline and control 

environments.  

Sub-stomatal CO2 concentration to ambient CO2 concentration (Ci/Ca) ratio of 

both maize cultivars retarded due to rhizospheric salinity. The cultivars showed no 

difference with regard to this attribute. This hazardous effect of salt stress on Ci/Ca was 

substantially overcome due to Si application. The greatest improvement was noticed in 

Ci/Ca ratio on account of exogenous Si application in both maize cultivars because of salt 

treatments at 0.8, 1.6 and 2.4 mM Si doses (Fig. 4.2). 
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Fig. 4.2: Photosynthetic rate (A), transpiration rate (E),  stomatal conductance (gs), 
sub-stomatal CO2 concentration (Ci), water-use efficiency (A/E) and Ci/Ca of 
hydroponically grown two maize (Zea mays L.) cultivars when varying concentrations 
of silicon (0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2 mM) applied through the rooting 
medium under saline (120 mM) or non-saline  (0 mM) conditions. (mean ± S.E. ; n=4) 

 
 
 
 
 

 



 
 

35

Table 4.2: Mean squares from ANOVA of data for photosynthetic rate (A), 
transpiration rate (E),  stomatal conductance (gs), sub-stomatal CO2 concentration 
(Ci), water-use efficiency (A/E) and Ci/Ca of hydroponically grown two maize (Zea 
mays L.) cultivars when varying concentrations of silicon (0, 0.4, 0.8, 1.2, 1.6, 2.0, 
2.4, 2.8, 3.2 mM) applied through the rooting medium under saline (120 mM) or 
non-saline (0 mM) conditions. 
  
Sources of 

vaiation 
df A E gs Ci A/E Ci/Ca 

Main 

Effects 

       

Cultivars 

(Cv) 

    1  104.5***   0.22**    0.22ns     1024.0ns   10.23* 0.008ns 

Salt (S)     1 3984.9*** 11.97** 334.64*** 183512.3*** 474.64*** 1.500*** 

Silicon (Si)     8    92.5***   0.32**  10.21**     2382.9***   22.45*** 0.019*** 

Interactio

ns 

       

Cv × S     1  113.6***   1.61ns    0.90ns       486.ns   49.87*** 0.003ns 

Cv × Si     8    10.0**   0.03ns    1.11ns       781.2ns     4.31ns 0.006ns 

S × Si     8    60.9***   0.16**    2.99**       619.4ns   17.08*** 0.005ns 

Cv × S × Si     8      8.9**   0.08**    1.44ns       367.3ns     5.88* 0.003ns 

Error 108      3.1   0.03    0.98       507.9     2.54 0.004 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels respectively; ns = non-significant 
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4.2 Assessment of Si effect on growth and physio-chemical attributes of 

maize cultivars at the seedling stage in hydroponics under salt stress 

Data of Table 4.3 show that salt imposition to the rooting medium had significant 

retarding (P<0.001) effect on shoot fresh and dry weights of both maize cultivars. Cv. 

Sahiwal 2002 had higher fresh and dry biomass than cv. Sadaf at all silicon 

concentrations. Exogenously added Si to the culture solution exhibited non-significant 

variation. A maximum increase in shoot fresh and dry biomass was observed at 1 mM Si 

level under non-saline environment. In contrast, salt stressed plants exhibited a consistent 

increase in all these parameters with increase in external Si concentration except Sahiwal 

2002 which at 1 mM Si exhibited maximal dry matter production. 

 Application of salt (NaCl) to the root growing medium markedly inhibited root 

fresh and dry biomass of both maize cultivars. Cultivar Sahiwal 2002 excelled Sadaf in 

fresh and dry weights of roots under normal conditions, but both cultivars showed highest 

increase when provided with Si at a rate of 1 mM to the solution culture. Under saline 

regime, no consistent trend was observed at varying levels of Si in these attributes except 

Sahiwal 2002 which showed a maximum increase at the highest Si level (4 mM), whereas 

cv. Sadaf had its maximal enhancement at 1 mM Si concentration. 

           Data for lengths of shoot and root of both maize cultivars under salt stressed and 

non-stressed regimes at four Si levels showed that there was a decreasing effect of salt on 

these growth attributes. Shoot length of cv. Sadaf at 120 mM salt treatment progressively 

increased with increase in external Si level. However, salt stressed plants of both 

cultivars showed their highest shoot length at the highest Si level. Under non-saline 

environment, the response of both cultivars was non-significant. However, cv. Sadaf 

displayed its maximal shoot and root length at 1 mM and 4 mM Si, respectively, whereas 

cv. Sahiwal 2002 showed its best in these variables at 2 and 1 mM Si levels, respectively.   

  Net CO2 assimilation rate (A) was suppressed significantly (P< 0.001) in salt stressed 

plants of both maize cultivars. The cultivars showed varied response in this gas exchange 

attribute (P< 0.05)(Table 4.4). Cultivar sahiwal 2002 exhibited considerably a higher 

value of this attribute than cv. Sadaf under saline and normal regimes. Silicon 

supplementation significantly ameliorated the drastic effects of salt (Fig. 4.4) on A in  
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Fig. 4.3: Fresh weight, dry weight and length of shoots and roots of hydrponically 
grown two maize  (Zea mays L.) cultivars when varying concentrations of silicon 
applied through the rooting medium  at the seedling stage under saline (120 mM) or 
non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.3: Mean squares from ANOVA of data for fresh weight, dry weight and 
length of shoots and roots of hydroponically grown two maize (Zea mays L.) cultivars 
when varying concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting 
medium at the seedling stage under saline (120 mM) or non-saline (0 mM) conditions. 

Source of 

variation 

df Shoot 

f.wt. 

Root 

f.wt. 

Shoot 

d.wt. 

Root 

d.wt. 

Shoot 

length 

Root 

length 

Main 

Effects 

       

Cultivars 

(Cv) 

  1 0.68ns 0.30ns 0.091*   0.003ns     81.7ns     3.85ns 

Salt (S)   1 5.69*** 4.96*** 0.612*** 0.051*** 2784.7*** 231.41***

Silicon (Si)   3 0.78ns 0.19ns 0.009ns 0.002ns   118.7ns   11.20ns 

Interactions        

Cv × S   1 0.10ns 0.02ns 0.009ns 0.003ns   185.9*       4.68ns 

Cv × Si   3 0.14ns 0.03ns 0.007ns 0.0001ns     19.1ns     6.29ns 

S × Si   3 0.49ns 0.13ns 0.016ns 0.0003ns     95.2ns     3.19ns 

Cv × S × Si   3 0.01ns 0.05ns 0.001ns 0.0004ns     29.4ns     6.26ns 

Error 
48 0.29 0.21 

 
0.014 0.002     42.5     9.81 

 

*, **,***= significant  at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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 both cultivars. Furthermore, the interaction term (salt × silcon) was significant reflecting 

that the response of maize cultivars differed in this variable at varying silicon levels. 

  Transpiration rate (E) was lowered 30 % in plants subjected to 120 mM NaCl with 

respect to that in plants grown under control conditions (Fig. 4.4). However, no 

difference was found between the two cultivars regarding this gas exchange attribute. In-

addition, the application of 4 mM silicon to the rooting medium resulted in increased 

transpiration rate in stressed and control plants of both maize cultivars. 

            Table 4.4 shows that salt stress lowered stomatal conductance (gs) of maize plants 

significantly (P< 0.001). No considerable variation between cultivars was found with 

respect to this parameter under both saline and non-saline growth media. Silicon addition 

to the rooting medium resulted in an increase in gs , where 1 mM silicon level had a more 

pronounced effect on this parameter (Fig. 4.4). 

               Salt stress caused a significant decline in sub-stomatal CO2 concentration (Ci) of 

plants of both maize cultivars (Table 4.4). However, this decrease due to salt stress was 

more in Sadaf than that in Sahiwal 2002. The cultivars did not show a significant 

difference for this gas exchange attribute. Root applied varying concentrations of silicon 

also did not cause any significant alteration in sub-stomatal CO2 concentration of both 

cultivars under normal and saline envronments.  

               Addition of salt to the growth medium had a significant inhibitory effect 

(P<0.01) on water-use efficiency (WUE)(expressed as A/E) of  both maize cultivars. 

However, the extent of inhibition was comparatively more in cv. Sadaf than that of cv. 

Sahiwal 2002. Although, silicon supplementation did not significantly affect the water-

use efficiency of maize plants of both cultivars, root applied 4 mM and 1 mM caused a 

marked increase in WUE of salt treated and non-treated plants of both cultivars, 

respectively (Fig. 4.4).   

               A marked decrease in Ci/Ca ratio in maize plants of both cultivars was observed 

due to salt stress. Furthermore, difference between the cultivars was not possible to 

discern. Maximum Ci/Ca ratio was shown by cv. Sahiwal 2002 at varying levels of silicon 

except at the highest level (4 mM). Overall, exogenous application of silicon did not 

bring any significant change in this ratio. 

               Analysis of variance of data (Table 4.5) showed that all chlorophyll 

fluorescence attributes (Fm, Fo, qP, qN, ETR and Y) of both maize cultivars were  
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Fig. 4.4: Photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs), 
sub-stomatal CO2 concentration (Ci), water-use efficiency (A/E) and Ci/Ca of 
hydroponically grown two maize cultivars (Zea mays L.) when varying concentrations 
of silicon applied through the rooting medium at the seedling stage under saline (120 
mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4)  
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Table 4.4: Mean squares from ANOVA of data for photosynthetic rate (A), 
transpiration rate (E), stomatal conductance (gs), sub-stomatal CO2 concentration 
(Ci), water-use efficiency (A/E) and Ci/Ca of hydroponically grown two maize (Zea 
mays L.) cultivars when varying concentrations of silicon (0, 1, 2 and 4 mM) applied 
through the rooting medium at the seedling stage under saline (120 mM) or non-
saline (0 mM) conditions. 
  
Source of 

variation 
df A E gs Ci A/E Ci/Ca 

Main Effects        

Cultivars 

(Cv) 

  1   12.91*   0.02ns     4225.0ns     1208.5ns   7.89ns 0.01ns 

Salt (S)   1 623.42*** 2.54*   170156.2*** 109207.9*** 48.81** 0.88*** 

Silicon (Si)   3   18.21** 0.04ns     2560.9ns       222.9ns 12.20ns 0.002ns 

Interactions        

Cv × S   1     6.35ns 0.003ns       01.56ns       173.8ns   2.44ns 0.002ns 

Cv × Si   3     2.05ns 0.02ns       28.1ns       577.8ns   0.21ns 0.005ns 

S × Si   3       8.80* 0.002ns   2384.4 ns       864.3ns   4.17ns 0.006ns 

Cv × S × Si   3     0.74ns 0.001ns     510.9ns         23.7ns   0.27ns 0.0001ns

Error 
48     3.08 0.38   1981.5     2333.9 

 
  6.00 0.02 

*, **,***= significant  at 0.05, 0.01 and 0.001 levels respectively; ns = non-significant 
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significantly affected by salt stress. The cultivars also differed significantly regarding 

these attributes except non-variable flourecence (Fo), photochemical (qP) and non-

photochemical quenching (qN). The cultivar difference in Fm, ETR and Y though was 

significant, it was difficult to discriminate between the cultivars at varying Si levels. 

Furthermore, addition of silicon to the rooting solution did not affect chlorophyll 

fluorescence parameters except electron transfer rate (ETR) and yield of quantum 

efficiency (Y). In terms of Fm, the cultivars differed significantly to silicon addition under 

both saline and control conditions.  Moreover, in yield of quantum efficiency (Y), the  

interaction term (Cv × S × Si) was also significant exhibiting that both maize cultivars 

performed differently at varying silicon concentrations under salt stress. 

Salt (NaCl) addition to the growth medium brought a significant increase 

(P<0.001) in leaf proline content of seedlings of both maize cultivars (Table 4.8). 

However, the cultivars did not show a significant variation in terms of proline 

accumulation under both saline and non-saline situations. Application of silicon as silicic 

acid particularly 1 and 2 mM Si caused a significant decrease in the accumulation of 

proline in leaves of maize cultivars, particularly under salt-stressed condition. 

Presence of excessive salts in rhizospheric solution decreased chlorophyll 

pigments ‘a’ and ‘b’ in salt treated maize plants of both cultivars. Fig. 4.6 shows that in 

cv. Sahiwal 2002, this pigment reduction was quite less under salt stress in comparison to 

cv. Sadaf. However, this hazardous effect of salt stress was significantly overcome by 

adding Si to the rhizospheric solution, especially 1 mM of Si. No doubt, upon Si 

application chlorophyll pigment stabilized under both saline and control situations, yet 

this Si mitigative effect was more obvious under saline situations. Furthermore, data 

regarding chlorophyll ‘a’ and ‘b’ ratio did not show a clear-cut mitigation effect of Si. 

A significant reduction in leaf water potential, osmotic potential and turgor 

potential was found due to addition of salts to the root growing medium. However, the 

cultivars depicted a non-significant response. Moreover, Si application proved to be an 

effective strategy to mitigate salt stress adversaries, as Si application to the rooting 

medium caused a significant improvement in all these water relation attributes, but more 

obvious effect was found in salt treated plants of both maize cultivars.  

Salt stress resulted in a substantial reduction and enhancement in leaf relative 

water content and electrolyte leakage, respectively.in plants of both maize cultivars. 
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Fig. 4.5: Non-variable fluorescence (Fo), maximal fluorescence (Fm), photochemical 
quenching (qP), non-photochemical quenching (qN), electron transport rate (ETR) 
and yield of quantum efficiency (Y) of hydroponically grown two maize (Zea mays L.) 
cultivars when varying concentrations of silicon applied through the rooting medium 
at the seedling stage under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± 
S.E.; n=4) 
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Table 4.5: Mean squares from ANOVA of data for non-variable fluorescence (Fo), 
maximal fluorescence (Fm), photochemical quenching (qP), non-photochemical 
quenching (qN), electron transport rate (ETR) and yield of quantum efficiency (Y) of 
hydroponically grown two maize (Zea mays L.) cultivars when different 
concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting medium at 
the seedling stage under saline (120 mM) or non-saline (0 mM) conditions. 
 

Source of 

variation 
df Fo Fm qP qN ETR Y 

Main Effects        

Cultivar (Cv)   1   194.4ns 14496.2** 0.001ns 0.014ns 16.73* 0.005** 

Salt (S)   1 2126.7** 13133.2** 0.191*** 0.212*** 37.81** 0.005** 

Silicon (Si)   3     85.8ns   1709.3ns 0.005ns 0.011ns 12.83** 0.005***

Interactions        

Cv × S   1   139.5ns       92.2ns 0.001ns 0.0001ns   0.69ns 0.001ns 

Cv × Si   3   299.2ns   4765.3* 0.006ns 0.002ns   0.80ns 0.002* 

S × Si   3     35.9ns     802.4ns 0.002ns 0.014ns   1.69ns 0.002* 

Cv × S × Si   3     91.0ns     629.4ns 0.001ns 0.005ns   1.53ns 0.003** 

Error 48   187.8   1621.7 0.005 0.007   2.49 0.001 

*, **, ***=significant at 0.05, 0.01 and 0.001 levels respectively; ns = non-significant 
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Fig. 4.6: Chlorophyll a, b and a/b ratio in the leaf of two 
maize (Zea mays L.) cultivars when varying concentrations of 
silicon applied through the rooting medium at the seedling 
stage under saline (120 mM) or non saline (0 mM) conditions. 
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Table 4.6: Mean squares from ANOVA of data for chlorophyll a, b and Chl. a/b 
ratio in the leaf of hydroponically grown two maize (Zea mays L.) cultivars when 
varying concentrations of silicon (0, 1, 2 and 4 mM)  applied through the rooting 
medium at the seedling stage under saline (120 mM) or non-saline (0 mM) 
conditions. 
 

Source of variation df Chl. a Chl. b Chl. a/b 

Main Effects     

Cultivar (Cv)   1 0.0272ns 0.0070ns   0.12ns 

Salt (S)   1 7.7423*** 0.1796*** 20.23** 

Silicon (Si)   3 0.4725* 0.0379**   0.78ns 

Interactions     

Cv × S   1 0.00002ns 0.0021ns   0.08ns 

Cv × Si   3 0.0239ns 0.0001ns   0.14ns 

S × Si   3 0.2828ns 0.0089ns   2.69ns 

Cv × S × Si   3 0.0389ns 0.0041ns   0.37ns 

Error 48 0.1361 0.0079   2.32 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 

                
 

 

 

 

 

 

 

 

 

 

 

 



 
 

47

 However, cultivars differed significantly in respect of electrolyte leakage, where cv. 

Sadaf showed decreased membrane stability upon exposure to salt stress as indicated 

from higher values of electrolyte leakage percentage. With Si supplementation, a 

remarkable reduction in leakage percentage was noted; particularly at 2 mM Si which 

indicated the Si role in membrane stability. Regarding cultivar response, a significant 

varying response was observed where cv. Sahiwal 2002 was found to be superior to cv. 

Sadaf in terms of membrane stability index. Relative water content was decreased with 

addition of salt to the root growing medium. But, Si exogenous supplementation 

improved relative water content and highest increase was noted when 1 mM or 2 mM Si 

added to the growth medium. 

Leaf MDA content of both maize cultivars increased markedly with the addition 

of salt to the root growing medium (Fig. 4.8). Although, the cultivar difference at 

different silicon levels was not obvious, the silicon presence in the growth medium 

showed an inverse relationship with leaf MDA content in salt-stressed or non-stressed 

maize plants. 

NaCl concentration in the rooting medium caused a significant enhancement in 

H2O2 content in the leaves of seedlings of both maize cultivars (Table 4.8). The cultivars 

also varied significantly in this attribute. Due to root applied silicon, a considerable 

decline in the accumulation of H2O2 occurred in both cultivars. Cultivar Sadaf was 

significantly higher in water content than cv. Sahiwal 2002 at varying Si levels in the 

saline growth medium. 

 NaCl addition to the growth medium brought a significant increase in total phenolic 

contents in the leaves of seedlings of both maize cultivars. Moreover, total phenolics 

increased with exogenous application of silicon in the rooting medium and maximum 

accumulation occurred at 1 mM Si level. However, a further increase in silicon 

concentration in the growth medium did not show a significant effect on this biochemical 

attribute (Fig. 4.8). 

Total soluble proteins increased consistently with increase in Si concentration in 

the growth medium under stress environment whereas highest soluble protein content 

was noted under normal environment, at 1 mM Si level (Fig. 4.9). 

The SOD activity was found to be slowed down with the addition of NaCl to the 

rooting medium. Although, no clear trend was observed with Si application, at 1 mM 



 
 

48

 
 
 

        
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
Fig. 4.7: Water potential, osmotic potential, turgor potential, relative water content 
and electrolyte leakage of hydroponically grown two maize (Zea mays L.) cultivars  
when varying concentrations of silicon applied through the rooting medium at the 
seedling stage under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; 
n=4) 
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Table 4.7: Mean squares from ANOVA of data for water potential, osmotic potential, 
turgor potential, relative water content (RWC) and electrolyte leakage of 
hydroponically grown two maize (Zea mays L.) cultivars when varying concentrations 
of silicon (0, 1, 2 and 4 mM) applied through the rooting medium at the seedling stage 
under saline (120 mM) or non-saline (0 mM) conditions. 

Source of 

variation 
df 

Water 

potential 

Osmotic 

potential 

Turgor 

potential 
RWC 

Electrolyte 

leakage 

Main Effects       

Cultivars(Cv)   1 0.0044ns 0.0003ns 0.0073ns     17.87ns     13.87* 

Salt (S)   1 2.0485*** 0.7612*** 0.3121** 1287.19*** 1304.29***

Silicon (Si)   3 0.0545* 0.0817** 0.0082ns   146.84*    61.61*** 

Interactions       

Cv × S   1 0.0058ns 0.0072ns 0.00007ns    29.70ns    29.89*** 

Cv × Si   3 0.0025ns 0.0023ns 0.0075ns     8.02ns     2.88ns 

S × Si   3 0.0072ns 0.0035ns 0.0012ns   19.56ns   18.84*** 

Cv × S × Si   3 0.0014ns 0.0040ns 0.0016ns   11.12ns     8.58* 

Error 48 0.0166 0.0138 0.0308   41.22     2.05 

*, **,***= significant  at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Fig. 4.8: Malondialdehyde, free proline, H2O2 and total phenolic content in leaf of 
hydroponically grown two maize (Zea mays L.) cultivars when varying 
concentrations of silicon applied through the rooting medium at the seedling stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.8: Mean squares from ANOVA of data for free proline, malondialdehyde 
(MDA), H2O2, and total phenolic content in leaf of hydroponically grown two maize 
(Zea mays L.) cultivars when varying concentrations of silicon (0, 1, 2 and 4 mM)  
applied through the rooting medium at the seedling stage under saline (120 mM) or 
non-saline (0 mM) conditions. 
 

Source 

of variation 
df Proline MDA H2O2 

Total 

phenolics 

Main Effects      

Cultivar (Cv)   1     0.15ns       7.74ns     479.62**     6.69*   

Salt (S)   1 573.32*** 4298.92*** 10201.01*** 510.93*** 

Silicon (Si)   3   14.41**   137.71***     348.53**   76.20*** 

Interactions       

Cv × S   1     1.29ns       0.04ns     216.11***     0.10ns 

Cv × Si   3     0.02ns       2.54ns       13.12ns   13.91*** 

S × Si   3     1.71ns     15.92ns         5.88ns     1.56ns 

Cv × S × Si   3     2.52ns     13.51ns         6.30ns     6.15** 

Error 48     1.42       7.67       11.71     1.23 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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of Si, the highest SOD activity in maize plants was recorded with the exception of non-

salinized plants of cv.Sadaf. 

With the addition of NaCl to the rhizospheric solution, the activity of POD 

slightly decreased. Under stress condition, cv. Sadaf was superior to cv. Sahiwal 2002 in 

terms of the activity of POD, but the reverse was true under control environment (Fig. 

4.9; Table 4.9). Moreover, with Si application, POD activity enhanced in salinized plants 

of both maize cultivars, while the reverse was true for non-salinized maize plants in 

which its activity decreased upon Si application. 

Enhancement in the CAT activity was observed in both maize cultivars when the 

plants were exposed to salt stress. Cultivar difference was non-significant. Upon Si 

application, the reverse effect was noticed as its application decreased the CAT efficiency 

under stress, but in contrast it decreased under control environment. However, beyond 1 

mM Si level, a further increase in Si level brought no change in its activity. 

Na+ accumulation in shoots and roots of maize cultivars significantly increased 

with increase in external Na+ concentration (P<0.001) (Table 4.10). Both cultivars did 

not show any significant difference under control or saline environments. Cultivar Sadaf 

was superior to cv. Sahiwal 2002 in accumulating Na+ in root under saline conditions 

while such difference between the cultivars was not observed in shoot Na+. Application 

of silicon reduced the accumulation of Na+ in the roots and shoots of maize cultivars 

under saline situations where maximum reduction in Na+ accumulation was observed at 

1mM silicon whereas in non-saline condition, both cultivars did not show a significant 

difference in shoot Na+ accumulation at varying external Si levels (Fig. 4.10; Table 4.10). 

Salinity considerably decreased accumulation of K+ in the shoots and roots of 

maize cultivars (P<0.001). Difference in both cultivars for root K+ accumulation was 

non-significant under normal or saline regimes, whereas the reverse was true for shoot K+ 

accumulation as both cultivars showed a significant difference, under saline conditions 

only (Table 4.10). Moreover, cv. Sahiwal 2002 had considerably higher shoot K+ 

concentration than that of cv. Sadaf, particularly under saline conditions (Fig. 4.10). 

Generally, silicon application enhanced shoot and root K+ accumulation of both cultivars, 

except in shoot  K+ where only 1 mM Si was effective to enhance shoot K+ only in cv. 

Sahiwal under saline conditions. 
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Fig. 4.9: Total soluble protein and activities of superoxide (SOD), peroxidase (POD) 
and catalase (CAT) of two maize (Zea mays L.) cultivars when varying concentrations 
of silicon applied through the rooting medium at the seedling stage under saline (120 
mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.9: Mean squares from analyses of variance (ANOVA) of data for total soluble 
proteins, superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of 
hydroponically grown two maize (Zea mays L.) cultivars when varying concentrations 
of silicon (0, 1, 2 and 4 mM) applied through the rooting medium at the seedling stage 
under saline (120 mM) or non-saline (0 mM) conditions. 

Source of 

variation 
df 

Total soluble 

proteins 
CAT SOD POD 

Main Effects      

Cultivars (Cv)   1 0.0041ns 23.46ns  9.12ns 43.82ns 

Salt (S)   1 0.0005ns 688.34*** 45.76ns 718.51*** 

Silicon (Si)   3 0.0422*** 53.47*      70.88* 20.45ns 

Interactions      

Cv × S   1 0.0021ns   7.00ns 49.95ns 444.46*** 

Cv × Si   3 0.0011ns 77.58** 34.52ns 24.89ns 

S × Si   3 0.0063ns 259.42*** 63.14ns 24.26ns 

Cv × S × Si   3 0.0048ns 29.64ns  9.92ns 46.38ns 

Error 48 0.0026     16.16      24.81        25.87 

*, **,***= significant  at 0.05, 0.01 and 0.001 levels, respectively. ns = non-significant 
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Fig. 4.10: Sodium (Na+), potasium (K+) and K+/Na+ ratio in shoots and roots of 
hydroponically grown two maize (Zea mays L.) cultivars  when varying 
concentrations of silicon applied through the rooting medium at the seedling stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.10: Mean squares from ANOVA of data for Na+, K+ and K+/Na+ ratio of 
shoots and roots of hydroponically grown two maize (Zea mays L.) cultivars when 
varying  concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting 
medium at the seedling stage under saline (120 mM) or non-saline (0 mM) 
conditions. 
 
Source of 

variation  

df Shoot 

Na+ 

Root Na+ Shoot K+ Root 

K+ 

Shoot 

K+/Na+ 

Root  

K+/Na+ 

Main Effects        

Cultivar (Cv)   1   0.003ns     4.66ns   14.32*     0.98ns    0.18ns   0.12ns 

Salt (S)   1 615.61*** 852.12*** 458.31*** 51.90** 862.9*** 21.7*** 

Silicon (Si)   3   14.63***   11.93***   34.91**   3.19ns   25.13**   1.01** 

Interaction        

Cv × S   1     0.85ns   2.28ns   13.90*     0.21ns     2.44ns   0.03ns 

Cv × Si   3     0.23ns   0.22ns     4.00ns   0.25ns     2.16ns   0.03ns 

S × Si   3     6.29**   0.82ns     4.66ns   0.04ns   11.8ns   0.58*   

Cv × S × Si   3     0.45ns     0.93ns     0.96ns   0.06ns     1.89ns   0.07ns 

Error 
48     1.32     1.71     3.07   1.22     4.98 

 
  0.16 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Excessive salt in the growth medium markedly decreased K+/Na+ ratio in the 

shoots and roots of maize cultivars (Fig. 4.10; Table 4.10). However, cultivars showed no 

significant difference in this attribute. Of different silicon treatments, maximum root and 

shoot K+/Na+ ratio was recorded at 1 or 2 mM Si treatments particularly under control 

conditions, whereas salinized plants of the maize cultivars showed a consistent pattern in 

shoot and root K+/Na+ ratios under increasing levels of exogenously applied silicon. 

Calcium (Ca2+) concentration in roots and shoots of both maize cultivars 

decreased significantly due to salinity stress. The cultivars depicted non-significant 

differences with respect to this attribute to either salt stress or silicon dosage. 

Exogenously added silicon to the growth medium also did not cause any significant 

change in root or shoot Ca2+ in both cultivars grown in salinized or non-salinized medium 

(Fig. 4.11;Table 4.11). 

With increase in external NaCl salinity, Cl- concentration in the roots and shoots 

of both maize cultivars increased significantly. The response of both maize cultivars to 

saline stress also differed significantly for root Cl- concentration. Silicon supplementation 

significantly reduced Cl- concentration in the shoots of cv. Sahiwal 2002, but that of cv. 

Sadaf remained unchanged under saline conditions, however, the reverse was true for 

root Cl- concentration where externally supplied silicon enhanced Cl- accumulation in the 

roots of salt-treated plants of both cultivars (Fig. 4.11; Table 4.11). Root Cl- was 

markedly higher in cv. Sahiwal 2002 than that in cv. Sadaf under saline stress and 

varying levels of Si. 

Shoot Si content was remarkably decreased upon induction of salt stress. 

However, the difference between the cultivars was difficult to discern. Exogenous 

application of Si substantially increased the Si endogenous concentration. Under stress 

condition, Si endogenous level consistently increased with Si application, being highest 

at 4 mM of Si, whereas under controlled condition the highest increase was observed at 2 

mM Si, afterward it decreased sharply. 

Accumulation of Si in the root increased considerably with increased Si 

concentration in the rooting medium (Fig. 4.11). However, Si accumulation in the roots 

of salinized plants was more than that in the non-salinized maize plants except at the 

highest Si level i.e 4 mM. The difference between the cultivars with respect to this 

attribute was not clear under both growth conditions. 
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Fig 4.11: Calcium (Ca2+), chloride (Cl-) and silicon (Si) contents in shoots and roots of 
hydroponically grown two maize (Zea mays L.) cultivars  when varying 
concentrations of silicon applied through the rooting medium at the seedling stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.11: Mean squares from ANOVA of data for Ca2+, chloride (Cl-)  and silicon 
(Si) of shoots and roots of hydroponically grown two maize (Zea mays L.) cultivars 
when varying concentrations of silicon (0, 1, 2 and 4 mM) applied through the 
rooting medium at the seedling stage under saline (120 mM) or non-saline (0 mM) 
conditions. 
 

Source of 

variation 
df 

Shoot 

Ca2+ 

Root 

Ca2+ 
Shoot Cl- Root Cl- Shoot Si Root Si 

Main 

Effects 

       

Cultivar 

(Cv) 

  1    1.46ns 0.29ns       0.92ns     71.8** 0.256ns 0.0196ns 

Salt (S)   1 25.91*** 6.88* 5750.90*** 2552.8*** 260.232** 0.1764ns

Silicon (Si)   3    0.28ns 0.24ns     68.41**     55.4*** 394.44*** 12.215***

Interaction        

Cv × S   1    0.06ns 0.02ns       6.16ns 111.81*** 11.197** 0.034ns 

Cv × Si   3    0.14ns 0.05ns   111.40***       6.16ns 4.581** 0.226ns 

S × Si   3    0.59ns 0.23ns   118.42***     25.42*  91.998*** 0.116ns 

Cv × S × Si   3    0.44ns 0.08ns     13.41ns       0.58ns 2.293ns 0.0719ns 

Error 48    1.88 1.25     12.90       6.92 0.944 0.195 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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4.3 Assessment of Si influence on growth and physio-chemical 

characteristics of maize cultivars at the vegetative stage in hydroponics 

under salt stress 

A marked inhibition owing to salinity stress was noted on fresh weights of shoots 

and roots of both maize cultivars (P<0.001). The cultivars responded non-significantly to 

either salt or silicon application. Externally applied varying doses of silicon in the root 

growing medium brought a significant increase in fresh weights of shoots and roots of 

both cultivars. However, such a significant increasing response was not observed at 0.4 

and 1.2 mM Si. A maximum increase in these attributes was observed with 0.8, 1.6 and 

2.8 mM silicon nutrition under normal conditions (Table 4.12; Fig.4.12). 

A marked reduction in dry weights of shoots and roots of either cultivar was 

found due to root zone salinity. Shoot dry weights of cv. Sahiwal 2002 was higher than 

that of cv. Sadaf under saline regimes. Si application caused a significant increase in dry 

weights of both cultivars under saline and control conditions. However, under control 

conditions, this increasing effect was more apparent at 0.8 and 1.6 mM in each cultivar. 

Shoot length decreased significantly in the salinized plants of the maize cultivars 

with respect to that in the non-salinized plants. Si application increased the shoot length 

of both cultivars (P<0.001) under saline and non-saline conditions (Table 4.12). Shoot 

length of salt affected plants of cv. Sahiwal 2002 was significantly higher compared with 

that of cv. Sadaf particularly at 2 mM Si, but the reverse was true under non-saline 

conditions. 

Root length, like shoot length, also decreased with imposition of salt stress to the 

rooting medium (P<0.001). Varying levels of Si affected this attribute of both cultivars 

significantly under saline and non-saline regimes (Table 4.12). 

Photosynthetic rate (A) of maize cultivars decreased significantly when plants 

were subjected to 120 mM NaCl stress, but the pattern of reduction was uniform in both 

maize cultivars (Table 4.13). Exogenous root applied Si caused a significant 

enhancement in photosynthetic rate of salt stressed plants, but effective Si levels for this 

enhancement were different among stressed and non-stressed plants. Under control 

conditions, maximum enhancement in plant photosynthetic rate was found at 0.8 or 1.6 

mM root applied Si whereas, under stressed conditions, all Si levels were found to  
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Fig. 4.12: Fresh weight, dry weight and length of shoots and roots of hydrponically 
grown two maize (Zea mays L.) cultivars when varying concentrations of silicon 
applied through the rooting medium at the vegetative stage under saline (120 mM) or 
non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 

 
 
 
 

 
 



 
 

62

Table 4.12: Mean squares from ANOVA of data for fresh weight, dry weight and 
length of shoots and roots of hydroponically grown two maize (Zea mays L.) 
cultivars when varying concentrations of silicon (0, 1, 2 and 4 mM)  applied through 
the rooting medium at the vegetative stage under saline (120 mM) or non-saline (0 
mM) conditions. 
Source of 

variation 

df Shoot 

f.wt. 

Root 

f.wt. 

Shoot 

d.wt. 

Root 

d.wt. 

Shoot 

length 

Root 

length 

Main Effects        

Cultivars 

(Cv) 

  1   28.71ns   2.06ns 1.79*   0.004ns       5.58ns     0.25ns 

Salt (S)   1 936.92*** 60.31*** 3.91*** 0.79*** 8437.61*** 202.51**

Silicon (Si)   3   16.00ns   3.21*   0.29ns 0.02ns   590.90**   21.2ns 

Interactions        

Cv × S   1   13.71ns   3.34ns 0.66ns 0.004ns    271.21ns   18.31ns 

Cv × Si   3     7.26ns   0.49ns 0.06ns 0.001ns      60.13ns     2.83ns 

S × Si   3   32.42*     2.33ns 0.24ns 0.011ns    494.24**     4.88ns 

Cv × S × Si   3     0.40ns   0.08ns 0.13ns 0.015ns      60.91ns     7.36ns 

Error 48     9.17   0.85 0.29 0.012    115.11   20.1 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Fig. 4.13: Photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs), 
sub-stomatal CO2 concentration (Ci), water-use efficiency (A/E) and Ci/Ca of 
hydroponically grown two maize cultivars (Zea mays L.) when varying concentrations 
of silicon were applied through the rooting medium at the vegetative stage under 
saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.13: Mean squares from ANOVA of data for photosynthetic rate (A), 
transpiration rate (E), stomatal conductance (gs), sub-stomatal CO2 concentration 
(Ci), water-use efficiency (A/E) and Ci/Ca of hydroponically grown two maize (Zea 
mays L.) cultivars when varying concentrations of silicon (0, 1, 2 and 4 mM) applied 
through the rooting medium at the vegetative stage under saline (120 mM) or non-
saline (0 mM) conditions. 
 

Source of 

variation 
d.f. A E gs Ci A/E Ci/Ca 

Main Effects        

Cultivars 

(Cv) 

  1   44.21**   0.014ns     3167.2ns     217.9ns 10.0ns 0.002ns 

Salt (S)   1 692.50*** 10.12*** 211600.0*** 57414.2*** 10.0ns 0.46*** 

Silicon (Si)   3   24.41***   0.101ns     3333.3ns     292.1ns 10.3ns 0.002ns 

Interactions        

Cv × S   1     0.29ns   0.119ns     3600.0ns   2453.9ns 3.06ns 0.019ns 

Cv × Si   3     8.26**   0.010ns       800.0ns     170.4ns 1.42ns 0.001ns 

S × Si   3   18.73***   0.030ns     1466.7ns       52.2ns 2.39ns 0.0004ns

Cv × S × Si   3     0.36ns   0.049ns    400.0ns       25.9ns 0.34ns 0.0003ns

Error 48     1.63   0.35     3075.0   1524.3 5.06 0.012 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels respectively, ns = non-significant 
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be effective in enhancing net-photosynthetic rate in plants of  maize cultivars (Fig. 4.13). 

Root zone salt stress brought reduction in transpiration rate (E) of both maize 

cultivars (P<0.001). Varying levels of exogenously applied Si increased the transpiration 

rate of both cultivars under saline conditions where maximum improvement was noted at 

1.6 and 2.4 mM Si, but this increasing effect in transpiration rate was not depicted by the 

plants grown under normal conditions (Fig. 4.13; Table 4.13). 

Stomatal conductance (gs) decreased markedly with addition of salt to the growth 

medium. Moreover, the cultivars had no difference in relation to this gas exchange 

attribute (Table 4.13). Exogenous application of Si through the rooting medium 

significantly increased the sub-stomatal conductance in both maize cultivars. However, 

this increasing effect was more pronounced on cv. Sahiwal 2002 than on cv. Sadaf under 

non-saline conditions. 

Sub-stomatal CO2 concentration (Ci) was suppressed significantly in salinized 

plants. The cultivars did not show any substantial difference for this attribute. Root 

applied Si significantly increased stomatal CO2 concentration in both cultivars under 

normal or saline regimes (Table 4.13; Fig. 4.13). 

Ratio of sub-stomatal CO2 concentration to ambient CO2 concentration was inhibited 

significantly with addition of NaCl to the growth medium. The cultivars were similar 

with respect to this attribute. However, the inhibitory effect of salt stress on Ci/Ca ratio 

was mitigated with external application of Si where this effect was more pronounced in 

both cultivars at 0.8, 1.6 and 2.8 mM Si under saline conditions (Fig. 4.13). 

Water-use efficiency in terms of A/E decreased significantly due to salt treatment 

in the maize cultivars (Table 4.13). Externally added Si increased water-use efficiency of 

salt treated maize plants. A differential response was exhibited by both cultivars to 

varying levels of root applied Si under under saline and normal conditions. A maximum 

response in terms of increasing water-use efficiency of cv. Sahiwal 2002 was found at 

0.8, 2.0 and 2.8 mM Si under both normal and saline environments. 

Salt stress caused a significant effect on chlorophyll fluorescence parameters (Fm, 

ETR, Fo, Y, qN and qP) of both maize cultivars at the vegetative stage (Table 4.14). 

However, the differences between the two cultivars with respect to these parameters were 

non-significant. Exogenously applied silicon to root growing medium had a significant 

effect on quantum efficiency (Y) and photochemical quenching (qp) of both cultivars.   
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Fig. 4.14: Non-variable fluorescence (Fo), maximal fluorescence (Fm), photochemical 
quenching (qP), non-photochemical quenching (qN), electron transport rate (ETR) 
and yield of quantum efficiency (Y) of hydroponically grown two maize (Zea mays L.) 
cultivars when varying concentrations of silicon applied through the rooting medium 
at the vegetative stage under saline (120 mM) or non-saline (0 mM) conditions. 
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Table 4.14: Mean squares from ANOVA of data for non-variable fluorescence (Fo), 
maximal fluorescence (Fm), photochemical quenching (qP), non-photochemical 
quenching (qN), electron transport rate (ETR) and yield of quantum efficiency (Y) of 
hydroponically grown two maize (Zea mays L.) cultivars when different 
concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting medium at 
the vegetative stage under saline (120 mM) or non-saline (0 mM) conditions. 
 

Source of 

variation 
df Fo Fm qP qN ETR Y 

Main Effects        

Cultivar (Cv)   1   197.0ns     4505.8ns 0.029ns 0.0003ns   0.36ns 0.004ns 

Salt (S)   1 1522.1* 103925.6** 0.231*** 0.072** 60.82** 0.0003* 

Silicon (Si)   3     64.3ns     4276.8 ns 0.010* 0.001ns   1.31ns 0.005* 

Interactions         

Cv × S   1   625.7ns       123.8ns 0.0003ns 0.0001ns   0.25ns 0.0003ns

Cv × Si   3   297.9ns     3367.8ns 0.007ns 0.004ns   4.07ns 0.0003ns

S × Si   3   169.6ns     1728.4ns 0.019** 0.002ns   3.79ns 0.007* 

Cv × S × Si   3     45.4ns     3716.6ns 0.004ns 0.003ns   2.36ns 0.001ns 

Error 48   188.9     1921.1 0.004 0.006   2.53 0.002 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels respectively, ns = non-significant 
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Fig. 4.15: Chlorophyll a, b and a/b ratio in the leaf of two 
maize (Zea mays L.) cultivars when varying 
concentrations of silicon applied through the rooting 
medium at the vegetative stage under saline (120 mM) or 
non saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.15: Mean squares from ANOVA of data for chlorophyll a, chlorophyll b and 
Chl. a/b ratio in leaf of hydroponically grown two maize (Zea mays L.) cultivars 
when varying concentrations of silicon (0, 1, 2 and 4 mM) applied through the 
rooting medium at the vegetative stage under saline (120 mM) or non-saline (0 mM) 
conditions. 
 
Source of variation  df  Chl. a  Chl. b Chl. a/b 

Main Effects     

Cultivar (Cv)   1 0.04ns 0.0024ns 0.53ns 

Salt (S)   1 4.88*** 0.5384*** 0.75ns 

Silicon (Si)   3 1.19*** 0.0162* 3.31ns 

Interactions      

Cv × S   1 0.04ns 0.0026ns 0.54ns 

Cv × Si   3 0.07ns 0.0005ns 0.55ns 

S × Si   3 0.12ns 0.0039ns 0.65ns 

Cv × S × Si   3 0.01ns 0.0023ns 0.28ns 

Error 48 0.12 0.0139 1.92 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant    
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Fig. 4.16: Water potential, osmotic potential, turgor potential, relative water content and 
electrolyte leakage of hydroponically grown two maize (Zea mays L.) cultivars  when 
varying concentrations of silicon applied through the rooting medium at the vegetative 
stage under saline (120 mM) or non-saline (0 mM) conditions.  
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Table 4.16: Mean squares from ANOVA of data for water potential, osmotic 
potential, turgor potential, relative water content (RWC) and electrolyte leakage of 
hydroponically grown two maize (Zea mays L.) cultivars when varying 
concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting medium at 
the vegetative stage under saline (120 mM) or non-saline (0 mM) conditions. 

Source of 

variation 
df 

Water 

potential 

Osmotic 

potential 

Turgor 

potential 
RWC 

Electrolyte 

leakage 

Main Effects       

Cultivars (Cv)   1 0.0111ns 0.014ns 0.0001ns       9.79ns    11.25** 

Salt (S)   1 3.1241*** 0.796*** 0.557*** 2495.5***  484.88*** 

Silicon (Si)   3 0.1173*** 0.079* 0.0061ns   139.73**    61.47*** 

Interactions       

Cv × S   1 0.0005ns 0.003ns 0.0073ns     48.54ns      0.63ns 

Cv × Si   3 0.0002ns 0.008ns 0.0017ns     11.85ns      0.91ns 

S × Si   3 0.0261* 0.001ns 0.0169ns     16.40ns      7.89** 

Cv × S × Si   3 0.0046ns 0.001ns 0.0037ns       2.81ns      0.95ns 

Error 48 0.0077 0.025 0.0317     32.90      1.36 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Photochemical quenching of salinized plants declined significantly in both maize 

cultivars compared to control plants. Cultivar Sadaf had a higher value of qP than that of 

Sahiwal 2002 at all external silicon levels under both saline and normal conditions. Si 

supplementation also caused a significant increase in yield of quantum efficiency (Y) of 

plants of both maize cultivars exposed to salt stress, but the reverse was true for the 

control plants where a decrease in Y was noted with increase in external Si levels. 

Leaf chlorophyll ‘a’ and ‘b’ content in both maize cultivars was severely affected 

with the exposure of plants to 12.0 dS/m salinity. Although there was no significant 

difference between the two maize cultivars regarding chlorophyll stabilization under 

stressed conditions, cv. Sadaf was found to be more sensitive to saline conditions than 

those of cv. Sahiwal 2002 (Fig. 4.15). Moreover, root applied Si caused a marked 

increase in leaf chlorophyll content. The trend of chlorophyll increase was consistent 

with Si exogenous application up to 2 mM Si in salinized maize plants of both cultivars. 

The Si addition to the rooting medium seemed to be more promotive under saline 

situations. Moreover, the ratio of chlorophyll a and b showed inconsistent response to the 

addition of varying Si levels. 

Salt stress had a drastic effect on all water relation attributes. A non-significant 

differential response was exhibited by both maize cultivars. Exogenously applied Si via 

the rooting medium alleviated the severity of salt stress on both maize cultivars as 

depicted from increased plant water status. Electrolyte leakage increased substantially in 

salinized plants of both maize cultivars which is an index of membrane stability. Si 

positive influence was seemed to be associated with stressed condition as no such 

considerable change has been observed in non-salinized maize plants (Fig. 4.16) 

Furthermore, 1 mM or 2 mM of Si addition appeared to be more effective in reducing 

electrolyte leakage in both maize cultivars, but more in cv. Sahiwal 2002 as compared to 

cv. Sadaf. 

A marked increase in production of H2O2, MDA, total phenolic and proline 

content in leaves of  maize cultivars was observed upon salt stress (P<0.001). Cultivars 

differ in terms of H2O2 and total phenolic content under saline as well as non-saline 

environments. Cv. Sadaf showed greater production of all these biochemical attributes 

than cv. Sahiwal 2002 except in proline accumulation at salt regime (Fig. 4.17). 

Furthermore, root applied 1 mM Si level proved to be more effective as it caused  
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Fig. 4.17: Malondialdehyde (MDA), free proline, H2O2 and total phenolic content in 
leaf of hydroponically grown two maize (Zea mays L.) cultivars when varying 
concentrations of silicon applied through the rooting medium at the vegetative stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.17: Mean squares from ANOVA of data for free proline, malondialdehyde 
(MDA), H2O2, and total phenolic content of hydroponically grown two maize (Zea 
mays L.) cultivars when different concentrations of silicon (0, 1, 2 and 4 mM) 
applied through the rooting medium at the vegetative stage under saline (120 mM) 
or non-saline (0 mM) conditions. 
 
Source of 

variation 
df Proline MDA H2O2 Total phenolic 

Main Effects      

Cultivar (Cv)   1       3.16ns     20.90ns   331.21**   11.81 ** 

Salt (S)   1 2175.41*** 3149.41*** 6655.30*** 848.33*** 

Silicon (Si)   3     54.63***   139.22***   606.51***   82.10*** 

Interactions      

Cv × S   1     12.21*     12.31ns   105.62*     3.14ns 

Cv × Si   3       0.17ns       0.87ns     36.91ns     9.45** 

S × Si   3       4.74ns       1.45ns       9.59ns     1.94ns 

Cv × S × Si   3       5.21ns       7.82ns     18.72ns     1.14ns 

Error 48       2.51       7.18     16.51     1.49 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Fig. 4.18: Total soluble protein, superoxide dismutase (SOD), peroxidase (POD) 
and catalase (CAT) of two maize (Zea mays L.) cultivars when varying 
concentrations of silicon applied through the rooting medium at the vegetative 
stage under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.18: Mean squares from ANOVA of data for total soluble proteins, 
superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of 
hydroponically grown two maize (Zea mays L.) cultivars when varying 
concentrations of silicon (0, 1, 2 and 4 mM)  applied through the rooting medium at 
the vegetative stage under saline (120 mM) or non-saline (0 mM) conditions. 

Source of 

variation 
df 

Total soluble 

proteins 
CAT SOD POD 

Main Effects      

Cultivars (Cv)   1 0.008ns     69.58ns   19.44ns 100.27* 

Salt (S)   1 0.018* 1357.11***   66.64* 531.10*** 

Silicon (Si)   3 0.043***       5.60ns 114.51***   60.03* 

Interactions      

Cv × S   1 0.0006ns       1.38ns   13.62ns     2.77ns 

Cv × Si   3 0.005ns     12.31ns     3.98ns   42.61ns 

S × Si   3 0.012*   339.85***   50.03*   48.58* 

Cv × S × Si   3 0.006ns     50.51ns   26.03ns   26.22ns 

Error 48 0.003     25.69   16.17   15.28 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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a significant reduction in regulation of all these biochemical attributes in maize cultivars, 

especially under saline environment except in phenolic content where in the reverse 

response was shown by both maize cultivars under saline and non-saline situations. 

Total soluble proteins in plant leaves of both maize cultivars decreased upon 

exposing them to salt (P< 0.05). However, Si application through the rooting medium 

increased the leaf protein content by alleviating the severe effects of salt stress. Fig. 4.18 

showed that cv. Sadaf had higher protein content than cv. Sahiwal 2002 at all varying Si 

levels except at 4 mM of Si under control conditions. 

Both POD and SOD enzyme activities were significantly affected in maize plants 

of both cultivars due to salt stress. Both maize cultivars reflected an insignificant 

response under both saline and non-saline regimes. Root applied Si significantly (P<0.05) 

affected the SOD and POD activities in both cultivars. 

The activity of superoxide dismutase (SOD) was significantly (P<0.001) affected 

in both cultivars due to salt stress.  Cultivar Sahiwal 2002 had significantly higher SOD 

activity than that of cv. Sahiwal 2002 under normal conditions, but such a difference in 

the cultivars was not observed under saline conditions (Table 4.18). Root applied Si did 

not significantly (P>0.05) affect the SOD activity in both cultivars. Under saline 

conditions, a maximal SOD activity was noted at 1 mM and 4 mM Si in cv. Sahiwal 2002 

and Sadaf, respectively. The salt treated plants of cv. Sadaf had higher activity of SOD 

than those of cv. Sahiwal 2002. Furthermore, POD activity was consistently increased in 

both cultivars with Si supplementation. 

Catalase activity in the maize plants was significantly affected by salt stress, but 

the cultivars did not vary significantly with respect to this enzyme activity. However, cv. 

Sadaf showed higher CAT activity than that of cv. Sahiwal 2002 under both normal and 

saline conditions. However, CAT activity decreased consistently with the increased levels 

of Si in both cultivars under stress conditions, whereas under control conditions, the 

reverse was true as Si application consistently increased CAT activity. 

Addition of salt (NaCl) to root the growing medium significantly increased Na+ 

concentration in the roots and shoots of maize plants (P<0.001). However, no significant 

difference was found in both cultivars with respect to this attribute. Externally applied 

silicon caused a significant decrease in Na+ accumulation in the plants of both cultivars 

except shoot Na+ under control conditions. However, this effect was more pronounced in 
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Fig. 4.19: Sodium (Na+), potasium (K+) and K+/Na+ ratio in shoots and roots of 
hydroponically grown two maize (Zea mays L.) cultivars  when varying 
concentrations of silicon applied through the rooting medium at the vegetative stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.19: Mean squares from ANOVA of data for Na+, K+ and K+/Na+ ratio of 
shoots and roots of hydroponically grown two maize (Zea mays L.) cultivars when 
varying  concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting 
medium at the vegetative stage under saline (120 mM) or non-saline (0 mM) 
conditions. 
 

Source of 

variation 
df Shoot Na+

Root 

Na+ 

Shoot 

K+ 

Root 

K+ 

Shoot 

K+/Na+ 

Root  

K+/Na+ 

Main Effects        

Cultivar (Cv)   1       0.75ns     0.85ns     3.61ns   0.48ns     14.21ns 0.003ns 

Salt (S)   1 1084.6*** 787.9*** 787.3*** 24.4** 1312.7*** 5.01*** 

Silicon (Si)   3    12.1***   28.5***   54.5***   4.63ns     39.90** 0.33*** 

Interaction        

Cv × S   1      3.04ns     1.06ns     3.25ns   0.04ns     20.51ns 0.01ns 

Cv × Si   3      0.17ns     0.21ns     0.84ns   0.24ns       1.83ns 0.01ns 

S × Si   3      3.21ns     1.19ns     0.37ns   0.20ns     25.21*   0.10ns 

Cv × S × Si   3      0.20ns     0.80ns     3.29ns   0.16ns       2.02ns 0.01ns 

Error 48      1.33     1.87     2.90   1.99         8.33 0.05 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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 salinized plants and their maximal decrease was observed at 1mM Si (Fig. 4.19; Table 

4.19). 

As with most other glycophytes, shoot and root K+ decreased markedly in both 

cultivars at salt regime. However, the cultivars showed a non-significant difference with 

respect to the accumulation of this ion. The deleterious effect of salt on tissue K+ was 

found to be mitigated by the addition of silicon to the rooting medium as both shoot and 

root content in both cultivars increased with increase in external supply of Si (Fig.4.19). 

Of various doses of silicon, 1 mM was found to be more effective in improving K+ 

content in salt-treated and normal plants of both cultivars. 

Addition of excessive amount of salt to the root growing medium had a 

significant retarding effect on shoot and root K+/Na+ ratio of maize plants. Moreover, the 

cultivars responded non-significantly to salinity stress or silicon supplementation. Silicon 

beneficially affected plants of both cultivars by improving shoot and root K+/Na+ ratio 

but under non-stress conditions only, where its 1 mM dose appeared to be the most 

effective (Fig. 4.19). 

Root zone salinity significantly reduced Ca2+ concentration in the shoots and roots 

of maize plants of both cultivars, but, the cultivar difference was not apparent in this 

attribute under salt or silicon application (Table 4.20). Application of 1 or 2 mM Si 

increased accumulation of Ca2+ in the shoots of maize cultivars, but this increasing effect 

was more apparent in the control plants (Fig.4.20). In contrast, no such effect was 

observed in case of root Ca2+. 

Excessive amount of salt in the root zone caused a significant rise in shoot Cl- 

concentration of both maize cultivars. The cultivars showed a significant difference in 

shoot Cl- concentration only under normal conditions. With increase in silicon level, a 

gradual decrease in shoot Cl- concentration was noted in both cultivars, particularly, 

under saline conditions. In contrary, silicon supplementation increased root Cl- 

concentration only under saline conditions (Fig. 4.20). However, under non-saline 

conditions, Cl- concentration remained almost unchanged in both cultivars. Cultivar 

Sadaf accumulated more Cl- in root than that of Sahiwal 2002, but the reverse was true 

for the same cultivar for shoot Cl- accumulation under saline conditions. 
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Fig. 4.20: Calcium (Ca2+), chloride (Cl-) and silicon (Si) contents in shoots and roots of 
hydroponically grown two maize (Zea mays L.) cultivars  when varying 
concentrations of silicon applied through the rooting medium at the vegetative stage 
under saline (120 mM) or non-saline (0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.20: Mean squares from ANOVA of data for calcium (Ca2+), chloride (Cl-) 
and silicon (Si) of shoots and roots of hydroponically grown two maize (Zea mays L.) 
cultivars when varying concentrations of silicon (0, 1, 2 and 4 mM)  applied through 
the rooting medium at the vegetative stage under saline (120 mM) or non-saline (0 
mM) conditions. 
 

Source of 

variation 
df 

Shoot 

Ca2+ 

Root 

Ca2+ 
Shoot Cl- Root Cl- Shoot Si Root Si 

Main 

Effects 

       

Cultivar(Cv   1     1.04ns 0.002ns     72.1*        9.13ns    4.50* 0.006ns 

Salt (S)   1 169.11*** 9.40** 5948.8*** 4202.8*** 441.79*** 0.3721ns 

Silicon (Si)   3     3.51ns 0.57ns   170.8***    66.6** 533.57*** 12.91***

Interaction        

Cv × S   1     0.15ns 0.45ns   109.8**      7.54ns  23.29*** 0.047ns 

Cv × Si   3     1.32ns 0.08ns     63.1**      3.18ns   7.77*** 0.0739ns 

S × Si   3     0.78ns 0.05ns   159.8***    36.90** 86.40*** 0.386ns 

Cv × S × Si   3     0.52ns 0.23ns     75.9**      5.49ns  4.647** 0.129ns 

Error 48     1.93 1.28     12.6       7.49   1.049 0.157 

*, **, ***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Salt stress caused considerable reduction in shoot Si content of both maize 

cultivars, but more in cv. Sadaf than that of cv. Sahiwal 2002. Difference in the cultivars 

response was observed under saline conditions, where in cv. Sahiwal 2002 had higher 

shoot Si at all externally applied Si levels. Furthermore, shoot Si content was 

tremendously increased upon external Si application, where the highest Si content was 

noted at 2 mM and 4 mM under stressed and non-stressed environments, respectively 

(Fig. 4.20) 

Like shoot Si content, root Si was also decreased upon salt addition to the growth 

medium. Both maize cultivars showed a non-significant response in this attribute. 

External Si supplementation increased Si accumulation in root which was highest at 2 

mM and 4 mM Si under saline and non-saline environments, respectively. 
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4.4 Assessment of Si effect on growth of maize cultivars at the vegetative 

stage in sand culture under salt stress  

Shoot fresh weights and dry weights per plant of two maize cultivars decreased 

significantly with increase in external NaCl level (P<0.001). Cultivars depicted 

difference in shoot dry weights under control as well as saline situations (Table 4.21). 

Cultivar Sahiwal 2002 was higher in shoot dry weights than cv. Sadaf in control and 

saline growth medium. Root applied Si significantly affected both these growth attributes 

where in its most prominent effect was found at 2 and 4 mM Si under control and saline 

environments, respectively. 

Reduction in fresh and dry biomass of roots of salt treated maize plants was 

observed (Table 4.21; Fig. 4.21). The cultivars showed considerable differences with 

respect to root fresh biomass. Cultivar Sahiwal 2002 had considerably higher root fresh 

biomass than cv. Sadaf. Si application through the rooting medium significantly 

enhanced both these growth attributes in both cultivars.  Of varying doses of Si, 2 and 4 

mM proved to be the most effective under control and salt stress conditions, respectively. 

Like other growth attributes, length of shoots and roots of both maize cultivars 

also decreased, markedly due to root zone salinity. However, the cultivars showed a non-

significant behavior towards these attributes. Under salt regime, shoot lengths increased 

consistently with increase in Si levels in plants of both maize cultivars while root length 

remained almost unchanged with Si application under both stress and non-stress 

conditions (Fig. 4.21). 
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Fig. 4.21: Fresh weight, dry weight and length of shoots and roots of two maize (Zea 
mays L.) cultivars when varying concentrations of silicon applied through the rooting 
medium in sand culture at the vegetative stage under saline (120 mM) or non-saline 
(0 mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.21: Mean squares from ANOVA of data for fresh weights, dry weights and 
lengths of shoots and roots of two maize (Zea mays L.) cultivars when varying 
concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting medium in 
sand culture at the vegetative stage under saline (120 mM) or non-saline (0 mM) 
conditions. 

Source of 

variance 
df Shoot f.wt. 

Root 

f.wt. 

Shoot 

d.wt. 

Root 

d.wt. 

Shoot 

length 

Root 

length 

Main Effects        

Cultivars(Cv)   1       0.07ns   8.75*     3.41*   0.002ns       69.9ns     2.64ns 

Salt (S)   1 3637.62*** 90.61*** 25.61*** 1.11*** 14193.7*** 549.91***

Silicon (Si)  3     85.91**   4.73*     4.92* 0.18* 2198.9***   52.90ns 

Interactions        

Cv × S   1     40.90ns   0.99ns   1.53ns 0.002ns     311.1ns     0.64ns 

Cv × Si   3     25.02ns   0.18ns   0.33ns 0.009ns     106.8ns   13.51ns 

S × Si   3     72.32ns   1.61ns   0.40ns 0.026ns     418.3ns     3.32ns 

Cv × S × Si   3     45.91ns   0.29ns   0.02ns 0.027ns     279.8ns   11.60ns 

Error 48     67.50   1.49   0.76 0.022     267.7   39.12 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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4.5 Assessment of Si effect on growth of maize cultivars at the silking 

stage in sand culture under salt stress 

Salt in root zone caused a significant inhibition in fresh biomass of plant shoots 

and roots of maize plants (Fig. 4.22). Although, cv. Sahiwal 2002 was superior to cv. 

Sadaf in fresh wt. of shoots and roots, the cultivar discrimination on the basis of these 

growth attributes could not be possible as both exhibited a similar response to silicon 

application, particularly under saline conditions. 

Imposition of salt stress to root zone of maize plants had a marked inhibitory 

effect on shoot and root dry weights. However, this inhibitory effect of salt stress was 

found to be alleviated to some extent with Si supplemenation where maximum alleviation 

from salt stress was observed at 2 and 4 mM for shoot and root, respectively. 

Shoot and root length decreased significantly when plants were exposed to salt 

(NaCl) stress. Both cultivars showed non-significant differences in these growth 

attributes. External application of Si significantly affected shoot length of both maize 

cultivars (Table 4.22; Fig. 4.22). 

4.6 Assessment of Si effect on yield characteristics of maize cultivars in 

sand culture under salt stress  

A significant reduction (P<0.001) in grain yield per plant was recorded in both 

cultivars upon addition of 120 mM NaCl to the growth medium. Both cultivars differed 

non-significantly with respect to this attribute under saline conditions. However, cv. 

Sadaf was superior to cv. Sadaf in terms of grain yield under control conditions (Fig. 

4.23). Application of Si caused a significant improvement in grain yield of both maize 

cultivars under control and saline regimes. In both cultivars, Si level 2 mM was effective 

in improving plant grain yield under non-saline conditions, while 4 mM under saline 

environment. 

Salt stress caused a considerable decline in 100-grain weight in both maize 

cultivars. Both cultivars differed non-significantly regarding this attribute (Table 4.23). 

Root applied varying concentration of Si did not bring any effect in 100-grain weight. 
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Fig. 4.22: Fresh weight, dry weight and length of shoots and roots of two maize (Zea 
mays L.) cultivars when varying concentrations of silicon applied through the rooting 
medium in sand culture at the silking stage under saline (120 mM) or non-saline (0 
mM) conditions. (Mean ± S.E.; n=4) 
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Table 4.22: Mean squares from ANOVA of data for fresh weight, dry weight and 
length of shoots and roots of two maize (Zea mays L.) cultivars when varying 
concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting medium in 
sand culture at the silking stage under saline (120 mM) or non-saline (0 mM) 
conditions. 

Source of 

variation df 
Shoot 

f.wt. 

Root 

f.wt. 

Shoot 

d.wt. 

Root 

d.wt. 

Shoot 

length 

Root 

length 

Main 

Effects 

       

Cultivars 

(Cv) 

  1     87.3ns     0.12ns     0.05ns 0.41ns     21.9ns       3.01ns 

Salt (S)   1 4928.0*** 177.51*** 345.31*** 4.16*** 8716.6*** 2212.81***

Silicon (Si)   3   663.5ns     6.46ns   16.31ns 0.60*   1080.2**     60.22ns 

Interactions        

Cv × S   1   207.4ns     5.37ns     2.49ns 0.04ns   521.6ns   167.92ns 

Cv × Si   3   112.5ns     1.96ns     6.66ns 0.04ns   133.3ns     84.71ns 

S × Si   3   116.5ns     4.71ns     4.16ns 0.05ns   266.3ns     24.31ns 

Cv × S × Si   3     96.5ns     1.41ns     9.82ns 0.08ns     92.9ns       5.63ns 

Error 48   308.9     4.95     8.69 0.19   208.5     69.87 

*, **, *** = significant at 0.05, 0.01 and 0.001 levels, respectively; ns = non-significant 
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Fig. 4.23: Grain yield/plant and 100-grain weight of two 
maize (Zea mays L.) cultivars when varying 
concentrations of silicon applied through the rooting 
medium in sand culture under saline (120 mM) or non-
saline (0 mM) conditions. (Mean ± S.E.; n=4)  
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Table 4.23: Mean squares from ANOVA of data for grain yield per plant and 100 
grain weight of hydroponically grown two maize (Zea mays L.) cultivars when 
varying concentrations of silicon (0, 1, 2 and 4 mM) applied through the rooting 
medium  under saline (120 mM) or non-saline (0 mM) conditions. 
 

Source of variation df Grain yield/plant 100 Grain weight 

Main Effects    

Cultivar (Cv) 1 4.633ns 1.285ns 

Salt (S) 1 6302.37*** 1030.01*** 

Silicon (Si) 3 295.06*** 15.79ns 

Interaction    

Cv × S 1 167.38*** 0.153ns 

Cv × Si 3 13.82ns 3.619ns 

S × Si 3 82.31*** 2.283ns 

Cv × S × Si 3 5.707ns 2.084ns 

Error 48 10.656 6.763 

*,**,***= significant at 0.05, 0.01 and 0.001 levels, respectively; ns= non-significant 
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Chapter 5 

DISCUSSION 

Salinity limits crop productivity (Ueda et al., 2006; Ashraf, 2009; Wang et al., 

2009; Rengasamy, 2010; Ventura et al., 2011) and agricultural sustainability world-wide, 

particularly in arid regions (Lambers, 2003; Arzani, 2008; Turan et al., 2010). 

Throughout the world, more than 800 million hectare soils are affected by salinity of 

varying degrees (Rengasamy, 2010). Moreover, saline areas are increasing at 10% annual 

rate on account of high surface evaporation, low precipitation, irrigation with saline 

water, poor cultural practices and weathering of native rocks (Szabolcs, 1994; Jamil et 

al., 2011). It is predicted that more than 50% cropland would be deteriorated due to 

salinity by 2050, unless a few preventive measures are taken (Ashraf, 2009). Saline soils 

constitute high ratios of chlorides, nitrates and sulphates of sodium, potassium and 

calcium which affect plant growth by creating ion cytotoxicity and osmotic stress 

(Dell'Aquilla, 2000, Türkmen et al., 2002; Munns, 2009).  

                 In view of consistently increasing human population, estimated to be 9.1 

billion by year 2050 (Stephenson et al., 2010) and high food demand, maize demand has 

increased since the last decade. So maize cultivation has increased markedly in areas 

where salinity exists already or develops due to human practices. However, among 

different crop species, maize is more sensitive to high salt levels in rhizospheric solution 

(Maas and Hoffman, 1977; Katerji et al., 1994; Isla and Aragues, 2010).  Thus, it is the 

need of time to increase salt tolerance of maize. A number of approaches have been 

suggested by researchers to combat salinity-induced growth reduction such as exogenous 

applications of antioxidant compounds, growth promoters, osmoprotectants, and 

inorganic salts (Flowers, 2004; Munns, 2005; Ashraf, 2009). However, external 

application of nutrients is considered to be a temporary and economical solution for 

induction of salt tolerance in crop species (Tahir et al., 2006). In the present study, silicon 

(Si) was applied as a supplement through the rooting medium to determine up to what 

level exogenously root applied Si could mitigate drastic effects of salt stress on maize 

productivity.  
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Growth reduction under stress conditions might be due to reduced water and 

nutrient uptake which happens due to excessive salts in the root growing medium or due 

to toxicity effects of these salts (Filho and Sodek, 1988; Barnard et al., 2010). Among 

various growth stages, generally seedling stage is sensitive one, particularly for rice and 

maize. In the current study, growth reduction under salinity was mitigated by the 

application of silicon (Si) as its application has markedly increased growth of maize 

cultivars. These findings are similar to those of Tahir et al. (2006) and Sawas et al. 

(2009) for wheat and Zucchini squash (Cucurbita pepo L.), respectively. Application of 

1mM and 4 mM Si was more effective in improving plant growth under control and 

stress conditions, respectively as shown from the data for shoot fresh and dry biomass. 

However, at increased Si levels (2 or 4 mM Si) growth of control plants of both maize 

cultivars was suppressed. These results showed conformity with earlier reports which 

showed that Si application counteracts salinity induced growth reduction by a number of 

ways in different crops. For example, long ago, Deren et al. (1994) and recently Zana-

Junior et al. (2009) observed increase in biomass production in rice with supplementation 

of Si.       

Likewise, in rice shoots, Na+ accumulation was reduced 50% when fertigated 

with soluble silicates (Matoh et al., 1986). Similarly, Yeo et al. (1999) considered partial 

blockage of transpirational bypass flow by silicate deposition, which caused reduction in 

Na+ transport. In tomato seedlings, under salt stress, Si application resulted in increased 

biomass production (Ahmad et al., 1992). Recently, Zuo-tong et al. (2011) reported that 1 

mmol/L Si addition to solution culture increased plant growth and prevented the 

reduction of chlorophyll content in maize plants under salt stress. Growth reduction at 

higher Si levels in non-salinized plants might have been due to conversion of monomeric 

silicic acid into polymeric form that affected Si absorption by plants under non-stressed 

conditions (Dietzel and Letofsky-Papst, 2002). However, the present study showed, 

highest growth rate in terms of biomass production at root applied highest Si dose i.e. 4 

mM. This might have been due to Na+ involvement in suppressing polymerization of 

silicic acid under saline conditions, which facilitated entry of Si into plant tissues, and 

plants got benefited with increased Si in plant tissues. These results are parallel to those 

of Mali and Aery (2008, 2009) who observed growth suppression at 400 ppm and 800 

ppm of Si. However, in contrast, Liang et al. (1996), Silva and Bohnen (2001) and 
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Mauad et al. (2003) observed no considerable change in dry matter yield in rice plants 

with Si application. They suggested that this lack of response to Si application in nutrient 

solution may be associated with low concentration of Si used, low solubility of Si sources 

used or to the polymerization of Si which resulted in the development of hydrated silica 

of colloidal nature.   

The difference in effective level of Si in increasing growth may have been 

attributed to differential rates of absorption of Si into root. The effectiveness of Si 

application depends on the growth conditions, solubility of Si compounds, concentration 

of Si applied, pH of solution, temperature of solution and type of plant species (Epstein, 

1999; Ma and Takahashi, 2002; Hodson et al., 2005; Sommer et al., 2006). Differential 

absorption of Si occurred due to transformation of monomeric form of silicic acid into 

polymeric state which happened particularly under strong alkaline conditions (Dietzel 

and Letofsky-Papst, 2002).  

From the present results, it is obvious that application of Si improved plant 

growth of the maize cultivars under saline regimes. It is possible that Si might have been 

taken up by the maize seedlings wherein it maintained water status by enhancing water 

uptake and decreasing water efflux under salinity induced water deficit conditions 

(Agurie et al., 1992), might have stabilized biological membranes against ionic 

cytotoxicity and oxidative stress (Dell'Aquilla, 2000; Munns, 2009), thus resulting into 

enhanced seedling growth of maize. Moreover, this growth enhancing effect of Si was 

more apparent when 1 mM Si was applied through the rooting medium. A number of 

earlier reports have shown that Si enhanced growth or overcome growth retardation 

induced by NaCl in different crop plants. Moreover, Si supplementation is known to  

produce considerable tolerance against salt stress in rice (Matoh et al., 1986; Yeo et al., 

1999), maize (Moussa, 2006), wheat (Ahmad et al., 1992; Saqib and Zorb, 2008; Tuna et 

al., 2008), barley (Liang 1998), mesquite (Bradbury and Ahmad 1990), tomato (Gunes et 

al., 2007) and soybean  (Lee et al., 2010).  

Likewise, while working with Phaseolus vulgaris, Zucarinni (2008) 

demonstrated that application of 1.5 mM Si increased salt tolerance of the crop. 

Moreover, exogenously applied 1 mM Si alleviated the hazardous effects of salt stress on 

maize (Zuo-tong et al., 2011). Thus, optimum dose of Si on different plant species may 

vary due to absorption and subsequent accumulation of Si that depends on concentration 
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of Si applied. Overall, the effectiveness of inorganic nutrients varied with species, time of 

application, developmental stage and amount of the inorganic nutrient. 

It is mostly accepted that crop plants are more prone to salinity at reproductive 

stage and plants protection against salt stress is indispensable at this stage for improving 

yield. Furthermore, grain yield substantially reduces when plants are subjected to salt 

stress at the reproductive stage. Due to this, grain yield is the most vital determinant for 

salt tolerance in maize (Maas and Hoffman, 1977). From the results for grain yield per 

plant, it might be predicted that salinity caused a decline in grain yield, which was noted 

to be improved due to root-applied Si which, in turn, increased photosynthetic activity. 

However, it is observed that exogenous application of Si did not affect size of grain as 

shown from the data for 100 grain weight. It is also well established that under severe salt 

stress, competition among various plant organs for photo-assimilates becomes severe, 

resulting in grain loss (Wright et al., 1988). Thus, reduced grain number leads to reduced 

grain yield per plant under salt stress which is assumed to be due to reduced assimilate 

production associated with reduced plant size. In view of the present results, the actual 

role of inorganic nutrients (Si) in grain yield is not clear, but it can be predicted that 

beneficial effect of Si on grain yield may have been accounted for its promotive influence 

on both number of seed and number of flowers via increased translocation of photo-

assimilates to emerging reproductive organs. But, in maize, these factors require a further 

comprehensive investigation. 

                Growth and yield differences in maize cultivars upon salt stress found in the 

current study might be due to different associations of physio-chemical traits with salt 

tolerance mechanism such as nutrient imbalance, antioxidant activities and 

photosynthesis. Of different physiological attributes, plant photosynthetic capacity 

directly contributes to productivity (Lawlor, 1995; Natr and Lawlor, 2005). Plant 

productivity decline subjected to stress conditions is associated with perturbance in 

photosynthetic machinery (Baker, 2008; Munns and Tester, 2008). In the present study, 

an association between gas exchange attributes and plant productivity was found to be 

positive. This might have been due to increased translocation of photosynthetic 

assimilates especially at the grain filling stage. So the enhanced photosynthesis with  Si 

supplementation might have a significant involvement in grain yield  via enhanced 

biomass production under control or saline environments. Such enhancement has also 
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been observed in plants like soybean (Lee et al., 2010), rice (Chen et al., 2011), 

cucumber (Feng et al., 2009) and sorghum (Ahmad et al., 2011). Si-induced 

enhancement in photosynthetic rate might have played a vital role in increasing salt 

tolerance of the crop.  

Decline in photosynthetic efficiency under salinity as found in the present 

study is in agreement with earliar reports on different crops such as tomato (Makela et 

al., 1999), wheat (Ashraf and Bashir, 2003), and brassica (Nazir et al., 2001). On the 

basis of results of hydroponic or sand culture of the present study, it is clear that Si 

application improved photosynthetic rate in maize plants at all growth stages. This Si-

induced improvement in photosynthetic rate in salt treated plant correlates to the 

increased PSII photochemical efficiency. Previous reports suggest that Si had no effect 

on stomatal apparatus and their abundance, yet it decreased transpiration rate by limiting 

transpirational bypass flow (Flower, 2004). Furthermore, Dubey (2005) has listed some 

factors for salinity-induced decline in photosynthesis. Of them, reduced stomatal 

conductance with a consequent reduction in CO2 availability at its fixation site is one of 

the important limiting factors. Thus, root applied Si induced changes in photosynthesis 

might have been due to stomatal limitation. Although salt stress decreased the stomatal 

conductance of both maize cultivars, root application of Si increased stomatal 

conductance (gs) in both maize cultivars. These results were similar to the findings of 

Liang (1996) who observed that Si application enhanced stomatal conductance which 

caused a marked increase in photosynthetic efficiency. Si application caused a decrease 

in transpiration rate that resultantly lowered expected Na+ uptake and its translocation as 

it generally translocated to shoots (Tester and Davenport, 2003). On contrary to Na+, K+ 

uptake and its accumulation increased with exogenous Si application. This indicates that 

Si induced transpirational changes are not wholly responsible for altered cation 

accumulation, but may be dependent on working of proton pumps at plasma membrane 

and tonoplast (Aharon et al., 2003). 

Moreover, the present study shows that increased photosynthetic efficiency 

occurred to a few metabolic factors like chlorophyll pigments, activity of rubisco and use 

of assimilation products (Athar and Ashraf, 2005). Of these factors, only chlorophyll 

contents were measured in the present study. Chlorophylls ‘a’ and ‘b’ in salinized plants 

were generally improved with Si application. This might have been attributed to 
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increased biosynthesis or decreased chlorophyll degradation. While analyzing these 

factors, Santos (2004) and Khan (2009) observed that salt stress had a marked inhibitory 

effect on biosynthesis of chlorophyll than on chlorophyllase induced degradation. But, in 

case of Si application, latter factor is considered to be vital one. Thus, differences in 

photosynthetic rate either might have been due to shielding effect of Si mediated K 

increase on salinity induced adverse effects on biosynthesis of chlorophyll or due to the 

direct role of Si on stabilization of membranes particularly under stress conditions (Zhu 

et al., 2004).   

Data for chlorophyll fluorescence attributes from the present study indicated 

that salt stress had severe effects on chlorophyll fluorescence attributes. Salinity stress 

caused an increase in Fo of maize cultivars. Fo represents stability of light harvesting 

complex. Havaux (1993) reported that increase in Fo is due to reduction in energy 

trapping capacity of PSII. However, Briantais et al. (1986) considered it due to disruption 

of light harvesting complex (LHC) from the PSII core. While working with maize, Deng 

et al. (2010) found an increase in Fo heat stress coupled with breakdown of LHC from 

PSII core that caused reduction in energy absorption by PSII. Root applied Si decreased 

the Fo in salinized plants of both maize cultivars.  

Salt stress decreased Fm of both maize cultivars (Pan et al., 2008). Fm 

represents fluorescence level when QA in PSII is maximally reduced (Baker, 2008). It 

reflects physiological condition of acceptor side of PSII. Previous reports showed that 

salt stress had adverse effects on PSII by destabilization of PSII protein complex, 

reduction in energy shift to reaction center and reduction in electron transport to PSI 

(Strasser et al., 1995; Toth et al., 2005; Deng et al., 2010). Root applied 1 mM Si 

increased the Fm of maize cultivars under saline and control environments, especially at 

the vegetative stage. On the basis of the present study, it is suggested that Si application 

to maize plants kept more reaction centers of PSII in open state, so more excitation 

energy was utilized for electron transport or Si beneficiary effects may have been on 

account of its promotive effect on the oxidation rate of plastoquinol via electron transfer 

to PSI, by protecting structure of PSI reaction centers as it has been found from some 

previous studies and also from the current study that Si protects membrane integrity 

(Shen et al., 2010;  Kaya et al., 2006; Reezi et al., 2009). However, as biochemical 

studies to affirm these inferences were not conducted, so it is proposed that 
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comprehensive investigations are essential for the use of these chlorophyll fluorescence 

parameters in salt tolerance studies, although some reports are available on heat stress, 

use of herbicides and heavy metal stress in the literature. 

In the present study, yield of quantum efficiency of PSII did not change 

substantially under stress conditions, whereas salt stress caused a decrease in electron 

transfer rate and photochemical quenching (qP), with a concomitant increase in non-

photochemical quenching (qN). These findings are in accordance with those of Dionisio-

Sese and Tobita (2000) and Netondo et al. (2004) in sorghum, except decrease in ETR. 

The enhanced qN may shows decreased requirement for the electron transport product, 

whereas photochemical quenching  reflects fraction of active reaction centers in PSII 

(Thioyapong et al., 2004) and its increased value shows a decreased demand for electron 

transport product. Hence, it results in an increase in heat dissipation (Moradi and Ismail, 

2007) and in turn ROS generation such as in oat (Zhao et al., 2007), barley (Belkhodja et 

al., 1994), wheat (Zair et al., 2003) and sorghum (Netondo et al., 2004). However, with 

Si application, these deleterious effects of salt stress are shown to be mitigated as 

depicted by an increase in ETR and a substantial decrease in non-photochemical 

quenching.    

Water relation parameters represent cellular metabolic state of plants (Taiz 

and Zieger, 2006). Maintenance of plant water condition is crucial for the proper 

functioning of the photosynthetic machinery which could be attained by stomatal 

regulation (Munns and Tester, 2008; Hasegawa et al., 2000). One method of determining 

plant water status is to determine relative water content (RWC) of leaf (Flower and 

Ludlow, 1986). The results of the present study showed that saltinity affected all water 

relation parameters of maize cultivars as previously observed by Sairam et al. (2005) that 

exogenously applied Si increased stomatal conductance in wheat. However, in the present 

study, RWC of maize cultivars was improved by Si application as observed by Anser 

(2009) and Epstein (1999). Similarly, while working with tomato plant, Romero-Aranda 

et al. (2006) found that exogenous Si improved leaf RWC by 40% under saline 

conditions. Similarly, Si-treated maize plants exhibited a better water status than control 

under water stress conditions due to decreased transpiration and improved light 

interception via erecting the leaf blade (Kaya et al., 2006). A similar report was shown by 

Surapornpiboon et al. (2008) while working with rice plant. So, it can be inferred that Si 
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improves plant water storage, contributes to salt dilution, thereby alleviating salt toxicity 

effects and allowing higher growth rate. 

Leaf proline content in salt stressed plants increased as observed in maize by 

Carpici et al. (2010) and Moussa (2006). The present study revealed that Si application 

(in hydroponics) brought a reduction in leaf proline content in both maize cultivars, 

particularly under saline environments as found by Shen et al. (2010) while working with 

soybean plants, who observed a reduction in leaf proline content upon Si application 

under both control and water stress conditions. However, Moussa (2006) observed 

decreased leaf free proline in Si-treated maize plants under salt stress condition, whereas 

the reverse was true in Si-supplemented control plants. So, Si-induced growth and yield 

enhancement might have been due to Si-induced reduction in proline. Thus, further 

studies are essential to explore relationship between Si and proline accumulation that 

regulate salt tolerance in maize. 

The present study revealed that total soluble protein contents in salt stressed 

maize plants were lower to those of non-salinized plants of both cultivars. However, 

exogenous application of Si increased the total soluble proteins. Moussa (2006) also 

reported the same that exogenous Si increased the total soluble proteins in maize under 

both control and saline environments. It is likely that exogenous Si could have stimulated 

protein synthesis in both maize cultivars, which might have been involved in the 

development of stress tolerance.  

From the present study, it is clear that the endogenous level of Si was 

enhanced with its exogenous application up to 2 mM under both control and stressed 

condition, whereas further addition of Si did not increase its endogenous level under 

control conditions, probably due to transformation of monomeric soluble Si into 

polymeric form (Dietzel and Letofsky-Papst, 2002). As polymerization process proceeds, 

it alters solubility of Si. This depends on a number of factors associated with culture 

medium such as pH of rooting medium, particle size of Si source, chemical composition 

and temperature (Sommer et al., 2006). Endogenous Si level and increase in salinity 

tolerance are positively correlated with one another as reported previously by a number 

of researchers in wheat, barley and cucumber (Mitani and Ma, 2005). Comparison with 

previous reports shows that effective dose of Si application varies with the species type 

and mode of application, time of application and concentrations of Si applied. In the 
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current study, influence of Si application varied with the concentration. For example, Si 

applied at 1 mM or 2 mM Si concentration was more effective in mitigating the severity 

of salt stress on maize cultivars. In a variety of crops, Si accumulation is insufficient to 

mitigate the salinity-induced drastic effects e.g. maize, cucumber and spinach. However, 

in Si non-accumulating plants exogenously applied Si accumulated to a considerable 

level. Moreover, it has been found that at low transpiration rate, uptake and translocation 

of Si applied externally becomes lower than that under rates in optimum conditions. From 

the present study, it is evident that endogenous Si level was increased with increased Si 

concentration in the rooting medium of both salinized and non-salinized maize plants. So, 

increased salt tolerance due to externally applied Si enhanced endogenous Si level was 

observed in both maize cultivars. Such a relationship between endogenous Si level and 

salt tolerance has been reported earliar in barley, wheat and soyabean (Liang et al., 2003; 

Tuna et al., 2008; Shen et al., 2010). 

The present study shows that salt stress significantly elevated the Na+ and Cl- 

contents in shoots and roots of both maize cultivars, whereas that of Ca2+ and K+ contents 

decreased. It is evident from the literature that plant tolerance to salinity is linked to 

lower Na+ uptake and a subsequent reduced Na+ accumulation protects leaf tissues 

(Tester and Davenport, 2003; Flowers, 2004; Ashraf, 2008; Munns and Tester, 2008) as 

depicted in the present study where Si induced reduction in Na+ accumulation, having 

caused less toxic effects on photosynthetic pigments in salinized maize plants treated 

with Si. Moreover, leaf chlorophyll pigments showed a positive correlation with A. Such 

relationship has been observed earlier in wheat (Raza et al., 2006). This is an additional 

factor that contributed towards higher photosynthetic rate under saline environment. Si 

application causes decrease in transpiration rate, lower uptake and deposition of Na+ 

(Mali and Aery, 2008). However, this reduction in shoot and root Na+ content is 

associated with increase in K+ content. Likewise, K+/Na+ of both maize cultivars also 

improved with Si supplementation under salt stress. For example, Tahir et al. (2006) 

while working with wheat, found that plants with Si had lower Na+ and greater K+ 

contents in shoots than that of Si-depleted plants. Some earlier reports have also 

demonstrated that Si application reduces Na+ accumulation and promotes or maintains K+ 

accumulation in the shoots of most of plants (Tahir et al., 2006). A number of reviews 

and reports in the literature show that plants have different transporters for K+, Na+ and 



 
 

101

Ca2+ uptake, involved in cellular ion homeostasis. This depicts that Si-induced 

transpirational changes are not wholly responsible for cation accumulation as uptake of 

cations and their accumulation are also dependent on the working of antiporters and 

proton pumps localized at tonoplasts and plasma membranes of leaves or roots (Aharon 

et al., 2003). Si maintains ultra-structure of biological membranes and tends to ensure 

proper functioning of various transporters, particularly under stress conditions (Reezi et 

al., 2009). While working with wheat, Tuna et al. (2008) observed that 0.5 mM Si 

maintained K+ homeostasis by restricting salinity-induced K+ outflow from cell, probably 

through increased H+-ATPase activity. Moreover, this effect appeared to be dose 

dependent. Similarly, Mali and Aery (2008) observed that exogenously applied Si 

reduced the stress-induced K+ efflux from the roots of wheat. So, it can be suggested that  

positive effect of Si in salinized plants may be due to shielding effect of Si on integrity of 

membranes and transporters associated with them, which caused Na+ discrimination 

against Ca2+ and K+ rather than merely giving protection against stress. From these 

results, it is obvious that Si application increased shoot K+ and reduced shoot Na+ by 

inhibiting Na+ influx in shoots, but the mechanism which regulaltes Na+ transportation 

from roots to shoots requires to be explored. 

It is well documented that abiotic stresses enhance reactive oxygen species 

like superoxide (•O-
2), hydrogen peroxide (H2O2), hydroxyl (•OH), and singlet oxygen 

(1O2) by enhanced outflow of electrons from electron transport chains (ETC) to molecular 

oxygen in mitochondria and chloroplasts (Hernandez et al., 2001; Miller et al., 2010; Gill 

and Tuteja, 2010). Salt stress stimulates the generation of ROS in chloroplasts, 

mitochondria, and peroxisomes, denature proteins, destroy lipid integrity and degrade 

DNA by oxidation (McCord, 2000; Mittler, 2002; Mittler et al., 2004; Serrato et al., 

2004; Miao et al., 2006; Zhu et al., 2007; Abbasi et al., 2007; Gerard et al., 2008). Under 

normal conditions, antioxidant enzymes and metabolites can deal with ROS. However, 

under stress conditions like salinity, generation of ROS is enhanced (Asada, 1999, 2006; 

Borsani et al., 2005). Thus, to scavenge ROS, either antioxidant compounds like 

tocopherols, ascorbic acid and flavanoids etc., or antioxidant enzymes such as superoxide 

dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX) are synthesized by 

plants (Mittler, 2002; Apel and Hirt 2004; Dietz et al., 2006). Of these, SOD is 

comparatively a vital antioxidant enzyme (Alscher et al., 2002) as SOD is localized in 
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diverse organelles like chloroplasts, microsomes, glyoxysomes, and mitochondria 

(Sairam et al., 2005; Kholova et al., 2010). From previous reports, it is apparent that 

elevation in antioxidants is related to plant salinity tolerance (Gossett et al., 1994; 

Mittova et al., 2002; Bor et al., 2003; Miller et al., 2010). Furthermore, salt stress resulted 

in enhancement of membrane peroxidation in both maize cultivars, due to salt-induced 

excessive generation of ROS. However, application of Si decreased the oxidation of lipid 

membranes which suggests that exogenous Si application may reduce the production of 

ROS under salt stress. Therefore, Si is assumed to be involved in scavenging of free 

radicals by enhancing the activities of antioxidant enzymes (Liang, 1999; Moussa, 2006). 

In the present study, application of Si reduced the proline which indicates that a major 

fraction of ROS might have been removed due to antioxidant enzymes, thereby reducing 

proline scavenging activities. Furthermore, fall in SOD activity during salt stress has been 

found in plants of both maize cultivars. However, Si promoted its activity under stress 

conditions at the seedling and vegetative stage. Whereas, CAT and POD activities 

decreased or increased inconsistently by Si application and salt stress. These results 

suggest that Si-induced improvement in SOD activity may have protected photosynthetic 

apparatus from salt-induced oxidative injury. These results resemble with those of Shen 

et al. (2010) who reported that soybean plants with Si showed improvement in SOD, 

POD and CAT activities, thereby exhibited greater photosynthetic activity and salt 

tolerance. So, it is predicted that high SOD activity in salinized maize due to Si 

supplementation at the seedling and vegetative stages, probably be a factor in enhancing 

salinity tolerance in maize plants as already demonstrated by Liang et al. (2003). Eraslan 

et al. (2008) also showed that spinach (Spinacea oleracea L.) plants with Si application 

showed higher content of CAT and SOD. On the basis of the previous reports and present 

results, exogenous Si application is recommended to alleviate the deleterious effect of 

salinity stress on both maize cultivars possibly through reduced production of ROS which 

in turn might have stabilized ion homeostasis, or eliminating ROS via scavenging system.  

By summarizing, it is obvious that growth and yield of maize cultivars were 

markedly reduced by salt stress. However, exogenous root applied Si was effective in 

mitigating the adverse effects of salt stress on growth and yield of maize plants. 

Beneficial effect of Si applied through the rooting medium was found to be due to 

improvement in photosynthetic efficiency, its stabilization of membrane integrity and 



 
 

103

allied transporter proteins or on photosynthetic apparatus, Na+ discrimination against Ca2+ 

and K+ (improved K+/Na+ ratio) and scavenging active free radicals. Overall, it is 

concluded that effects of salt stress on maize can be overcome with application of Si 

through rooting medium. 
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GENERAL DISCUSSION 

Salinity is a prime crop productivity reducing factor (Ueda et al., 2006; Ashraf et 

al.,, 2008; Wang et al., 2009; Rengasamy, 2010; Ventura et al., 2011), particularly in 

drylands (Lambers, 2003; Arzani, 2008; Turan et al., 2007). Throughout the world, more 

than 800 million ha of soils are deteriorated by salinity of varying degrees (Rengasamy, 

2010). Moreover, saline areas are escalating at 10% annual rate on account of high 

surface evaporation, low precipitation, irrigation with saline water, poor cultural practices 

and weathering of native rocks (Szabolcs, 1994; Jamil et al., 2011). It is predicted that 

more than 50% cropland would be deteriorated due to salinity by 2050, unless a few 

preventive measures are made (Ashraf, 2009). Saline soils constitute high ratios of 

chlorides, nitrates and sulphates of sodium, potassium and calcium (Cho et al., 2009) 

which affect plant growth by creating ion cytotoxicity and osmotic stress (Dell'aquilla, 

2000, Türkmen et al., 2002; Munns, 2009 ).  

 Among different crop species, maize is more sensitive to high amounts of salts in 

rhizosphere (Maas and Hoffman, 1977; Katerji et al., 1994, 2004; Isla and Aragues, 

2010). A number of approaches have been suggested by researchers to combat salinity 

induced growth reduction such as exogenous applications of antioxidant compounds, 

growth enhancers, osmoprotectants, and inorganic salts (Flowers, 2004; Munns, 2005; 

Ashraf et al., 2009). However, external application of nutrients is considered to be a 

temporary and economical solution for induction of salt tolerance in crop species (Tahir 

et al., 2006). In the present investigation, silicon (Si) was used as a supplement to 

determine up to what level root-applied Si could ameliorate deleterious effects of salinity 

stress on maize productivity. 

Data of the present study showed that under salt stress, tremendous growth 

reduction has occurred and it might have happened due to either reduced water 

availability or/and decreased nutrient uptake due to excessive salts in the root growing 

medium or due to toxicity effects of these accumulated salts (Filho and Sodek, 1988; 

Barnard et al., 2010). So, it is clear that supplementation of Si through the rooting 

medium significantly improved maize growth under both saline and normal environments 

as previously examined in various crops like soybean (Lee et al., 2010), rice (Chen et al., 

2011), cucumber (Feng et al., 2010), and sorghum (Ahmad et al., 2011). However, 
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efficacy of the root-applied Si depends on concentration of Si, growth conditions 

particularly temperature and pH, and species type. For example, Mali and Aery (2008) 

examined increased growth and yield in wheat with the supplement of 100 or 200 mg/L 

Si, however, any further increase in Si content (400 or 800 mg/L of Si) did not contribute 

to growth and yield enhancement. In contrast, Reezi et al. (2009) found negative effect of 

Si in Rosa xhybrida L. when applied at the rate of 150 mg/L. So, it is essential to 

determine the optimum dose of Si for each of plant species. 

Like other nutrients, Si can be applied through varying modes either foliar or 

through the rooting medium (Liang et al., 2005). A number of studies show that foliar 

application of Si proved to be an efficient approach under biotic stress as it forms a 

physical barrier on the outside of plant parts and protect the plant against pathogen and 

pest attack by restricting the invasion of these organisms into the plant system with a 

simultaneous increase in secondary metabolites like phenolic compounds, flavonoid 

phytoalexins (Fawe et al., 1998) and antioxidant enzymes (Conrath, 2006; Cai et al., 

2008, 2009). For example, sheath blight in rice, rust in cowpea and powdery mildew in 

barley, cucumber and wheat (Rodrigues et al., 2003; Zhang et al., 2006) were controlled 

by Si application. In contrast, to foliar application, root applied Si proved to be more 

beneficial under abiotic stress conditions.  

Exogenous Si application causes remarkable increase in endogenous Si level as 

evident from the present study. Tuna et al. (2008) found increased endogenous Si level 

with increased exogenous application of Si in wheat plants, and the increased endogenous 

level of Si is found to be positively associated with the degree of plant salt tolerance as 

observed by Yeo et al. (1999) in rice, Liang (2003) in barley, and Moussa (2006) in 

maize.  

The present results showed that photosynthetic rate of maize plants increased with 

Si supply, under both control and saline environments especially when provided at the 

rate of 1 or 2 mM Si. It means that enhanced photosynthetic rate upon Si supplementation 

might have considerable role in biomass production and thereby yield. 

Moreover, it is well cited that salt stress triggers excessive production of ROS 

which perturb the whole cellular machinery indirectly by creating ionic toxicity, osmotic 

stress and directly by increasing lipid peroxidation, deteriorating membrane integrity 

thereby resulting in excessive ion leakage (Zuo-tong et al., 2011). However, root applied 
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varying doses of Si inhibit all these damaging effects either by limiting ROS generation 

or scavenging them via stimulation of antioxidant activities, thus protecting plants from 

severity of salinity-induced oxidative stress (Eraslan et al., 2008; Zuo-tong et al., 2011). 

Another impact of Si supplementation in respect of salinity tolerance is its role in 

limiting Na+ accumulation and its subsequent translocation to shoot indicating its 

protective role on the part of photosynthetic machinery against Na+ toxicity. This 

observation is also strengthened by the information that Si application resulted in 

enhanced PSII capacity and chlorophyll pigments under NaCl-induced stress (Feng et al., 

2010). Thus, high K+/Na+ has been believed to be an essential selection criterion for 

salinity tolerance of plants (Tahir et al., 2006; Reynolds et al., 2007). However, the 

mechanism for this Si-mediated ionic discrimination requires further elucidation.  

So, it can be inferred that Si application via rooting medium alleviates the drastic 

effects of salt stress by protecting photosynthetic machinery from toxicity of Na+ and, salt 

induced oxidative stress. Furthermore, Si role in Na+ discrimination against Ca2+ and K+ 

has a positive effect on plant growth. However, better insight of ionic transporters related 

to Si effect requires further investigation,  
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CONCLUSIONS 

1. Salt stress inhibited the seedling growth, vegetative growth and grain yield of 

both maize cultivars, which was mitigated by the Si application through the 

rooting medium. 

2. Cultivar Sahiwal 2002 was slightly more salt tolerant than cv. Sadaf at all growth 

stages, seedling, vegetative and adult. 

3. Of varying levels of Si, either 1 or 2 mM Si was found the most effective in 

mitigation of the severe effects of NaCl stress on the growth of maize cultivars. 

4. The degree of usefulness of Si application via rooting medium in mitigating the 

drastic effects of salinity was primarily depended on absorption of Si by the plant 

tissues     

5. Endogenous level of Si increased considerably due to exogenously applied Si.  

6. Si improved the photosynthetic efficiency of maize plants by enhancing stomatal 

conductance and water-use efficiency and decreasing transpiration rate. 

7. Si had a positive impact on photosynthetic pigments by improving membrane 

stability or protecting it from reactive free radicals and also by enhancing PSII 

efficiency, particularly under stressful environment. 

8. Since Si decreased the Na+ deposition in the shoots accompanied by an increase 

in K+ deposition, so the beneficial effect of Si applied via rooting medium in 

enhancing growth and yield was coupled with improved ion homeostasis which 

protected the cellular machinery from Na+ toxicity. 

9. Salt stress decreased the activities of antioxidant enzymes in plants of both maize 

cultivars, but Si enhanced their activities, particularly under stress conditions. 
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FUTURE PROSPECTS 

No doubt, a substantial progress has been attained in enhancing average yield per 

area via adopting multiple integrated strategies, yet a lot has to be done in improving 

tolerance against salinity in crops. As saline area is continuously increasing, so in the 

upcoming years, nourishment of massive population will only be accomplished by 

growing salt tolerant crops. The results of the present study suggest a possible 

economical strategy to utilize salt stressed areas by growing crops with increased 

tolerance to salinity which could be achieved merely by external supplementation of 

nutrients like Si. With the use of Si, it is possible to induce salinity tolerance in a variety 

of crops as Si application through rooting medium caused considerable enhancement in 

growth in maize. So, Si application in agriculture is desirable. In the present study, silicic 

acid of MP company was used as Si source. Being costly, use of silicic acid cannot be 

recommended in field conditions. So, it is a prime need to uncover the economical 

sources of Si. 

Previous literature and the present study depict that effective concentration of Si 

varies with species type, application mode, and growth conditions (Sommer et al., 2006; 

Hodson et al., 2005). So, it is desirable to optimize Si levels keeping all these factors in 

mind prior to suggesting specific Si level for any crop. Further studies should also be 

focused on the exploration of evidence that reflects Si existence as a constituent of plant 

body. 

Moreover, recently, like in rice, Si transporter has been recognized in maize 

(Mitani et al., 2009), yet further description of genes encoding this transporter is 

indispensable for in-depth study regarding Si absorption in roots and its translocation to 

shoot. From the present study and some previous reports, it is suggested that Si may 

involve in Na+/K+ discrimination that leads to increased plant salt tolerance. Plant ion 

homeostasis is regulated through a variety of transporters. Recently, many cation 

transporters have been sequenced, which play a role in ion homeostasis particularly under 

stress environments. But, comprehensive information regarding how Si regulates ion 

homeostasis via ion transporters during salinity stress is yet debatable. So, it is essential 

to explore the function of Si in regulating ion homeostasis related genes. Moreover, 

incorporation of Si transporter genes in other crops will help in plant’s survival during 
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stress conditions. This has already been reported in tobacco (Nicotiana tabacum) plant. 

However, we can also use Arabidopsis as a model plant for this study because of its short 

life span and simple genome. This information will eventually prove to be helpful in 

combating salt stress. 
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Chapter-5 

SUMMARY 

Silicon (Si) is known to improve tolerance against a variety of environmental 

stresses in most plants. Therefore, in the present study, the influence of externally applied 

Si in minimizing the adverse effects of salt stress on growth of maize plants was assessed. 

Maize cultivars, Sahiwal 2002 and Sadaf, were used in the present study. Three separate 

experiments were conducted to evaluate the effects of salt (NaCl) stress and Si 

supplementation on two maize cultivars at the seedling, vegetative and silking stages in 

the Botanical Garden of Botany Department, University of Agriculture, Faisalabad, 

Pakistan during 2007-2010. In an initial experiment, seeds of Sadaf and Sahiwal 2002 

were allowed to germinate in saline and non-saline Hoagland’s nutrient solutions with or 

without the supplementation of different Si levels for its optimization. The second 

experiment was also conducted under hydroponic system to examine the effect of root 

applied Si on growth, and physio-chemical attributes of maize cultivars at the seedling 

and vegetative stages. The final experiment was performed in sand culture to explore the 

influence of Si in minimizing the effects of salt stress on growth and yield of maize. 

From the initial experiment, it was found that salt stress had adverse effect on the growth 

of maize seedlings of both cultivars. The severity of salt stress on fresh, dry biomass and 

length of shoot was more pronounced on cv. Sadaf than that in cv. Sahiwal 2002. Salt-

induced growth reduction in maize seedlings of both cultivars was overcome when 0.8 or 

1.6 mM Si was added to the rooting medium. Root-applied Si significantly increased its 

endogenous level in both salinized and non-salinized maize plants. 

Salt stress resulted in a marked decrease in photosynthetic capacity (A), with a 

concomitant decrease in sub-stomatal CO2 (Ci) and stomatal conductance (gs) in both 

maize cultivars; however, these attributes were improved with Si application. Similarly, 

salt stress affected leaf chlorophyll, chlorophyll fluorescence, and PSII efficiency 

adversely, which were counteracted by Si application. Exogenously applied Si decreased 

Na+ accumulation in the shoots and roots of both maize cultivars, whereas it increased K+ 

thereby improving K+/Na+ ratio. This Si-induced improvement in ion homeostasis may 

provide protection against Na+-induced oxidative stress on photosystem machinery. 

Exogenous Si application also lowered the leaf malondialdehyde (MDA), electrolyte 
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leakage (%), leaf free proline and H2O2 in salinized plants of both maize cultivars, 

whereas antioxidant enzymes (POD and SOD) and total phenolics decreased in the leaves 

of salt treated plants of both maize cultivars fed with exogenous Si application. As Si 

reduced Na+ accumulation in the leaves coupled with an increase in accumulation of K+, 

it is considered that beneficial effect of Si on growth and yield was related with improved 

ion homeostasis, enhanced photosynthetic efficiency along with removal of reactive free 

radicals. 

In conclusion, salt-induced growth inhibition was mitigated by Si addition to 

rooting medium. The ameliorative effect of Si was associated with Na+ discrimination 

against K+ and improved ability of eliminating free radicals either directly or indirectly. 

Overall, it is concluded that the deleterious effects of salinity stress on maize cultivars 

can be ameliorated with exogenous Si application. 
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