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ABSTRACT  
 

Water shortage on our globe has very deleterious effects on food security. 
Judicious use of water for crops seems very wise in the current scenario of water 
scarcity. Huge research work is required to investigate how can we grow crops with 
less amount of water? To determine the solution for such kinds of problems this 
research project was designed. The research project entitled, “Improving the 
performance of maize (Zea mays L.) by silicon application under drought condition” 
was carried out at Postgraduate Agricultural Research Station (PARS), University of 
Agriculture, Faisalabad, Pakistan. In the first pot experiment screening of maize 
hybrids (P-33H25, S-8441, FH-985, ICI-8288, YH-1921, R-3333, FH-963, FH-810) 
against drought was carried out. Moisture levels of 100%, 80% and 60% field capacity 
were maintained. From this experiment the most tolerant (P-33H25) and most sensitive 
(FH-810) maize hybrids against drought were screened out. In the second pot 
experiment four silicon levels (0, 50, 100 and 150 mg/kg) were optimized under 
moisture levels of 100% and 60% field capacity maintained. The optimized silicon 
level (100 mg/kg) was selected for further study. The third pot experiment was 
conducted to investigate the improvement in drought stressed maize hybrids by 
exogenous application of silicon. The two selected hybrids from the first experiment 
were sown under two moisture regimes (100% and 60% field capacity). In this 
experiment silicon level i.e. 100 mg/kg (optimized in experiment II) was used. Drought 
was imposed two weeks after emergence and maintained. The fourth experiment was 
conducted under field condition with two selected maize hybrids (P-33H25 and FH-
810) and two irrigation regimes (100% and 60% FC) from the 1st experiment and two 
silicon levels (0 mg/kg and 100 mg/kg) from 2nd experiment. In this experiment 
moisture application was maintained at 100 or 60% field capacity. In this experiment 
the maize crop was sown for two years 2010 and 2011 in both seasons i.e. spring and 
autumn. The data regarding morphological, physiological and biochemical parameters 
were recorded by following standard procedures. The analysis of data from the first 
experiment showed that mild and severe drought had deleterious effects on various 
morphological and physiological parameters. However, root fresh and dry weight 
enhanced under mild drought while decreased under severe water limited condition. 
On the basis of dry matter production the most drought tolerant (P-33H25) and 
drought sensitive (FH-810) maize hybrids were screened out. In the second 
experiment best suited silicon level (100 mg/kg) was optimized on the basis of dry 
matter production. In the third experiment drought severely affected the 
morphological, physiological and biochemical attributes of maize hybrids. However, 
silicon application improved the various agronomic attributes, yield and yield 
components. The same study was conducted in field as that of third experiment to 
investigate the effect of silicon on maize hybrids grown under water limited 
condition. Significant effects of silicon application were observed on various 
agronomic, physiological, yield and yield related parameters. However, further 
research is required to investigate the silicon mediated drought tolerance in maize 
hybrids.  
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Chapter 1    
                                                INTRODUCTION 
 

Among food crops maize ranks third in Pakistan after wheat and rice, and is grown on 

an area of 1083 thousand hectares. Its total production per annum is 4271 thousand tones and 

is sown twice in a year; from mid of February to the end of March (spring crop) and July to 

mid of August (summer crop), (GOP, 2011-12). It is an important grain for both human being 

and animals and also contributes to industry as raw material. It is used both fresh as well as 

in processed form (Hallauer and Miranda, 1988; Zheng et al., 2012). Maize kernal possesses 

high nutritional value as it contains 72% starch, 10% protein, 4.8% oil, 8.5% fibre, 3.0% 

sugar and 1.7% ash (Keyvanloo and Hassanpour, 2011). The maize crop occupies an 

important place in the prevailing cropping scenario of Pakistan due to handsome economic 

output in a limited time during both seasons and range of products like starch, soaps, custard, 

glaxose-D, corn oil and paints along with by-products such as alcohol, acetone and lactic acid 

despite its direct consumption as food and feed. So, economy of the farming community can 

be improved through improvement in the maize production. 

Field crops are subjected to numerous inconsiderate climatic hazards like flood, 

drought, extreme temperature, salinity, pollutants and heat that negatively affect its 

physiological processes, growth and yield (Lawlor, 2002; Boubacar, 2012). Among these 

drought is one of the major abiotic factor that limits the output in agriculture (Nemeth et al., 

2002; Ramchandra et al., 2004). The early research work shows that drought drastically 

affects the plant fresh and dry mass, water relation parameters, antioxidents activity (Ali et 

al., 2011; Ahmad and Haddad, 2011). Similarly it negatively affects the leaf water potential, 

relative water contents, photosynthetic rate, stomatal conductance, transpiration rate and leaf 

and canopy temperature (Khakwani et al., 2011; Saeedipour, 2012). It also decreases the cell 

division capability of plants that is very much sensitive to drought because of which cell 

turgor is reduced (Taiz and Zeiger, 2006) and results in loss of cell volume which makes the 

contents of cell dense due to solute accumulation, some of such solutes may be hazardous for 

the photosynthetic apparatus (Hoekstra et al., 2001; Farooq et al., 2008). Therefore water 

deficiency reduces productivity of crop without concerning the growth phase to which it 

happens (Jensen and Mogensen, 1984; Sikuku et al., 2012). Drought-induced decrease in 

growth has already been reported in different crops e.g. pearl millet (Ashraf et al., 2001), 
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okra (Ashraf et al., 2002), wheat (Waseem et al., 2006; Khakwani et al., 2011), grasses 

(Akram et al., 2007) and maize (Ali et al., 2007; Jabeen et al., 2008; Khodarahmpour and 

Hamidi, 2012). Hence, water supply is crucial at every step of plant growth and development 

from germination of seed to maturity of crop plant. 

Maize is a high yielding C4 crop which requires plenty of water. The existing 

environment in which crop is grown affects the crop water requirement. Maize water 

requirement for 80-110 days of life cycle is 500 to 800 mm (Critchley and Klaus, 1991). At 

tasseling maize water requirement is 135 mm/month or 4.5 mm/day but under hot windy 

situation it may reach upto 195 mm/month or 6.5 mm in a day (Jamieson et al., 1995). Yield 

reduction in maize crop may occur due to water deficit during critical period of growth from 

tasseling initiation to the beginning of grain filling stage (Bergamaschi et al., 2004). 

Similarly the drought stress negatively affects the time to pollination, number of grains per 

cob and grain weight of maize crop (Tarighaleslami et al., 2012). 

Food security is a big challenge to feed the burgeoning population because of water 

shortage over the globe. Various climate change predictions of erratic rains and increase in 

global temperature are indications of more water scarcity in future. As water scarcity is 

prevailing on the 1/3rd potentially arable land of the world and resulting in reduced crop 

production (Kramer, 1980). So, to cope with such situation there is dire need of water 

conservation and various strategies that can enhance drought tolerance in crops under water 

deficit or rain fed conditions (Zwart and Bastiaanssen, 2004; Farre and Faci, 2006). 

Various approaches (chemical, physical and biological) are being used for better crop 

production under limited moisture availability. While integrated use of such approaches is 

vital due to economic and environmental limitations. Among all these approaches, exogenous 

application of nutrients is considered as a shotgun approach to eliminate the undesirable 

effects of water stress (Upadhyaya et al., 2012). The detrimental effects of drought have been 

alleviated with exogenous application of nutrients like potassium in wheat (Aown et al., 

2012) and maize (Bukhsh et al., 2012). Furthermore, some beneficial mineral nutrients have 

been studied that can counteract adverse effects of drought stress. Silicon, being a beneficial 

element provides significant benefits to plants under drought (Epstein, 1999). 

Silicon is known as the second most widespread element in the earth crust. Though, it 

is ample in earth crust but most of its sources are insoluble and not in a plant accessible form 
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(Epstein, 1994).  Still it has not been documented as an essential element for the growth of 

field crops but its valuable effects has been reported in a range of plant types particularly 

under abiotic and biotic stress environment (Marschner, 1995). Silicon is accumulated in 

tissues of plants that grow in soil medium. It is present mainly as silicic acid (0.1-0.6 mM) in 

soil solution. The plants commonly absorb it as ortho-silicic acid (uncharged) from soil 

solution. After absorption by plants silicic acid is mounted up over a significant range then 

polymerized as phytolith masses that contain immensity of a plant’s silicon contents (Exley, 

1998). Hence, all plants in soil medium have considerable silicon concentration in their 

various tissues (Ma et al., 2006). While concentration of silicon in tissues of some plant 

varieties is numerous times more than those of essential plant nutrients (Morikawa and 

Saigusal, 2004) and it is widely accepted among scientist that plants belonging to poaceae 

family accumulate higher silicon in their body as compared to other species (Matichenkov 

and Kosobrukhov, 2004). Silicon is deposited beneath the cuticle and cell wall forming 

silica-cellulose double layer and silica-cuticle double layer on the leaves and stem surfaces.  

A number of possible mechanisms are reported through which silicon may increase 

drought tolerance in plants (Liang et al., 2007) including increased plant water status 

(Aranda et al., 2006), improved photosynthetic activity (Yong, 2007; Zuccarini, 2008), 

osmotic adjustment (Sonobe et al., 2011; Ahmad and Haddad, 2011), maintenance of 

photosynthetic apparatus and pigments (Kaya et al., 2006; Chutipaijit et al., 2012), changes 

in ultra-structure of leaf organelles (Shu and Liu, 2001), up-regulation of plant defense 

system (Al-Aghabary et al., 2004; Zhu et al., 2004; Milne et al., 2012), lowered transpiration 

rate (Zou et al., 2005)  and enhanced K+ uptake (Kaya et al., 2006).   

Silicon may be added as fertilizer to defeat the negative effect of water stress on plant 

growth. It is remarkable that the positive role of silicon has shown not only in optimal 

conditions, but also especially under stress conditions (Kaya et al., 2006; Hattori et al., 2007; 

Milne et al., 2012). Its application increases grain, biological and straw yield under water 

stress in crop plants (Malidareh, 2011). Similarly it improves the nutritional status like 

calcium and potassium concentration in plant body under stressed environment. Inspite of 

morphological functions it also meets a significant contribution in physiological aspects like 

photosynthesis and antioxidative enzymes of maize under drought stress. In this way 

application of silicon may be an approach to improve the growth of crops especially under 
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stressed environmental conditions (Kaya et al., 2006; Yong, 2007; Hamayun et al., 2010; 

Chen et al., 2011; Hakim et al., 2012).  

However, the information on the role of exogenously applied silicon in alleviating 

drought induced detrimental effects on maize crop is not much in the literature. Further 

studies are needed at field level to elucidate the effects on the economically important 

agronomics. The impact of silicon under water deficit situation has been sparsely 

investigated. Thus, the present investigation was undertaken to explore the role of silicon in 

improving the maize (Zea mays L.) productivity under drought condition with the following 

objectives:- 

 Selection of maize hybrids against drought tolerance 

 Optimization of silicon level for better production of maize hybrids 

 Estimation of the role of silicon against drought stress in maize hybrids 
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Chapter 2    
                                  REVIEW OF LITERATURE 
                                                            
2.1. Drought and plant growth  

Agriculture sector is a chief consumer of water assets in various regions of the world. 

In near future with escalating dryness and increasing population it may become a scarce 

product in most of the third world countries (Ceccarelli and Grando, 1996), and various 

subtropical regions of the globe like Pakistan that could face water scarcity because of high 

evapo-transpiration and less precipitation (Ashraf and Foolad, 2006). 

Water shortage is one of the major abiotic factor (Ramchandra et al., 2004; Boubacar, 

2012) that reduces crop productivity despite of the growth stage at which it occurs; 

consequently any extent of water inequality may create detrimental effects on growth and 

development of plants, and eventually affects the crop production (Jaleel et al., 2007; Sikuku 

et al., 2012).  

Unpleasant effects of moisture deficiency on growth and metabolic processes of field 

crop are of diverse nature. They might be in the shape of introverted cell expansion (Ashraf 

and Mahmood, 1990), and reduction in water potential that hamper usual metabolic activities 

of plants (Gebeyehu et al., 2010; Sikuku et al., 2012), like photosynthetic rate and results in 

deprived grain formation (Saeedipour, 2012). Still, the discussion continues on either it 

hinders photosynthetic process through closure of stomata or by damaging the metabolic 

activities in photosynthetic pathway (Lawson et al., 2003; Anjum et al., 2003; Kusvuran 

2012). Both stomatal and non-stomatal factors are responsible for low photosynthetic rate 

under water deficit situation (Farooq et al., 2008). Under moisture deficit situation, cell 

elongation in higher plants is decreased by reduced turgor pressure. Similarly, water stress 

also severely affects the photo-assimilation and metabolites that are necessary for cell 

division. As a consequence, impaired mitosis, cell elongation and expansion result in reduced 

growth (Fig. 2.1; Farooq et al., 2008). 
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Fig 2.1: Effect of drought on plant growth (Farooq et al., 2008). 

 

The first and primary effect of drought is impaired germination and reduced stand 

establishment (Harris et al., 2002). Drought stress has been observed to severely reduce 

germination and seedling stand (Kaya et al., 2006). In a study on pea, drought stress impaired 

the germination and early seedling growth of five tested cultivars (Okcu et al., 2005). 

Likewise, in maize length of primary roots increased under water deficit (Qayyum et al., 

2012). Similarly in alfalfa germination potential and hypocotyl length were reduced by water 

deficit, while the root length was improved (Zeid and Shedeed, 2006).  

Water deficiency drastically reduces length of shoot in plants due to interference in 

osmotic adjustment (Sara et al., 2012). It also diminishes the growth of plants by reducing 

the photosynthetically active area of leaf (Sikuku et al., 2012), photosynthetic machinery and 

DNA contents (Chutipaijit et al., 2012). Morphology of various plant organs is altered under 

water deficit (French and Turner, 1991). Similarly the root growth decreases with the 

increase in water deficiency (Matsuura et al., 1996; Hosseini et al., 2012), while the shoot 

growth is affected more than root growth (Hosseini et al., 2012). So, water is crucial at every 

step of growth from germination of seed to the maturity of plants.  

The deleterious effects of water shortage on plants vary with their different 

developmental stages (Manivannan et al., 2007; Sankar et al., 2007), during vegetative 
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growth of plants it reduces the shoot elongation while the sensitivity of plants to moisture 

shortage is higher at early reproductive stage that negatively affects economic yield. Drought 

at flowering usually results in sterility. A main reason of this, although not the only one, was 

a reduction in assimilate flux to the developing ear below some threshold level necessary to 

sustain optimal grain growth (Yadav et al., 2003). Ultimately, water deficit decreases the 

productivity of crops. As earlier reports showed that the decrease in grain yield was upto 

30% under water deficit at 6 and 12 leaf stages while it decreased to 20% at grain filling 

stage in maize crop (Hammad et al., 2011). Similarly in chickpea drought reduced the yield 

upto 41.29% during the pre-flowering stage (Yaqoob et al., 2011). 

Availability of nutrients in soil is also adversely affected during water deficit situation 

due to its effect on the solubility and precipitation of salts because various plant 

physiological processes undergo alteration such as nutrient uptake and translocation (Power, 

1990). Drought-induced decrease in dry matter production or grain yield has already been 

reported in different crops by several investigators as shown in Table 2.1. 

Table 2.1: Drought-induced reduction (%) in dry matter or yield of various crops  
Sr.# Crop Parameter Reduction (%) Reference 
1 Wheat grain yield 8.2-45.6% Saeedipour, 2012 
2 Sunflower dry matter 49.57-76.06% Nezami et al., 2008 
3 Common bean grain yield 30-53% Gebeyehu et al., 2010 
4 Rice grain yield 26-67% Sikuku et al., 2012 
5 Chichpea grain yield 41.29% Yaqoob et al., 2011 
6 Sorghum dry matter 8.5% Bibi et al., 2012 
7 Sunflower Biomass 49.76-68.61% Bajehbaj, 2011 
8 Maize grain yield 49-66% Khodarahmpour and Hamidi, 2012 
 

2.1.1 Effect of drought on plant photosynthesis  

The prevailing environmental conditions affect the metabolic activities like 

photosynthetic activity of plants (Wise, 1995; Sikuku et al., 2012). The deficiency of 

moisture may negatively affect the photosynthetic apparatus at its severity and results in 

lower photosynthetic efficiency in plants (Dubey, 1997; Saeedipour, 2012). Decrease in the 

photosynthetic activity may be due to impaired photosynthetic apparatus, leaf expansion, leaf 

senescence and photosynthetic pigment that leads to reduction in assimilate production, 

consequently growth of plant is affected (Wahid and Rasul, 2005; Anjum et al., 2003; Rafiee, 

2012). The Calvin cycle efficiency is also affected (Monakhova and Chernyadev, 2002) as 
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plants close their stomata that results in decrease CO2 supply, hence the photosynthesis is 

affected (Flexas and Medrano, 2002). The reduction in CO2
 assimilation and stomatal 

conductance may be due to decrease in RuBP regeneration and carboxylation capacity 

(Pankovic et al., 1999). Under drought the activity of reactive oxygen species (ROS) such as 

hydrogen peroxide, superoxide anion radicals, hydroxyl radicals, singlet oxygen and alkoxy 

radicals increase that interrupt the photosynthetic acivities by disrupting photosynthetic 

apparatus. These may generate when the electrons transferred from the PS-II reaction center 

molecules in the existence of light go beyond the number of electrons received by NADP+, 

that are hastily received by O2 in PS- I and results in the creation of reactive oxygen species 

for instance O2- and H2O2 (Asada, 1994). This production of reactive oxygen species is 

speeded up by the mutual effect of water deficit and low temperature (Alscher and Hess, 

1993). Similarly these reactive oxygen species for example singlet oxygen destroyed the PS- 

II complex by damaging the proteins of the reaction center of PS-II. ROS react with lipids, 

deoxy-ribonucleic acid and proteins that cause oxidative damage and impaired normal 

functioning of cells in plants (Foyer and Fletcher, 2001). Inhibition of photosynthesis may be 

due to the imbalanced antioxidants and active oxygen species production under water deficit 

condition (Reddy et al., 2004).  

2.1.2 Effect of drought on root respiration  

Drought tolerance is a cost-intensive mechanism, as a significant quantity of energy is 

spent to deal with it. The rate of root respiration increases as the water deficiency occurs at 

the root zone which causes an imbalance in carbon resources utilization that reduce the 

adenosine triphosphate production and ultimately there is an increase in toxic oxygen 

species. For example in wheat crop, depending upon cultivar, growth stage and nutritional 

status, it has been observed that on daily basis more than 50% of the saved assimilates 

transferred to the roots and about 60% of this accumulated fraction is respired (Lambers et 

al., 1996). The sensitive wheat cultivar under severe moisture deficiency utilizes more 

glucose to absorb water (Liu et al., 2004).  

2.1.3 Osmotic adjustment in plants under drought 

There are various mechanisms in plants to cope with drought. These include several 

physiological, biochemical and molecular responses and one of them is osmotic adjustment 

(Fig. 2.2; Shao et al., 2008). It is considered an important mechanism in drought tolerance that 



 

9 
 

helps the plants to survive under the dehydration condition (Sara et al., 2012). It is a common 

stress tolerance mechanism in plants accomplished by the accumulation of a range of 

osmotically active molecules or ions including soluble sugars, sugar alcohols, proline, 

glycinebetaine, organic acids, chloride ions,  potassium ions and calcium ions etc. (Serraj and 

Sinclair, 2002; Farooq et al., 2008; Bowne et al., 2012). These are greatly soluble and low 

weight molecules that even at high concentration are non-hazardous for plants and protect 

plants through detoxifying the toxic oxygen species and ultimately save from cellular 

dehydration through stabilization the structures of enzymes, proteins and various membranes. 

Under water deficit plants lower their osmotic potential through accumulation of such solutes 

so water moves into the cell from surroundings, ultimately maintain their turgor and continue 

metabolic activities (Ludlow and Muchow, 1990; Subbarao et al., 2000; Bowne et al., 2012). 

With osmotic adjustment, the cell organelles and cytoplasmic activities take place normally 

and help plants to do better in terms of growth, photosynthesis and assimilate partitioning to 

grain filling (Ludlow and Muchow, 1990; Subbarao et al., 2000). Difference in osmotic 

adjustment among various chickpea genotypes under drought has been reported, and grain 

yield was correlated with the degree of osmotic adjustment when grown under field condition 

(Moinuddin and Chopra, 2004). Glycine-betaine that is a quaternary ammonium natural 

compound in plants is generated under drought. It helps the plants in maintaining turgor 

under water deficit situation (Agboma et al., 1997) and shields enzymes (e.g. Rubisco), lipids 

and proteins ultimately sustains the flow of electrons in photosynthesis through thylakoid 

membranes (Allakhverdiev et al., 2003). Hence, the plants that are capable of producing 

glycine-betaine under drought are more tolerant to drought stress (Monyo et al., 1992). 

Similarly the plants produce another organic compatible solute i.e. proline so, can bear lower 

water potential (Jalil et al., 2007; Sankar et al., 2007). There is a great difference in osmotic 

adjustment under drought stress among various plant varieties (Chimenti and Hall, 1994). 

There are several physiological, biochemical and molecular basis of drought tolerance in 

plants as represented in Fig. 2.2. 
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*Recognition of root      signals  *Transient decrease in   
photochemical efficiency 

 *Stress responsive gene 
expression 

*Loss of turgor and osmotic 

adjustment 
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expression 
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proteins 

*Decrease in stomatal 

conductance 
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enzymes 
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*Decline in photosynthesis  

*Reduced growth rate 

 

Fig 2.2: Physiological, biochemical and molecular basis of drought tolerance in plants (Shao et al., 

2008). 

 

2.2. Maize: An introduction  

2.2.1 History 

The maize plant scientific name Zea mays L. is constituted on genus Zea and species 

mays, genus Zea belongs to poaceae family with sub-family Panicoideae and tribe 

Andropogoneae (USDA, 2005). In genus Zea the species mays is the only cultivated species 

while other species and sub-species are wild type.  Maize is an important crop among cereals 

usually grown in the largest part of the globe. History shows that its early cultivation started 

in various regions of Central America from where it was disseminated towards the northern 

Physiological Responses  Biochemical Responses   Molecular Responses 

DROUGHT STRESS 



 

11 
 

and southern areas after the discovery of America in fifteenth century by European (Farnham 

et al., 2003). It was domesticated about 6000 years ago according to the views of 

phylogenetic and Archaeological records (Piperno and Flannery, 2001). At present, it is 

grown in many parts of the world with leading maize producing countries like United States 

of America, Peoples Republic of China, Brazil, Mexico and the European Union. Recently 

about 60% of the world maize is produced in America and China. Maize donates 15-20% of 

the daily calories in the diet of more than 20 countries of Africa and Latin America. About 

68% of it is grown in developing regions of the globe while they produce less than 46% that 

displays scope of improving its production in such areas of the world (Farnham et al., 2003).  

2.2.2 Growth habit and morphology 

Maize is a monoecious, determinate in growth habit tall annual plant. It keeps narrow 

leaves alternately arranged at the side of stem. At the base of leaf is sheath near to stalk and 

an extended blade that linked to the leaf sheath with a leaf collar. Maize plant can produce 

about 30 leaves that differ from race to race. Temperate maize cultivars produce lesser 

number of leaves with respect to tropical maize plants. It possesses adventitious root system 

with single stem consisting of nodes and internodes. It is C4 plant in carbon fixation pathway 

and efficiently uses CO2 in the process of photosynthesis. Its male inflorescence is known as 

tassel located at the top of plant while female inflorescence is called ear situated at about 

centre of stem. There are about 300 to 1000 ovules in ear that after fertilization develop into 

kernels. Its potential number of ears is determined genetically while the environment affects 

the actual number of ears. Its growth usually depends on the cultivar maturity group and 

prevailing environmental conditions (Morales, 2009), and prefers high temperature, so it 

requires enough temperature for its growth and development. While, flowering is main water 

requiring growth stage (Karrou et al., 2012). Once the ear blossom, the plant fills the grains 

and its content of water decreases slowly. During grain filling, the hardness depends on the 

prevailing environment. If there is too high temperature and no water, plant may die before 

the grains are filled and ultimately results in yield reduction (Morales, 2009).  

2.2.3 Geography of maize cultivation 

Maize can be cultivated in a range of environments and latitude from sea level to 

3800 m above. It can grows from 58o north to 40o south. Normally, the temperate maize is 

grown above 34o latitudes, the tropical maize at 30o north to 30o south while the subtropical 
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maize crop between 30 to 34o both north and south. Its growing season differs from 42 to 400 

days (Paliwal et al., 2000; Farnham et al., 2003).  

2.3 Effect of drought on maize 

In the tropics, maize is subjected to severe climatic conditions that limit crop growth 

and development, and ultimately limit yield potential (Zaidi et al., 2002; Sah and Zamora, 

2005). Among the abiotic stresses, drought is one of the most critical constraint for maize 

productivity (Azeez et al., 2005; Boubacar, 2012), and large yield reduction can occur when 

maize is exposed to it during critical stages of crop growth (Chimenti et al., 2006). 

Water stress destructively influenced the various morphological and physiological 

traits of plant for instance leaf area, plant height, water relations and gas exchange etc. 

(Farhad et al., 2011; Kusvuran, 2012). The desiccation conditions radically affected various 

plant characteristics the plant height, leaf area; density of roots, fresh and dry weights of 

shoot and root, osmotic and turgor potentials and chlorophyll contents of wheat (Ali et al., 

2011) and maize crop (Ebrahimi et al., 2011). Likewise, disclosure of plants to water 

deficiency conditions led to observable reduction in leaf water contents, water potential and 

osmotic potential. Drought altered the relation between relative water contents and leaf water 

potential of all cultivars so that strained plants had poorer water potential than that of control 

at the equal relative water contents (Atteya, 2003; Lixin et al., 2011; Kusvuran 2012). The 

root growth was less affected due to drought as compared to shoot growth (Nayyar, 2003).  

2.3.1 Influence of drought on the phenology of maize  

Maize is susceptible to water deficit due to the plant's water requirement for cell 

elongation and its inability to postpone vegetative growth. Hence, there is always risk of 

yield loss irrespective of the timing of drought. The ideal rule of corn production is that 

maximum yield will be achieved only where environmental conditions are promising at all 

stages of its growth. The yield loss that happens during dry weather conditions depends on 

what growth stage the corn is in and in what way severe the dry conditions become 

(Heinigre, 2000). 

Though, each stage of maize crop has some vulnerability to water stress but three of them 

(early growth, flowering and grain filling) are documented as critical (Zaidi, 2002). By 

distressing the plant growth at the start of the growing spell, drought can strongly restrict 

yield. While, the reduction in yield by 90% and an occurrence of sterility upto 77% were 
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observed by Nesmith and Retchie (1992), when water supply was curtailed to plants just 

earlier to tassel appearance to the start of grain filling stage. Meanwhile, Khodarahmpour and 

Hamidi, (2012) reported that maize plants under drought stress during grain filling stage had 

lower grain yield, grain number per ear and grain number per row  that showed  severe 

effects  of drought stress  at  this stage  of growth . Likewise, grain yield under water stress 

during mid to late grain filling stage is comparatively less affected with respect to the other 

two stages. According to Westgate (1997), maize is considered to be more prone to water 

stress than other crops for three weeks flowering stage since; 

1- Its florets extend almost at the same time and are generally borne on a particular ear.  

2- Water deficiency inhibits photosynthetic rate, consequently decreased supply of 

existing assimilates.  

3- Water deficit at blossoming also diminishes the ability of developing grains to exploit 

accessible assimilates, as the performance of a vital enzyme (acid invertase), is 

damaged.  

As the grains enter the linear stage of biomass production just after 2-3 weeks of 

pollination, they build capability to find reserved assimilates in various plant parts. Hence 

they can usually develop to at least about 30% of the weight of grains on unstressed plants, 

although water deficiency may become harsher (Bolanos and Edmeades, 1996).  

Normally maize crop requires about 500 mm to 700 mm well distributed precipitation 

during its life cycle, however this amount also depends on the quality of the soil and 

prevailing environmental conditions. Various maize cultivars vary in the time required for 

maturity that involves different water necessities depending on the length of their growth 

cycle. As a thumb rule about 5 mm/day is required for maize daily usage (Reta and Faz, 

1999). For the period of vegetative growth, more water is required and it is suggested to give 

irrigation 10 to 15 days prior to the flowering. The flowering phase is the main and most 

critical stage as previously discussed above, reason why irrigations are recommended to 

retain soil humidity and permit effective pollinization. Finally, for grain growth and cob 

maturity, the amount of water may be reduced. Reta and Faz (1999) reported that the 

maximum response of maize crop in terms of kernal yield and use of the evapo-transpired 

water was attained when the crop was kept well watered at the start of the differentiation 
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phases of reproductive organs (35 to 51 days after the emergence), beginning ear growth (52 

to 65), growth of stigmata (65 to 69), and milky stage (85 to 120 days). 

2.3.2 Effect of drought on anthesis to silking interval (ASI) 

Less anthesis to silking interval (ASI) is known to be good sign of water deficit 

tolerance in maize plants (Kamara et al., 2003; Ribaut et al., 2004; Azeez et al., 2005 and 

Tuberosa et al., 2007). Plants with less ASI of short than 2 days were recognized as drought 

tolerant and they showed relatively a smaller decrease in production than those with long ASI 

(6.9 days), (Dass et al., 2001). Water deficit just before flowering of maize delayed silking 

by 6 to 9 days (Aroca et al., 2003). Maize cultivars took 55.38 to 58.13 days to 50% silking 

and 53.00 to 55.44 days to 50% tasseling due to water deficit situation; consequently there 

was an increase of 16% ASI because of water stress and there was 25% reduction in yield 

(Azeez et al., 2005). Likewise, under water stress time to 50% silking increased in maize 

(65.6 to 69.8 days). There was an increase of about 3 to 7 days in ASI under severe water 

deficiency (Andersen et al., 2002). Drought increased the interval between anthesis and 

silking of maize to 4.5 days from an average of 1 day under normal situation (Chapman and 

Edmeades, 1999). 

2.3.3 Disruption in reproductive stage under water deficit 

Reduction in yield of maize occurs when evapo-transpirational demand goes beyond 

water supply at any time through the life cycle of plant. Moisture deficiency during flowering 

and pollination postpones silking, shrinks length of silk and hampers development of embryo 

after pollination. There is about 3 to 8% yield reduction for each day during this period. 

Moisture deficit may setbacks silking until pollen grain shed is almost or entirely completed. 

When there is low relative humidity, insufficient soil water contents and high external 

temperature, uncovered silks may dehydrate and become non-responsive to pollen 

germination. Dehydration during silking along with higher temperature can result in 100% 

loss of yield. During hot summer days high temperature can be so lethal that it may kill 

pollen prior to reach the silks, so rigorous yield drop may happen because of partial 

pollination and the loss of number of grains (Lauer, 2003).  

Drought stress during grain filling period enhances dying of leaves, curtails the period 

of grain filling, enhances lodging and lowers weight of grains. Drought during grain fill 

period decreases crop yield by 2.5-5.8% with every day of water stress. Grains close to the 
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tip of the cob are normally fertilized at the end and therefore are less vigorous than the 

others; as a result they are most vulnerable to abortion. If grains have attained the dough 

phase, then additional loss of yield will be primarily from decrease in grain dry mass addition 

(Lauer, 2003). Highest grain yield can only be obtained if water is available throughout the 

growth period till the formation of black layer or “physiological maturity” (Coffman, 1998). 

2.3.4 Effect of drought on relative water contents of maize 

Water is very crucial for growth and various metabolic functions in plants require no 

explanation. In the framework of “physiological window” light water deficit makes plants to 

adjust loss and uptake of water, allowing protection of their water content of leaf within the 

restrictions wherever photosynthesis and grain yield show slight or no change (Yordanov et 

al., 2003). The relative water contents decreased significantly in maize plants with leaves at 

low water potential (-1.4 MPa) as compared to the control treatment. The value of relative 

water contents in control was upto 99.02-99.56% that was significantly higher than stressed 

ones that ranged from 71.39-75.34% (Valentovic et al., 2006). Leaf water potential and 

relative water contents were less susceptible to moisture deficiency at flowering stage than 

that of vegetative stage of maize (Diouf et al., 2001). 

2.3.5 Effect of drought on root traits 

Root system plays a vital role in moisture absorption for plants and is an important 

part of tolerance to moisture deficiency (Mc-Cully, 2001; Bruce et al., 2001). Drought 

significantly affects the root to shoot ratio of maize. It was 0.069 under less moisture stress at 

73 days after sowing. While under higher water deficiency stress it was 0.47 at 73 days after 

sowing (Kondo et al., 2000). 

2.3.6 Effect of drought on yield and yield related components 

With rising harshness of water stress, grain production reduced because of negative 

effect on the time taken to pollination, number of grains per cob and grain weight per cob 

(Tarighaleslami et al., 2012). While, the water stress for a long period of time during the 

growing of maize crop before or after flowering decreased yield with a reduction in number 

of kernels per cob by 40 to 70% while 1000-grain weight was also reduced (Monneveux et 

al., 2006). Due to water stress the cob weight per plant was decreased from 60 to 80% in 

maize (Moser et al., 2006). Pre-anthesis water stress reduced both the number of kernel and 

the 1000 kernel weight in maize crop (Pandey et al., 2000). Similarly, under harsh water 
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stressed conditions the biomass production, grain yield, number of grains per cob and harvest 

index was badly affected (Andersen et al., 2002; Shrestha et al., 2012). Drought stress during 

reproductive period reduced the grain yield more severely with respect to vegetative stage 

(Moser et al., 2006). The yield reduction was noticed 6.60 and 11.12% in two years during 

stress at vegetative phase while stress at reproductive stage initiation decreased yield by 26.4 

and 22.6% in both years, respectively (Pandey et al., 2000). Under water limiting condition 

during the vegetative period grain yield was decreased by 6.56 and 11.21% in 2 years of field 

study in Africa (Sahel region), while during the early reproductive stage, significant yield 

decline of 26.55 and 22.40% were observed for the particular seasons (Pandey et al., 2000). 

The maximum yield decline was linked with stresses that were severe through the 25 days 

period after reproductive stage (Edmeades et al., 2003). It leads to a decrease of 30 to 40% 

grain harvest of maize in Nigeria (Azeez et al., 2005). The decline in grain yield was higher 

in such plants that have low capacity of osmotic adjustment as compared to those that have 

higher osmotic adjustment ability (Chimenti et al., 2006). Water deficiency considerably 

reduced the grain mass by 13 (6.15 t ha-1), 21 (5.02 t ha-1) and 32% (4.37 t ha-1) during field 

study for three years in Thailand (Moser et al., 2006).  

Maize crop produced mean yield of 3 t ha-1 for 11 hybrids in Texas (2000) under 

drought during reproductive stage resulting in about 40% yield loss while, in Chile (1999-

2000) same maize hybrids, resulted in a yield reduction  of 62%. Yet, the average grain yield 

in Chile under drought stress was about 7.48 t ha-1 (Bruce et al., 2001). The CIMMYT and 

Check maize hybrids yielded 3.01 and 2.53 t ha-1 under drought conditions, respectively 

(Banziger et al., 2006).  

It is well known that water shortfall during anthesis stage can have destructive effects 

on grain yield of maize crop (Moser et al., 2006; Moosavi, 2012). Drought stress at flowering 

stage can decrease yield @ of 8% per day (Tuberosa et al., 2007). Water stress also affects 

significantly the stover yield of maize crop. Decline in stover mass (3.68 to 3.78 t ha-1) was 

to the level of 9 to 22% in Nigeria (Azeez et al., 2005). Hence, the result of water deficit on 

biological and grain yield usually leads to its considerable effect on Harvest Index (HI) of 

maize. HI of moisture harassed maize crop was 0.46, 0.52 and 0.54 during the three years in 

Thailand. The highest HI (0.56) was recorded in DK-888 maize hybrid during 1995 (Moser 

et al., 2006) while, lowest HI was observed when drought occurred at tasseling and dough 
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stage (Hay and Gilbert, 2001). Drought stress at various crop growth stages negatively 

affects the yield of maize (Kamara et al., 2003).  

2.4 Need for the drought tolerance 

The explosive increase in global population holds extremely hard challenges for the 

planet like exceeded ecological foot prints (Ewing et al., 2010) and ruined ecosystem 

services (Millinium Ecosystem Assessment, 2005). Such situation points to the fact that the 

global pattern of food consumption is unsustainable at long term (Fitter, 2012). 

Currently, 1.02 billion people of the world suffer from hunger (FAO, 2011). 

Meanwhile, over the next 30 to 50 years with an estimated population of 9-10 billion people, 

the biggest problem that arises is the food security for growing population, especially in the 

least developed countries (Beddington, 2010). The dilemma is increased by the unavoidable 

loss of productive farm land to urbanization, elevated current rate of degradation of soils, and 

negative effect of climate change (Lal, 2007). 

There is a real distress that one of the prime impacts of climate change will be to 

increase the frequency, severity and global scale of drought periods (Romm, 2011). Drought 

is a first and foremost challenging problem because of the absolute shortage of water in many 

parts of the world (Fitter, 2012), like  Pakistan where water accessibility has decreased from 

5000 m3 per capita in 1950 to less than 1500 m3. Moreover, the per capita water availability 

is lowest in Pakistan among 26 Asian countries (New York: Asia Society, 2009). So, to cope 

with this situation it is the dire need of the day to conserve water and use various strategies 

that can improve drought tolerance in crops under water deficit or rain fed circumstances 

(Zwart and Bastiaanssen, 2004; Farre and Faci, 2006). 

Various strategies are being employed for sustainable crop production with limited 

moisture supply. Whereas the integrated use of such approaches is crucial due to financial 

and ecological restrictions. Among all these, exogenous application of nutrients is 

documented as a shotgun approach to reduce the unwanted effects of drought (Upadhyaya et 

al., 2012). The damaging effects of water deficit have been eliminated with exogenous 

application of nutrients like potassium in wheat (Aown et al., 2012) and maize (Bukhsh et 

al., 2012). Still, some beneficial mineral nutrients have been considered that can offset the 

undesirable effects of drought. Silicon, being a beneficial element provides significant 

benefits to plants under drought (Epstein, 1999). 
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2.5. Silicon: An introduction  

Davy (1819) wrote that silicon mediated outer layer of plant cell (epidermis) provides 

support, shields the bark from the damage of insect pests, and appears to work as a 

component in the economy of Equisetables and Grasses related to that performed in the 

animal kingdom by the outer shell of crustaceous insects. 

During 19th and 20th centuries, several scientists worked on the mineral composition 

of various plant species. They observed that plant dry matter generally had silica in higher 

concentration than other elements in plant body. Justius von Leibig in 1840 proposed the use 

of sodium silicate as a silicon based fertilizer and performed the 1st experiment in green 

house on sugar beet while in 1898 Professor Maxwell performed the first soil test to know 

the plant available silicon in the Islands of Hawaii. Similarly in 1824 Jons Jakob Berzelius 

first time prepared amorphous silica by using heated potassium with silicon tetrafluoride, and 

then filtered the compound through eliminating the fluorosilicates with repetitive rinses 

(Snyder, 2001).  

Scottish chemist Thomas Thomson (1773-1852) named the new element because of 

the existence in the mineral flint (silicis or silex in Latin). He also put the ending -on due to 

the resemblance of it to element carbon. In plant biology silicon is recognized as beneficial. 

It is indisputably an imperative necessity for the ordinary growth of numerous plants 

(Epstein, 1999; Richmond and Sussman, 2003; Keeping and Renolds, 2009). In periodic 

table of elements atomic weight of silicon is 28.09 g while atomic number is 14 (Graham and 

Cragg, 1960). Silicon has boiling point 2,355 °C while melting point is 1,410°C (Weast et 

al., 1964). There are two allotropic forms of silicon (a) amorphous brown powder and (b) 

glittery, crystal plates or grayish black needle-like (Datnoff et al., 2001). In the soil silicon 

ranges from 16 g kg-1 to 450 g kg-1 with an average of 330 g kg-1 (Jones and Dreher, 1996). 

The earth crust by weight is constituted about 25.7% silicon; hence it is the 2nd most 

plenteous element after oxygen (Belanger et al., 1995; Epstein, 2001; Epstein, 2009). It does 

not exist in nature in the free form because of processes of oxidation that prevails in earth's 

crust (Jones and Dreher, 1996).  

2.5.1 Silicon deposition in plant tissues 

Silicon is accumulated in tissues of plants that grow in soil medium. It is present 

mainly as silicic acid (0.1-0.6 mM) in soil solution. The plants commonly absorb it as ortho-
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silicic acid from soil solution. After absorption by plants silicic acid is mounted up over a 

significant range then polymerized as phytolith masses (Figs. 2.3; 2.4) that contain 

immensity of a plant’s silicon contents (Exley, 1998). Hence, all plants in soil medium have 

considerable silicon concentration in their various tissues (Ma et al., 2006). Several silicon 

transporter genes are engaged in its uptake from the roots and for its transport out of the 

xylem, thus controlling distribution of it in plant body (Fig. 2.4; Ma and Yamaji, 2008). Silicon 

is deposited beneath the cuticle and cell wall forming silica-cellulose double layer and silica-

cuticle double layer on the leaves and stem surfaces (Fig. 2.5).  

 

Fig 2.3: Absorption, accumulation and distribution of silicon in plant. Silicon is taken up through 

various transporters as silicic acid and then transported to the shoot in similar form. After that it is 

polymerized in shoot as silica and dumped in the form of silica body (bulliform cells). Silicon is 

sensed by soft X-ray (Ma et al., 2006). 

 



 

20 
 

 

Fig 2.4: Uptake and transport systems of Si in maize, barley and rice (Ma and Yamaji, 2008; Mitani 

et al., 2009). 

In fact silicon exists as an important and ever-present ingredient of plants; however it 

is not documented as an essential element for growth of plants. The majority of worldwide 

plants complete their growth in Si depressed growth medium (Epstein, 2001; Epstein, 2009). 

The condition was made shoddier by the assiduous dependence on a deficient old meaning of 

essentiality of nutrients due to which Si does not fulfill the standard of an essential element. 

After that, the definition of essentiality was condemned and a new definition was made by 

Epstein and Bloom in (2003) as: An element could be essential if it meets the criteria either 

one or both of two, (a) it is part of any molecule that is a basic constituent of the metabolism 

or structure of the plant and (b) under its severe deficiency it shows more deviation in 

growth, development, or reproduction of plants with respect to lower deficiency. According 

to the above mentioned statements, silicon is essential for growth and development of plants 

as its deficiency results in abnormalities in the plant body. Plants that have sufficient amount 

of silicon are significantly different from the silicon deprived plants with respect to their 

mechanical strength, structure, chemical composition, grain yield and various yield 

attributing characters, metabolic activities, resistance to several biotic and abiotic stresses 

including water deficit tolerance etc. (Epstein, 2001; Epstein, 2009; Sanchez et al., 2012). 
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2.5.2 Silicon role in plant biology 

Silicon role in plant biology remained unnoticed before the start of the twentieth 

century. Earlier plant physiologists overlooked the constructive effects of it on growth and 

development of plants because of (a) biologically, it is unreactive element and (b) abundance 

quantity of silica in earth crust and main inorganic component of plants; hence, clear 

indications of toxicity or deficiency of it were not obvious (Richmond and Sussman, 2003). 

The constant application of inorganic fertilizers and intensive cropping systems has 

exhausted the silicon that was available to plants as a nutrient from soil. At present the 

insufficiency of silicon in soils is accepted as a limiting factor for plant growth and 

development in eroded soils (Datnoff, 2004). 

Silicon is not found as a part of cellular apparatus but predominantly accumulated in 

vascular tissues and epidermis giving vigor, stiffness and also provides resistance against 

various biotic and abiotic stresses. Its role in biochemical activities of plants has not been 

identified. Though, it has been proposed that in various complexes of enzyme, silicon is 

found to shelter or control the photosynthetic pathway. It suppressed the activities of several 

enzymes like invertase that resulted in higher production of sucrose in sugarcane and the 

decline in phosphatase granted a higher supply of high energy essential precursors required 

for normal growth. In the mean while silicon in plants sort out lethal ultraviolet radiation 

reaching surface of leaves (Sanchez et al., 2012; Milne et al., 2012). 

 

Fig 2.5: Silicon deposition under the cuticle (Yoshida, 1975). 
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In view of its positive effects on plant growth, the former scientists explored the role 

of exogenously applied silicon to various crops like rice and sugarcane (Hakim et al., 2012; 

Khodarahmpour and Hamidi, 2012). The response of silicon application was different with 

the different types of soil (Nolla et al., 2012). Similarly various plant species differ in their 

capacity to accumulate silica in their bodies (Russell, 1973). According to Gallo et al (1974) 

the seed coat of various plants such as wheat, oat, rice and rye, accumulate the most silica 

while least in grain. They also noted that stems and leaves of sugarcane, bamboos, maize and 

sorghum had maximum silica than other body parts. 

2.5.3. Effect of silicon on tissue strength 

Agarie et al. (1998) reported that “silicon prevents the structural and functional 

deterioration of cell membranes when rice plants are exposed to environmental stress,” and 

that silicon may also be “involved in the thermal stability in cell membranes.” Kaya et al. 

(2006) showed that 2 mM Na2SiO3 decreased electrolyte leakage by 18.3% in water-stressed 

corn (50% FC). According to Gunes et al. (2008), silicon applied to the soil prevented 

membrane damage due to reduction in H2O2.  Pulz et al. (2008) and Crusciol et al. (2009) 

found that using calcium and magnesium silicates decreased potato stem lodging (weak 

lower stems) under drought conditions. According to Shen et al. (2010), silicon reduced 

osmolyte leakage and lipid peroxidation. 

2.5.4. Role of silicon in plant physiology 

Silicon nutrition has several beneficial effects on plant growth largely due to its 

unique physiological role (Kojic et al., 2012). Its application improved the leaf chlorophyll 

contents, leaf water potential, water relations and gas exchange (Mali and Aery, 2008; Pei et 

al., 2010).  

2.5.4.1 Effect of silicon on gas exchange in plants 

Silicon application in the root zone maintains transpiration, stomatal conductance, net 

photosynthesis and intercellular CO2 in drought stressed leguminous plants (Murillo-

Amador, 2007).  

2.5.4.1.1 Effect of silicon on photosynthesis 

It has been reported that Si improves the photosynthetic rate in various crops like 

sugarcane and cucumber (Bokhtiar et al., 2012), that might be related to leaf ultra-structure, 

chlorophyll content, and ribulose biphosphate carboxilase activity (Shu and Liu, 2001; Gong 
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et al., 2005). Al-aghabary et al. (2004) showed that Si decreased salt-induced production of 

H2O2 and improved photochemical efficiency of PS-II of salinised tomato plants. The 

persistence of photosynthesis because of silicon nutrition might be one of the causes for the 

improved dry matter accumulation in plants (Agurie et al., 1992; Bokhtiar et al., 2012). 

Increased net photosynthetic rate under water deficit have earlier been examined in different 

wheat cultivars (Matichenkov et al., 2001; Matichenkov and Kosobrukhov, 2004). They 

reported that this increase could be due to the role of silicon in controlling the enzyme 

activities, and its direct influence on the biochemical processes in plant tissues (Matichenkov 

and Kosobrukhov, 2004). Furthermore, Moussa (2006) showed that a significant increase in 

CO2 fixation rate and photosynthetic efficiency in different cultivars of maize was due to the 

addition of Si to the root growing medium. In densily growing cereals, low light intensity is 

likely to decrease photosynthesis; the modifying effect of Si on leaf erectness can be useful 

(Aziz et al., 2002). 

2.5.4.1.2 Influence of silicon on transpiration 

Transpiration in various plants decreased with silicon fertilization (Gao et al., 2004). 

This decrease in transpiration may be due to deposition of Si beneath the cutical that hinders 

loss of water from cutical. The positive effect of silicon has been linked to the depression of 

unnecessary water loss by transpiration (Savant et al., 1999) or with silicate crystals 

accumulation under the epidermal cells of leaves and stems (Raven, 2003), that may decrease 

water loss through the cuticle layer. Previous studies of rice and maize (Zea mays L.) showed 

that Si-based reduction in transpiration was associated mainly with reduced stomatal aperture 

or conductance (Agarie et al., 1998; Gao et al., 2006), proposing the participation of Si in 

stomatal movement. In addition, Liang et al. (2007) proposed that water molecules may 

escape less easily from leaf surfaces because of the accumulation of polar monosilicic acid 

and/or polymerized silicic acid in the epidermal cell walls that may form H bonds between 

H2O and SiO2.nH2O. Ma (2004) observed that silicon reduced cuticular transpiration in 

drought-stressed rice. However, Chen et al. (2011) found that applying 1.5 mM silicon to 

drought-stressed rice increased transpiration rate from 19% in a drought-susceptible line and 

53% in a drought-resistant line. Silicon also improves the water use efficiency that might be 

due to decrease in unnecessary transpiration (Hellal et al., 2012; Putra et al., 2012).  
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2.5.4.1.3 Influence of silicon on stomatal conductance   

Silicon based modification in stomatal conductance of rice plants resulted from the 

physical effect of accumulated silica on epidermal tissues. For instance, one of the causes for 

silicon mediated improvement of stomatal aperture in rice is due to the improvement in water 

contents around guard cells through blockage of cuticular transpiration physically due to 

deposited silica (Agarie et al., 1998; Putra et al., 2012). Hattori et al., (2007) observed that 

silicon fertilization affects stomatal conductance by adjustment of tissue water status but not 

through any physical modification. In this way drought might be proposed that silicon 

nutrition assists water uptake and its transportation to stem and leaves. Likewise, Hattori et 

al. (2005) observed an increase in stomatal conductance in sorghum supplied with 1.66 mM 

silicon and subjected to drought stress in sand.  

2.5.4.2 Effect of silicon on water relation  

A number of possible mechanisms are reported through which silicon may increase 

drought tolerance in plants (Liang et al., 2007), one of them is increased plant water status 

(Aranda et al., 2006). Silicon application improves the water relation in plants (Pei et al., 

2010).  

2.5.4.2.1 Influence of silicon nutrition on water potential 

The water potential of leaves in the silicon-applied treatment was higher than the 

critical potential. This showed that uptake of water from roots was more balanced by the high 

transpirational demand in the day time and this banned closing of stomata due to moisture 

deficiency, even the soil was drying and uptake of water may be due to higher root to shoot 

ratio (Hattori et al., 2005) that may compensate for the slower flow of water from bulk soil to 

roots by extension of root surface area (Sperry et al., 2002). Earlier it has been reported that 

under water deficit condition silicon-applied plants of grasses had higher leaf water potential 

than those plants grown without silicon fertilization (Agarie et al., 1998). Gong et al. (2005) 

stated that added Si could improve the water status of water-stressed maize plants. Liang et 

al. (1999) reported that silica-cuticle double layer formed on leaf epidermis is liable for this 

improved water potential. Hence, suggesting an induction of drought tolerance by Si due to 

reducing transpirational loss of water under moisture stress condition. Gong et al. (2005) 

found that the addition of 2.11 mM Na2SiO3 increased leaf water potential by ~0.2 MPa 

under drought conditions in potted wheat.   
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2.5.4.2.2 Role of silicon in osmotic adjustment 

The active osmotic adjustment is one of the chief physiological mechanisms 

accountable for plant adaptation to drought stress. Silicon application decreases the root 

osmotic potential that shows an active osmotic adjustment (Sonobe et al., 2011) and 

generally takes place as a result of an increase in osmolytes such as soluble sugars, minerals 

and amino acids (Kaya et al., 2006; Sonobe et al., 2011). More negative values of osmotic 

potential mean a higher degree of osmotic adjustment, and so a higher capacity of tissue to 

retain water. Likewise, Zhu et al. (2004) reported that plants can acclimatize to water deficit 

by changing solute levels consequently turgor improved and so physiological actions are 

sustained at low leaf water potentials.  

2.5.4.2.3 Effect of silicon fertilization on relative water content 

Relative water content (RWC) in leaves is known as an alternative measure of plant 

water status, reflecting the metabolic activity in tissues (Ahmed et al., 2011). Similarly Shen 

et al. (2010) reported that Si mediated plants of soybean maintained higher RWC under 

drought than Si deprived plants. Decrease in RWC in leaves of drought stressed plants may 

be due to unavailability of water in soil (Shalhevet, 1993) or root systems, which are not 

able to compensate for water lost by transpiration through a reduction of the absorbing 

surface (Gadallah, 2000). According to Gunes et al. (2008), silicon applied to the soil 

increased sunflower leaf relative water content. Gong et al. (2003) reported that 7.14 mmol 

Na2SiO3 8 kg-1 of soil resulted in an increase in leaf relative water content of 2.7%.  

According to Farooq et al. (2008) silicon improved drought resistance in rice by 

silicification of the root endodermis and improving water uptake. According to Shen et al. 

(2010), 1.7 mM silicon increased leaf relative water content from 62.3% to 80.7%, and 

transpiration by 29% in hydroponic soybean seedlings subjected to polyethylene glycol 

stress. 

2.5.4.3 Role of silicon against oxidative stress  

Kaya et al. (2006) suggested that it protects cell membranes from the unpleasant 

consequences of drought stress. Toxic oxygen species react with membrane lipids, proteins, 

photosynthetic pigments and nucleic acids. Due to this concentration of active oxygen 

species in plant cells must be specifically eliminated and regulated. Antioxidants that 

contribute in the scavenging and regulation of toxic oxygen species include enzymatic 
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(catalase, superoxide dismutase, peroxidases) and non-enzymatic compounds (glutathione, 

ascorbic acid, carotenoids, tocopherols). Silicon application can improve activity of such 

antioxidants under drought stress (Zhu et al., 2004; Waraich et al., 2011). Along with this 

silicon addition under stress conditions increases chlorophyll contents and prevents the 

photosynthetic apparatus damage from reactive oxygen species (Kaya et al., 2006). 

2.5.5. Effect of silicon on growth of plants  

In developing countries of the globe average per acre yield of most crops is very low 

because of the imbalanced and poor nutrition. The application of silicon as fertilizer has 

significant positive effect on growth and yield of various crops like sugarcane, rice, barley 

and wheat in several countries of the world as Japan, America and Brazil. The silicon 

fertilization is a common practice for rice and sugarcane in these countries (Savant et al., 

1999). Though silicon is thought as a non-essential mineral element (Taiz and Zeiger, 2006), 

yet from numerous earlier studies it is evident that, its exogenous application can support 

growth of the most plant species (Epstein, 1999; Keeping and Renolds, 2009). The progress 

in growth due to it not only occurs under normal moisture availability (Hossain et al., 2002), 

but also under stressed environment (Rodrigues et al., 2003; Ma, 2004).   

The plants from Cyperaceae and Poaceae families accumulate silicon in large amount 

(Mitani and Ma, 2005) and its use ensures improved growth for these crops. Generally plants 

from poaceae family collect and deposit higher silica in their various parts than others 

(Matichenkov and Kosobrukhov, 2004). Silicon does not harm plants even in higher 

concentration (Ma et al., 2001). The effect of silicon nutrition on plant growth is more 

evident under various biotic and abiotic stresses (Epstein, 2009; Carvalho-Zanao et al., 

2012). Similarly growth improvement by application of silicon in higher plants is more 

evident during stressful environment (Liang et al., 1999). Silicon use in agriculture sector is 

cost effective and ecological friendly tool against different kind of stresses (Liang et al., 

1996). According to Salman et al. (2012) plants that were developed with three soil moisture 

levels 50%, 75% and 100% of field capacity, water deficiency drastically abridged shoot dry 

weight of wheat plants while silicon fertilization considerably increased plant height, spike 

weight and plant biomass at all water levels. Similarly an increase in silicon concentration 

leads to increase in chlorophyll contents, leaf area index, leaf dry weight, root dry weight, 
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shoot dry weight, total dry weight and root to shoot ratio in sorghum and wheat cultivars as 

compared to control plots (Ali et al., 2009; Ahmed et al., 2011). 

2.5.6. Effect of silicon on yield  

Silicon application was found to amplify the grain yield of rice under water logged 

and upland conditions (Hakim et al., 2012; Nolla et al., 2012). Savant et al. (1999) also 

observed an increase in grain yield because of silicon application in various crops like 

sugarcane and rice. Silicon application increased grain, biological and straw yield but, 

decreased harvest index in rice under water stress and no stress condition (Malidareh, 2011) 

and improved the grain yield, 100-grain weight as well as straw yield of wheat crop (Hellal et 

al., 2012).  

Hakim et al. (2012) recorded several levels of yield improvement due to Si 

application in sugarcane and rice. Likewise, several field and green house experiments 

demonstrated the sustainable beneficial effects of silicon nutrition for various arable crops 

(Table 2.2). 

Table 2.2: Silicon-mediated increase (%) in dry matter or yield of various crops under 
water deficit   

Sr.# Crop Parameter Si-mediated increase (%) Reference 
1 Rice grain yield 

grain yield 
15.1% 
12.16-14.9% 

Hakim et al., 2012 
Gholami and Falah, 
2013 

2 Sorghum dry matter 25% Hattori et al., 2005 
3 Soybean dry matter 26% Shen et al., 2010 
4 Sugarcane dry matter 26-70% Bokhtiar et al., 2012 
5 Sorghum dry matter 30% Ahmed et al., 2011 
6 Lettuce dry shoot weight 46% Milne et al., 2012 
7 Maize Biomass 23.7-40.5% Fang et al., 2007 
8 Tomato dry weight 24% Aranda et al., 2006 
9 Wheat grain yield 50% Tahir et al., 2006 

 

2.6 Silicon role against stresses  

Various biotic and abiotic stresses such as pests and plant diseases, soil moisture 

deficiency, salinity and mineral toxicities etc. are common under field conditions reducing 

crop production drastically. Silicon has a unique physiological role in alleviating both biotic 

and abiotic stresses in most of the crops (Epstein, 2009; Keeping and Renolds, 2009; Kojic et 



 

28 
 

al., 2012). The beneficial effects of silicon on plant growth under biotic and abiotic stresses 

are presented in Fig. 2.6. 

2.6.1 Alleviation of biotic stresses 

Make use of ashes in home to control aphids is an ancient practice adopted in rural 

areas of Pakistan. The accumulation of silica on epidermal tissues provides a physical hurdle 

to insects. Leaf eating caterpillars and sucking pests have a low interest in silicified parts than 

less silica containing tender tissues.  

Silicon acts as functional plant nutrient and plays a catalytic role in induction of 

physiological resistance against various biotic stresses by production of several chemicals 

such as phenolic and tannic compounds (Liang et al., 2006). Silicon accumulation in plants 

strengthens the cell walls (Ma and Yamaji, 2008).  

It has been observed that silicon fertilization enhances resistance against insect pests 

like white backed plant-hopper, stem borers, green leaf hopper, brown plant hopper and 

various non-insect pests as mites (Savant et al., 1999; Ma and Takahashi, 2002). Ma and 

Takahashi (2002) reported that silicon is beneficial in the control of stem borer in rice. In 

sugarcane the infestation of stalk borer was declined by silicon nutrition under field 

conditions (Keeping and Meyer, 2003). Similarly silicon reduces the infestation of other 

borer like Sesamia calamistis Hampson (Setamou et al., 1993). It not only controls the borers 

in maize but also effective against sucking insect pests of crops through hardening of cell 

wall of leaves (Goussain, 2001). Along with this silicon application also eliminates pest 

infestation in most of the cultivated crops (Table 2.3).  

Table 2.3: Insect pest suppression by silicon nutrition in different crops 
Host Pest Scientific name Reference 
 Stem borer Chlilo suppressalis Ma and Takahashi, 2002 
Rice African borer Chilo zacconius Liang et al., 2006 
 Yellow borer Scirpophaga incertulas Liang et al., 2006 
Wheat Green bug Scizaphis graminum Gurr and Kvedaras, (2009) 
Sorghum Green bug Scizaphis graminum Carvalho et al.,1999 
Corn Leaf aphid  Rhopalosiphum maidis Goussain,2001 
Sugarcane Stem borer  Eldana saccharina Ratnadass et al. (2012) 
 

The mechanism for Si-based resistance to diseases is because of (a) silicon role as a 

physical obstacle and (b) soluble silicon acts as modulator of host resistance to causal 

organisms (pathogens). It is accumulated under the cuticle to form a cuticle-silica double 
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layer that impedes inclusion of fungi and hence hinders the disease infection. In rice-blast 

system improved resistance by silicon use was coupled with the density of silicified 

bulliform, short and long cells in leaf epidermis that acted as a fence and reduced the number 

of blast lesion (Datnoff and Rodrigues, 2005). Application of silicon @ 1000 kg ha-1 as 

calcium silicate reduced brown spot by 15.0% and neck blast by 30.5% over the control 

treatment (Datnoff and Rodrigues, 2005). It was also assumed that silicon could make 

complexes with the organic compounds of cell walls of epidermal cells, so mounting their 

resistance to enzymes. The soluble silicon may create phytoalexins and phenolics in response 

to disease infection. The antifungal compounds such as momilactones were found to build up 

in silicon applied rice plants. In cucumber silica increased the activity of peroxidases, 

chitinases and polyphenol oxidases when cucumber roots were colonized by Pythium. Silicon 

nutrition eliminated the neck and leaf blast, leaf scald, brown spot, grain coloration, stem rot, 

sheath blight, root knot nematode and bacterial leaf blight infection in rice plants. Silicon 

nutrition was found to suppress several diseases in various crops (Table 2.4). 

Table 2.4: Pathogens suppressed by silica 
Host Pathogen Reference 
Rice Magnaporthe grisea Shen et al. (2010) 
Wheat Bipolaris oryzae 

Blumeria graminis 
Dallagnol et al. (2012) 
Fauteux et al. (2005) 

Sugarcane 
Cucumber 

Leptosphaeria Sacchari  
Podosphaera xhantii 

Savant et al. (1999) 
Wolff et al. (2012) 

 
Paprika  
Rose  
Corn 
Hami melon 
Potato 
Banana 

Colletotrichum orbiculare 
Phytophthora capsici 
Diplocarpon rosae 
Fusarium moniliforme 
Alternaria alternate 
Fusarium sulphureum 
Mycosphaerella fijiensis 

Romero et al. (2011) 
French-Monar et al. (2010) 
Romero et al. (2011) 
Romero et al.(2011) 
Shen et al. (2010) 
Li et al. (2009) 
Kablan et al. (2012) 

 

2.6.2 Alleviation of abiotic stresses 
 Silicon nutrition also alleviates many abiotic stresses including physical stresses like 

lodging, drought, radiation, high temperature, freezing, ultra violet radiations and chemical 

stress like salt, metal toxicity, nutrient imbalance and many others (Epstein, 1994; Epstein, 

1999; Epstein, 2009; Keeping and Renolds, 2009; Ahmed et al., 2011; Milne et al., 2012). 

The beneficial effects are attributed to Si deposition in cell walls of roots, leaves, culms and 

hulls. Si deposition in roots reduces the binding sites for metals resulting in decreased uptake 
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and translocation of salts and toxic metals from roots to shoot. Si alleviated effects have been 

associated with an increase in antioxidant defense abilities (Milne et al., 2012). Alleviation of 

abiotic stresses by silicon application in various crops is presented in Table 2.5. 

 

Fig 2.6: Beneficial effects of silicon on plant growth in relation to biotic and abiotic stresses (Ma and 

Yamaji, 2008). 
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Table 2.5: Alleviation of abiotic stresses in various crops by silicon application 
Abiotic stress Plant/crop Reference 
Physical stress: 
Lodging 
Radiation 
Drought 
High temperature 
Freezing etc 
 

 
Most crops 
 
 

 
Hakim et al., 2012; Ma et al., 2006 
 
 

Lodging Rice Salman et al., 2012 
Drought Sorghum 

Wheat 
Maize 
Rice 
Soybean 

Sonobe et al., 2011; Ahmed et al., 2011 
Ahmad and Haddad, 2011; Pei et al., 2010 
Kaya et al., 2006 
Nolla et al., 2012 
Shen et al., 2010 
 

Chemical stress: 
Salinity  
 
 
 
 
 
 
 
 
Mn toxicity 
Al toxicity 
Cd toxicity 
 
 
Zn toxicity 
 
Cr toxicity 

 
Sunflower 
Maize 
Wheat 
Lettuce 
Tomato 
canola 
Soybean 
Fennel 
Bean 
Rice 
Wheat 
Maize 
Rice 
Brassica 
Maize 
Rice 
Rice 
 

 
Saqib et al 2011 
Parveen and Ashraf, 2010 
Tuna et al, 2008; Ali et al., 2012 
Milne et al., 2012 
Aranda et al., 2006 
Solatni et al., 2012 
Hamayun et al., 2010 
Rahimi et al., 2012 
Abou-Baker et al., 2011 
Li et al., 2012 
Zsoldos et al., 2003 
Nazar et al., 2012 
 
 
Cunha et al., 2008 
Gu et al., 2011 
Fan-rong et al., 2011 

 

2.6.2.1 Drought stress physiology and silicon 

Drought stress can damage plant cell membranes, and cell wall architecture, as well 

as inhibits photosynthesis and cell division (Taiz and Zeiger, 2006). Hsiao (1973) stated that 

many of the changes observed under nutrient or water deficiencies seem to represent general 

patterns of modulation in plants under adversity. Here, four specific changes are briefly 

discussed:- 
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 1. Plant cuticle contributes to minimize uncontrolled water loss at stomatal closure 

(Riederer and Schreiber, 2001). The water loss that occured through cuticular transpiration 

accounts for only 5 to 10% of the total leaf transpiration (Taiz and Zeiger 2006). As Si is 

deposited beneath the cuticle of the leaves forming a Silica-cuticle double layer (Fig. 2.5), 

the transpiration through the cuticle may decrease by Si deposition (Ma, 2004). Silicon 

deposits 2.5 μm thick between the cuticle (generally 0.1 μm thick in rice) and endodermal 

cells have been found in rice (Ma and Takahashi, 2002). Silicon deposits have also been 

found in guard cells around stomata in blueberry (Morikawa and Saigusa 2004). Silicon can 

reduce the transpiration rate by 30% in rice, which has a thin cuticle (Ma, 2004). 

 2. There is also some evidence that silicon may be involved in the osmotic 

adjustment of plants. Kaya et al. (2006) found that 2 mM Na2SiO3 increased leaf relative 

water content by 26.5% in water-stressed corn (50% of FC) grown in peat, perlite or sand.  

Gunes et al. (2008) and Crusciol et al. (2009) found that silicon increased proline (a key 

solute in osmotic adjustment) content in stressed plant tissue.  However, Kaya et al. (2006), 

Lee et al. (2010), and Shen et al. (2010) found the opposite.  Sonobe et al. (2011) also 

suggest a silicon-induced effect of osmotic adjustment in sorghum roots. 

3. Silicification of trichomes has been observed in plants (Sangster et al. 1983; 

Hodson et al. 1985). It is possible that silicon-fortified trichomes act as antennae that absorb 

short-wave radiation and emit long-wave radiation to aid in the cooling of leaves. However, 

it is also possible that silicon-fortified trichomes increase the leaf-atmosphere boundary 

layer, thus creating a larger energy transfer gradient. 

 4. Silicon accumulation has been observed mostly in areas of high transpiration in 

plants. However, silicon accumulation in and/or on plant roots may serve as a part of drought 

tolerance mechanisms. Yeo et al. (1999) hypothesized a silicon-mediated decrease of root 

apoplastic leakage to the stele in rice roots grown in saline nutrient solution. Lux et al. (2002) 

found high root endodermal silicification in a drought-tolerant sorghum cultivar, and 

proposed that this silicification may be related to the drought tolerance. 
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2.7. Silicon and maize 

Pakistan's climate ranges from arid to semi-arid and scarcity of water is common 

under field condition affecting crop efficiency drastically. Silicon may be added as fertilizer 

to overcome the negative effect of water stress on plant growth in various crops like maize. 

The positive function of silicon has shown not only in optimal conditions, but also under 

stress conditions (Chen et al., 2011; Hakim et al., 2012).   

According to Lanning et al. (1980), the silica content of mature corn plants in Kansas 

was highest in the leaf blades followed by the leaf sheath, tassel, roots, stem epidermis and 

pith, and ear husk. The percentage of ash as silica was also highest in the leaves. Coors 

(1987) found a correlation between silicon supply and plant resistance to European corn 

borer. The application of silicon to soil and leaves of corn appears to have deterred corn 

aphids from the usual degree of feeding in a greenhouse (Moraes et al. 2005). In a study in 

which polyethylene glycol drought stress was imposed to corn plants grown in hydroponic 

solution, Gao et al.  (2006) found that 2 mM silicic acid reduced transpiration rate in 

drought-stressed plants. The authors concluded that “the role of Si in decreasing transpiration 

rate must be largely attributed to the reduction in transpiration rate from stomata rather than 

cuticular.” Fertilization of container-grown drought-stressed corn with 1 mM and 2 mM 

Na2SiO3 in nutrient solution increased plant dry matter, foliar calcium content, foliar 

potassium content, root calcium content, and decreased electrolyte leakage (Kaya et al., 

2006). Bakhat et al. (2009) found that 0.8 mM Na2SiO3 supplied to corn grown in 

hydroponic solution increased plant height, dry weight and leaf area. The silicon application 

to maize plants under mild and severe water stress bring improvement in biomass production 

(Fang et al., 2007). Hence, it helps to overcome the deleterious effects of drought even in 

severe deficiency of water in maize (Zou et al., 2005). 

In conclusion, it can be stated that the role of silicon in plants is not restricted to 

development of a physical or mechanical barrier in cell walls or intercellular spaces.  It alters 

metabolism in plants and corrects physiological disorders principally in plants subjected to 

stress environments. There is a need for further research that will permit us to understand 

better the relations between silicon nutrition and plant responses. 
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Chapter 3    
                                                       MATERIALS AND   METHODS                  
 
 
 The present study was conducted at Postgraduate Agriculture Research Station 

(PARS), University of Agriculture Faisalabad, Pakistan to investigate the performance of 

maize hybrids by silicon application under drought condition. There were four experiments 

in the study; first three experiments were carried out in pots while fourth experiment was 

conducted in field.  

3.1. Experimental site  

The experiments were carried out at the Post Graduate Research Station (PARS), 

University of Agriculture Faisalabad (Pakistan), during the years 2009-10 and 2010-11. The 

experimental area is situated at latitude (30°-31.5°) North and longitude (73°-74°) East, with 

an elevation of 184 m (604 ft) above sea level. Indus plain is the mother land of the site 

irrigated through the Indus river tributaries oriented canal irrigation system. Soils are alluvial 

in nature.  

3.2. Meteorological information 

 The meteorological data for the period of study are depicted in Fig. 3.1 to 3.4 

collected from Agricultural Meteorology Cell, Department of Crop Physiology, University of 

Agriculture Faisalabad, Pakistan.  

3.3. Soil analysis 

Representative composite soil samples were taken upto the depth of 30 cm from the 

experimental site with the help of soil auger prior to conduct the experiments and were 

analyzed for their physico-chemical properties. 

3.4. Seed material collection 

 The seeds of various maize hybrids used in this study were obtained from various 

research institutes and seed companies such as; Ayub Agriculture Research Institute (AARI), 

Maize and Millet Research Institute (MMRI), Pioneer Seeds, ICI, Syngenta and Rafhan 

Maize.  
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Fig. 3.1. Total rainfall data during experimentation 

 

 

Fig. 3.2. Mean temperature data of experimental site 

 

 

Fig. 3.3. Average relative humidity data of experimental site 
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Fig. 3.4. Mean potential evapo-transpiration data of experimental site 

 

3.5. Determination of field capacity 

The field capacity was determined on gravimetric basis (Nachabe, 1998). For 

determination of field capacity three samples of 200 gm each of the soil used in the 

experiments were taken at the time of filling the earthen pots (24.6 cm diameter and 28 cm 

deep). These samples were then incubated at 105oC for 24 hours and oven dried samples 

were weighed and averaged for determination of total moisture content of the soil at the time 

of seed sowing. Then the saturation percentage of three samples of 100 gm each of this oven 

dried soil was approximated by measuring and then averaging the distilled water used in 

making completely saturated paste of three samples. The field capacity was determined by 

using the following formula:- 

                                              Saturation percentage 
            Field capacity = ----------------------------------------- 
                                                           2 
For pot experiments field capacity of each pot was maintained as per treatment. Soil moisture 

percentage of each pot was measured on daily basis with the help of soil moisture meter. 

Each time pots were irrigated to maintain field capacity level. This procedure was carried out 

upto the assessment of seedlings. 
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   Table 3.1: Physico-chemical analysis of soil in the 1st experiment 
Soil characteristics Unit                            Value 
Soil Textural Class  -----                      Sandy clay loam 
Sand (%) 55.14 
Silt (%) 24.20 
Clay (%) 20.66 
Field capacity (%) 20 
pH  ------                                8.05 
EC  (dSm-1) 0.70 
O.M  (%) 0.82 
CaCO3  (%)   2.00 
P(available)  (ppm) 7.97 
K(extractable)  (ppm)     179.35 
 

POT STUDIES 

It contained three experiments 

3.6. Experiment 1: Screening of various maize hybrids for drought 

tolerance 

Factor A:  Maize hybrids 

H1= P-33H25 

H2= S-8441 

H3= FH-985 

H4= ICI-8288 

H5= YH-1921 

H6= R-3333 

H7= FH-963 

H8= FH-810 

Factor B: Drought levels 

D1= 100% field capacity 

D2= 80% field capacity 

D3= 60% field capacity 

 

3.6.1. Crop husbandry 

The selected eight hybrids (P-33H25, S-8441, FH-985, ICI-8288, YH-1921, R-3333, 

FH-963, FH-810) were sown for screening against drought. A fertilizer dose @: 250 kg N + 
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125 kg P2O5 and 125 kg K2O ha-1 was applied. All the P, K and 1/3 of N fertilizer were 

applied before sowing. Remaining N was applied in two splits. The physico-chemical analysis 

of soil used in this experiment is depicted in Table 3.1. The design of experiment was 

completely randomized (CRD) with factorial arrangement replicated thrice.  The sowing was 

done on August 08, 2009. Eight seeds of each hybrid were sown in each pot. Before sowing 

the seeds were treated with suitable insecticide and fungicide. At four leaf stage thinning was 

done and four plants per pot were maintained till 45 days after sowing (DAS). Drought stress 

was imposed after two weeks of germination. Field capacity of each pot was controlled 

according to the treatments. Soil moisture in pots was measured on daily basis. Each time pots 

were irrigated to maintain 100, 80 or 60% field capacity. This procedure was carried out upto 

the appraisal of crop. The harvesting was done on September 21, 2009.  

3.6.2. Observations recorded 

Following parameters were recorded in the experiment. 

A. Morphological observation 

1. Number of leaves per plant 

  Number of leaves was manually counted of all plants in each pot and mean was 

calculated. 

2. Leaf length (cm) 

  Leaf length of all the leaves of plants from each pot was measured with measuring 

tape and then their average was calculated. 

3. Leaf area per plant (cm2) 

  Leaves were excised and the sub-sample of 10 gram green lamina from detached 

leaves was used to record leaf area on leaf area meter.  

4. Stem diameter (cm) 

  It was measured for all plants from each pot with the help of Vernier Calliper after 

that average was calculated. 

 

5. Shoot length (cm) 

  It was calculated by using measuring tape from the ground to the ligule of upper most 

leaf of plants of each pot and then average length of each plant/shoot was calculated. 

6. Primary root length (cm) 
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  At the time of harvest the plants were uprooted from pots and root length was 

recorded with the help of scale and average was calculated. 

7. Shoot fresh weight per plant (g) 

  Plants from each pot were harvested and shoot fresh weight was calculated within 

half an hour of harvesting by using a digital balance and then average was calculated. 

8. Root fresh weight per plant (g) 

  All plants from each pot were uprooted and root fresh weight was calculated within 

half an hour after thoroughly washing the roots with distilled water. Then average was 

calculated. 

9. Shoot dry weight per plant (g)   

  Shoot material was oven dried by putting all the harvested material of shoots from 

each pot in an oven at 65±5 °C for 72 hours. After drying, shoot dry weight was recorded 

and then average shoot dry weight of each plant was calculated. 

10. Root dry weight per plant (g) 

  After the measurement of root length, plants roots were sundried from each pot and 

then oven dried at 65±5 °C for 72 hours. After that oven dried samples were weighed and 

averaged. 

11. Total fresh weight per plant (g) 

  It was calculated by adding shoot and root fresh weights of each plant. 

12. Total dry weight per plant (g) 

  It was calculated by adding shoot and root dry weights of each plant. 

13. Root: shoot ratio 

  It was calculated on the basis of dry weights of roots and shoot. 

B. Water relation parameters 

1. Relative water content (%) 

The third leaf from top (fully expanded youngest leaf) of two plants from each 

treatment was taken to determine the relative leaf water content. Soon after cutting at the 

base of lamina, leaves were sealed within plastic bags and quickly transferred to the 

laboratory. Fresh weight (FW) was taken within two hours after excision of leaves. Then 

turgid weight (TW) was determined after soaking leaves in distilled water for 16-18 hours at 

room temperature. After soaking, leaves were quickly and carefully blotted dry with tissue 
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paper to compute turgid weight. Dry weight (DW) was obtained after drying the leaf samples 

in oven for 72 hours at 70oC. Relative leaf water content (RLWC) was calculated from the 

formula proposed by Turner (1986) and then averaged. 

                           RLWC (%) = (FW-DW)/ (TW-DW) x100 

Where  

FW = fresh weight of leaves  

DW = oven dry weight of leaves  

TW = turgid weight of leaves 

2. Leaf water potential (-Mpa) 

Fully expanded third leaf from the top of plant from each treatment was excised in the 

morning time (6:00 a.m. – 8:00 a.m.) to avoid evapo-traspiration for determination of leaf 

water potential. Water potential apparatus, using the method proposed by Scholander et al. 

(1964) was used to determine leaf water potential. The leaf (third fully expanded youngest 

leaf) was sealed in the pressure chamber in such a way that the cut surface protruding out of 

the hole then pressure was applied from a cylinder of compressed gas to the leaf until sap 

from xylem appeared at the surface of cut.  

3. Leaf osmotic Potential (-Mpa) 

To determine osmotic potential same sample (leaves) as used for determination of 

water potential was used. Sample was frozen for more than 7 days in a freezer at below -

20oC, after that leaf was thawed and then leaf sap was extracted by pressing leaf sample with 

the use of glass rod. The vapour pressure osmometer by using sap directly was used for 

determination of osmotic potential. 

4. Leaf turgor potential (Mpa) 

Turgor pressure was calculated as the difference between water potential (ψw) and 

osmotic potential (ψs):                                                  

                                                  Ψp = Ψw – Ψs 

C. Gas exchange observation 

 The various leaf gas exchange parameters i.e. photosynthetic rate (µmol/m2/s), 

stomatal conductance (mol/m2/s) and transpiration rate (mmol/m2/s) were estimated with the 

help of portable infrared gas analyzer. Observations were made on third leaf from the top of 
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plant that was fully expanded and youngest in the morning time from 8:00 a.m. to 10:00 a.m. 

The following adjustments were carried out to take observations: leaf chamber temperature 

varied from 25-28oC, surface area of leaf 6.25 cm2, ambient CO2 concentration was 371 μmol 

mol-1, ambient pressure into chamber was 97.95 kPa, Photosynthetically active radiations 

(PAR) at the surface of leaf were maximum upto 770 μmol m-2 s-1, leaf chamber volume gas 

flow rate was 296 mL min-1and molar gas flow rate into chamber was 400 μmol s-1.  

 

3.7. Experiment 2: Optimization of various silicon levels for drought 

tolerance in maize hybrids 

A. Maize hybrids  

H1= P-33H25 (drought tolerant) 

H2= FH-810 (drought sensitive) 

B. Drought levels  

D1: 100% field capacity  

D2:  60% field capacity 

C. Silicon levels  

S0:  control (no silicon application) 

S1: 50 mg/kg 

S2: 100 mg/kg  

S3: 150 mg/kg 

3.7.1. Crop husbandry 

The screened hybrids (from 1st experiment), the drought tolerant (P-33H25) and 

sensitive (FH-810), were sown for optimization of silicon level under 100% and 60% FC. A 

fertilizer dose @: 250 kg N + 125 kg P2O5 and 125 kg K2O ha-1 was applied. All the P, K and 

1/3 of N fertilizer were applied before sowing. Remaining N was applied in two splits. The 

design of experiment was completely randomized (CRD) with factorial arrangement 

replicated thrice. The physico-chemical analysis of soil used in this experiment is presented in 

Table 3.2. The sowing was done on January 07, 2010. Eight seeds of each of the hybrid were 

sown in each pot. Seeds were treated with fungicide and insecticide before sowing. After 

sowing of seeds all the pots were irrigated fully. After 12 days of sowing thinning was done 

and four plants per pot were maintained. Drought stress was imposed after two weeks of 
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germination with the help of moisture meter to maintain the required field capacity level of 

100% and 60%. There was soil application of silicon in the form of calcium silicate after 

dissolving it in KOH at 71ºC (Ali et al., 2009). The harvesting was done on February 02, 

2010.  

   Table 3.2: Physico-chemical properties of soil used in 2nd and 3rd experiment 
Serial #  Soil characteristics Unit            Value 
    1 Soil Textural Class -----      Sandy clay loam 
    I Sand (%) 57 
    Ii Silt (%) 20 
    Iii Clay (%) 23 
    2 Field capacity (%) 21.50 
    3 pH ------                  8.11 
    4 EC (dSm-1) 0.73 
    5 O.M (%) 0.87 
    6 CaCO3  (%)   2.11 
    7 P(available) (ppm) 7.82 
    8 K(extractable) (ppm)     174.60 
    9 Si(extractable) (ppm)                   30 

 

3.7.2. Observations recorded 

Same observations were recorded as described in section 3.6.2 along with the silicon 

content measurement in shoot and roots of maize plants. 

3.7.2.1. Silicon determination 

The shoot and root samples of oven dried harvested plants were ground in a Wiley 

mill fitted with stainless steel chamber to fine powder and mixed thoroughly. Samples (0.20 

g) were digested in 50% NaOH and 50% H2O2 in open vessels (Teflon beakers) on a hot 

plate at 150ºC for 2 hours. The digested material was used for Si estimation by the 

colorimetric molybdenum blue method (Elliot and Snyder, 1991). To 1mL of supernatant 

filtrate liquid, 25 mL of 20% acetic acid, 10 mL of ammonium moblybdate (54 g/L) solution 

was added in 50 mL of polypropylene volumetric flask. After 5 minutes, 5 mL of 20% 

tartaric acid and 1 mL of reducing solution was added in flask and volume was made with 

20% citric acid. After half an hour, the absorbance was measured at 650 nm with a 

spectrophotometer. The reducing agent was prepared by dissolving 1 g Na2SO3, 0.5 g 1 

amino-2-naphthol-4-sulfonic acid and 30 g NaHSO3 in 200 mL water (Elliot and Synder, 

1991). 
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3.8. Experiment 3: Improvement in drought stressed maize hybrids by 

exogenous application of silicon 

A. Hybrids  

H1= P-33H25 (drought tolerant) 

H2= FH-810 (drought sensitive) 

B. Drought levels  

D1: 100% field capacity  

D2:  60% field capacity 

C. Silicon levels  

S0:  control (without silicon application) 

S1: 100 mg/kg (optimized in experiment 2) 

3.8.1. Crop husbandry 

The experiment was conducted on February 25, 2010. The same dose of fertilizer was 

applied as in first two experiments. The physico-chemical soil analysis for this experiment is 

given in Table 3.2. The design in this experiment was completely randomized (CRD) with 

factorial arrangement replicated thrice. Three extra replications were also conducted to obtain 

the water relation and gas exchange data at vegetative and reproductive stage. A fertilizer dose 

@: 250 kg N + 125 kg P2O5 and 125 kg K2O ha-1 was applied. All the P, K and 1/3 of N 

fertilizer were applied before sowing. Remaining N was applied in two splits. Six seeds of 

each of the hybrid were sown in each pot. Before sowing seeds were treated with suitable 

fungicide and insecticide. After sowing of seeds all the pots were irrigated fully. On every day 

each pot was irrigated with required amount of water on visual observation of soil. At four 

leaf stage thinning was done to keep four plants per pot but after the vegetative data (45 DAS) 

of water relation and gas exchange only two plants per pot were maintained till physiological 

maturity. Drought stress was imposed three weeks after germination till maturity by 

maintaining 60% FC with the help of moisture meter. Crop was harvested when fully mature 

and standard procedures were followed to record the data. On the basis of results of second 

experiment optimized silicon level 100 mg/kg was used. There was soil application of silicon 

in the form of calcium silicate after dissolving it in KOH at 71ºC (Ali et al., 2009). 

Harvesting was done at physiological maturity of crop. 
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3.8.2. Observations recorded 

The same parameters were taken in this experiment as given in section 3.9.1. 

 

FIELD STUDY 

It consisted on an experiment that was repeated for two years (2010 and 2011) in both 

growing seasons (spring and autumn). 

Determination of Irrigation Levels at Field 

Gravimetric procedure of direct soil water measurement was applied to determine the 

water content in the soil. Soil sampling for soil moisture measurement was carried out 

regularly on alternate days keeping in view the weather conditions. Composite soil samples 

at the depth intervals of 30 cm upto 100 cm were taken on taking into consideration of maize 

growth stage from randomly located sites in each plot for moisture determination, as the 

maximum moisture extraction depth of root zone of maize crop was taken as 100 cm. 

Depth of irrigation water 

Irrigation was applied to the respective plots as soon as the desired available soil 

moisture depletion level reached in the soil of crop root zone. Depth of irrigation for each 

field capacity level was predetermined by adopting the direct measurement or field sampling 

method of crop water requirement as reported by Majumdar, (2002) and Tariq and Usman, 

(2009):- 

 

                       (Fc – Mb)  (Bd)× D 
    d =  
                         100 

Here; 

d = Depth of water to be applied in (cm)  

D = Depth of root zone (cm)  

Fc = Moisture content at field capacity as per treatment (100% or 60% field capacity) in 

percent by weight 

Bd= Bulk density of soil g/cm3 

Mb= water content in soil before irrigation in percent by weight 
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Discharge of water applied to each treatment was determined with the help of a cut 

throat flume (3’ x 8”). The time required to supply the required depth of irrigation water to 

each plot was calculated according to following equation (Rafiq, 2001): 

                                                    d x a 
                         t =            
                                                      q 

Where,  

t = time in hours  

d = depth of water in inches  

a = area in acres 

q = discharge of irrigation water in ft3/s 

Table 3.3: Soil analysis for field experiment (spring season)  
Characteristics Unit                2010               2011 
Sand  (%) 59 61 
Silt  (%) 19 18 
Clay  (%) 22 21 
Textural Class ----- Sandy clay loam Sandy clay loam 
Field capacity  (%) 21 20.31 
PH ------ 8.0 8.05 
EC (dSm-1) 0.71 0.70 
O.M (%) 0.80 0.82 
CaCO3  (%) 1.89 2.00 
P(available) (ppm) 7.23 7.97 
K(extractable) (ppm) 173.44 179.35 
Si(extractable) (ppm) 30 31.5 
 

3.9. Experiment 4: Response of drought stressed maize hybrids to silicon 

application under field condition  

The two maize cultivars that were screened against drought tolerance in the first 

experiment were used in this experiment. The site for experiment was selected at Postgraduate 

Agricultural Research Station, University of Agriculture Faisalabad, Pakistan. The soil was 

taken from the field and soil samples were sent to soil testing laboratory for analysis. The 

physico-chemical soil analysis is presented in Table 3.3 and 3.4. The design of experiment 

was randomized complete block (RCBD) with split-split arrangement randomizing the maize 

hybrids in main plots, drought levels in sub plots and silicon application in sub-sub plot with 

three replications. The treatments were as follows;  
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A. Hybrids  

H1= P-33H25 (drought tolerant) 

H2= FH-810 (drought sensitive) 

B. Drought levels  

D1: 100% field capacity (well watered) 

D2:  60% field capacity (water deficit condition) 

C. Silicon levels  

S0:  control (without silicon application) 

S1: 100 mg/kg (optimized in experiment 2) 

 

Table 3.4: Soil analysis for field experiment (autumn season)  
Characteristics Unit                  2010               2011 
Sand  (%) 58 59 
Silt  (%) 19 19 
Clay  (%) 23 22 
Textural Class ----- Sandy clay loam Sandy clay loam 
Field capacity  (%) 19 18 
pH ------ 8.12 8.11 
EC (dSm-1) 0.75 0.72 
O.M (%) 0.83 0.88 
CaCO3  (%) 1.89 1.77 
P(available) (ppm) 7.23 7.51 
K(extractable) (ppm) 164.44 174.35 
Si(extractable) (ppm) 30 29 
 

The field was well prepared by ploughing and followed by planking. The ridges were 

made with the help of tractor mounted ridger at 75 cm apart from each other. The spring crop 

was sown on February 27 and February 21 while autumn crop was sown on August 5 and 

August 7 during the years 2010 and 2011, respectively. The screened hybrids; drought tolerant 

and sensitive, were sown. A fertilizer dose of 250 kg N + 125 kg P2O5 and 125 kg K2O ha-1 

was applied. All the P, K and 1/3 of N fertilizer were applied before sowing while remaining 

N was applied in two splits i.e. 30 and 45 days after sowing. 

The drought was imposed one month after germination by maintaining 60% FC. A 

flume was installed at the start of field water channel to measure the quantity of water. The 

measured quantity of water was applied to control plot (100% field capacity) and drought 
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stressed plots (60% field capacity) to maintain the required field capacity level with the help 

of cut throat flume. 

The crop was kept free of weeds and pests by following suitable plant protection 

measures. The crop was harvested at its physiological maturity.  

3.9.1. Observations recorded 

A. Growth traits 

1. Plant height at maturity (cm) 

The plant height was defined as the distance from the ground to the ligule of the 

upper most leaf and was measured (10 randomly selected plants per plot at harvest) with 

meter rod and then average was calculated. 

2. Number of leaves per plant 

All leaves of 10 tagged plants from each plot were counted and average was 

calculated. 

3. Leaf area per plant (cm2) 

It was measured with portable leaf area meter from 10 randomly selected plants per 

plot and average was calculated. 

4. Leaf area index  

Leaf area index (LAI) was computed by using the following formula:- 

                                                        Leaf area per plant  
                                           LAI = ---------------------------  
                                                        Land area per plant 
5. Stem diameter (cm) 

The stem diameter was measured on intact stems with a precision vernier calliper. 

The measurements were made about 30 to 50 cm above the ground of ten randomly selected 

plants in each plot and average was calculated.  

6. Days to 50% tasseling 

  Data on number of days taken to tasseling in each treatment were recorded from the 

date of sowing to the completion of 50% tasseling. 

7. Days to 50% silking 

Number of days to 50% silking in each treatment was taken from the date of sowing 

to the completion of 50% silking. 

B. Yield and yield attributing traits 
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1. Number of cobs per plant 

Number of cobs was counted from 10 selected plants of each plot and average was 

calculated. 

2. Cob length (cm) 

Cob length of ten cobs was taken from each plot with the help of measuring tape and 

then average was taken.  

3. Cob diameter (cm) 

Cob diameter of ten cobs was taken from each plot with the help of Vernier calliper 

and then average was recorded. 

4. Number of grain rows per cob 

Number of grain rows of ten cobs from each plot were counted and then averaged. 

5. Number of grains per cob  

Number of grains from ten randomly selected cobs from each plot was counted and 

then averaged. 

6. 100-grain weight (g) 

From seed lot of each plot, three samples each of 100 grains were randomly collected 

and weighed, and then average was calculated. 

7. Grain weight per cob (g) 

 Cobs from ten selected plants of each plot were shelled after sun drying. The grain 

weight was measured and then average was calculated. 

8. Biological yield (t ha-1) 

For biological yield whole plot was harvested, sun dried for few days, weighed and 

converted into t ha-1. 

 

 

9. Grain yield (t ha-1) 

After shelling, total grain weight of each plot was recorded with the help of portable 

balance and then grain yield was converted into t ha-1. 

10. Harvest index (%) 

  Harvest index (HI) was calculated as the ratio of grain yield to biological yield, and 

expressed in percentage.  
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                             H.I = (Grain yield / Biological yield) x 100 

C. Gas exchange traits 

  Same procedure was adopted as mentioned in section 3.6.2. 

D. Water relation traits 

  Same procedure was adopted as mentioned in section 3.6.2. 

E. Biochemical traits 

  Same procedure was adopted as mentioned in section 3.7.2.1. 

3.10 Statistical analysis 

 Data collected were analyzed statistically using Fisher’s Analysis of variance 

(ANOVA) techniques by applying a computer package programme MSTAT-C. (Freed and 

Scott, 1986). The difference among treatments was compared by employing least significant 

difference (LSD) test at 5% probability level (Steel et al., 1997). The computer hard graphics 

was used to prepare the graph. 
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Chapter 4    
                                                                

RESULTS AND DISCUSSION 
                                                            
4.1. EXPERIMENT 1: Screening of various maize hybrids for   drought 

tolerance 

4.1.1. Results 

4.1.1.1. Leaf length  

While evaluating the growth behavior of maize hybrids it was noted that there was a 

linear decline in all characteristics with escalating the water deficit level. Increase in intensity 

of water deficit resulted in reduced leaf length (Table 4.1.1). When plants were exposed to 

mild water stress (80% FC); maximum leaf length (36.3 cm) was attained by hybrid P-33H25 

while minimum was observed for hybrid FH-963 (33.0 cm). Under severe moisture deficit 

condition (60% FC), hybrid P-33H25 gained highest leaf length (25.2 cm), whereas lower 

(21.5 and 20.0 cm), were recorded in FH-985 and FH-810, respectively.  

It is evident from the data (Table 4.1.1) that progressive increase in water deficit 

significantly restrained the leaf length in all tested hybrids. At lower water stress level (80% 

FC), there was less reduction in leaf length while higher level (60% FC) exhibited a marked 

reduction with respect to control environment (100% FC). Under control condition (well 

watered) hybrids P-33H25, ICI-8288 and R-3333 displayed maximum leaf length while 

minimum was recorded in FH-810 that was at par with the P-33H25 under mild water stress 

condition (80% FC). 

Under mild water deficit maximum reduction in leaf length (20.60%) was noted in 

hybrid S-8441 while least (6.60%) in YH-1921. During severe drought condition the hybrid 

P-33H25 and FH-810 showed a decline of about 37% and 45.5%, respectively in leaf length 

over control treatment.  

4.1.1.2. Stem diameter  

The interactive effect of water stress and maize hybrid was non-significant for stem 

diameter (Table 4.1.2). 
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Table 4.1.1: Effect of water stress on leaf length (cm) of maize hybrids at 45 days of 
sowing 

       Hybrids 100% FC (control)       80% FC           60% FC 
       P-33H25        40.1a         36.3de              25.2h 
       S-8441        38.5a-c         33.2f              22.8ij 
       FH-985        39.1ab         31.0g              21.5jk 
       ICI-8288        39.9a         33.9f              23.9hi 
      YH-1921        37.5b-d         35.0ef              22.9ij 
      R-3333        40.2a         34.2f              23.7hi 
      FH-963        39.2ab         33.0fg              23.0ij 
      FH-810        36.6c-e         34.0f              20.0k 
LSD= 2.11; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

Table 4.1.2: Effect of water stress on stem diameter (cm) of maize hybrids at 45 days of 
sowing 

      Hybrids 100% FC (control)            80% FC               60% FC 
      P-33H25          1.41NS              1.26                 1.15 
      S-8441          1.36              1.24                 1.12 
      FH-985          1.34              1.22                 1.09 
      ICI-8288          1.35              1.17                 1.09 
     YH-1921          1.32              1.24                 1.08 
     R-3333          1.30              1.20                 1.06 
     FH-963          1.29              1.20                 1.06 
     FH-810          1.29              1.18                 1.03 
FC = field capacity, NS = non-significant 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.3. Number of leaves per plant 

The interactive effect of maize hybrids and drought levels was found non-significant 

for number of leaves per plant (Table 4.1.3). However, the main effects of both factors were 

statistically significant (Appendix 1). 

Table 4.1.3: Effect of water stress on number of leaves per plant of maize hybrids at 45 
days of sowing 

      Hybrids 100% FC (control)           80% FC              60% FC 
      P-33H25         15.7NS              12.8                 10.2 
      S-8441         14.8              12.4                 9.8 
      FH-985         15.7              12.6                 9.2 
      ICI-8288         14.0              12.3                 9.8 
     YH-1921         14.8              11.5                 9.5 
     R-3333         15.3              10.7                 9.6 
     FH-963         14.1              10.9                 9.7 
     FH-810         14.0              10.6                 8.9 
FC = field capacity, NS = non-significant  
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4.1.1.4. Shoot fresh weight  

Water stress levels had significant effect on shoot fresh weight of all maize cultivars 

(Table 4.1.4). Shoot fresh weight was inversely related to increase in water deficit intensity. 

Variability in shoot fresh weight at different water deficit levels was highly significant. Data 

showed that maximum shoot biomass (59.28 g) was recorded in hybrid P-33H25 under well-

watered conditions while the minimum (23.42 g) was observed where water was applied 

according to 60% FC in hybrid FH-963 that was statistically similar to FH-810.  

The extent of severity was more obvious at 60% FC than 80% FC with respect to 

reduction in shoot fresh weight of all tested maize hybrids. Maximum shoot biomass for all 

hybrids was noted under controlled moisture supply (100% FC) while it was least at 60% FC 

(severe water deficit). 

 In mild water deficit situation (80% FC), maximum decrease in shoot fresh weight 

was recorded in hybrid R-3333 showing about 37.73% decrease, while least reduction 

(20.00%) was noted in hybrid P-33H25. Under severe water deficit (60% FC) maximum 

reduction (58.64%) in shoot fresh weight was observed for hybrid FH-963 while minimum 

(34.21%) in hybrid P-33H25 with respect to their control.  

Table 4.1.4: Effect of water stress on shoot fresh weight per plant (g) of maize hybrids 

at 45 days of sowing 

      Hybrids 100% FC (control) 80% FC 60% FC 
      P-33H25 59.28a 47.39c 39.00e-g 
      S-8441 53.49b 40.18ef 32.31i-k 
      FH-985 45.00cd 35.61g-i 28.74kl 
      ICI-8288 58.85a 39.82ef 29.34j-l 
     YH-1921 46.55c 34.51hi 28.59kl 
     R-3333 56.63ab 35.26g-i 27.22lm 
     FH-963 56.43ab 37.24f-h 23.42m 
     FH-810 42.18de 32.63ij 24.43m 
LSD= 3.83; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 
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4.1.1.5. Root fresh weight  

The interactive effect of maize hybrids and drought levels was found non-significant 

for root fresh weight per plant (Table 4.1.5). However, the main effects of both factors were 

statistically significant (Appendix 2). 

Table 4.1.5: Effect of water stress on root fresh weight per plant (g) of maize hybrids at 
45 days of sowing 

      Hybrids  100% FC (control)              80% FC            60% FC 
      P-33H25      19.727NS 14.993 11.080 
      S-8441 17.287 12.947 9.630 
      FH-985 16.910 12.943 9.990 
      ICI-8288 18.983 12.880 9.320 
     YH-1921 15.320 11.393 8.830 
     R-3333 17.510             11.253              8.437 
     FH-963             17.073 11.710              8.010 
     FH-810 15.150             10.267              7.717 
FC = field capacity, NS = non-significant 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.6. Total fresh weight 

  At lower water deficit level (80% FC) maize cultivar P-33H25 displayed better 

performance among all the maize hybrids and possessed maximum total fresh weight i.e. 

62.38 g (Table 4.1.6). At higher water stress level (60% FC), maximum total fresh weight 

(50.03 g) was also produced by hybrid P-33H25 and least (31.40 g) was observed in hybrid 

FH-963 that was at par with hybrid FH-810 (32.15 g) while all other hybrids were in 

between these two peaks. Overall drought stress either mild or severe negatively affected the 

total fresh weight in all tested hybrids but the drastic effect was more prominent under 

severe moisture deficiency (60% FC) than gentle stress condition (80% FC). Under well-

watered conditions all the hybrids showed their maximum performance but maximum 

weight (79.01g) was assimilated by hybrid P-33H25 and minimum (57.33 g) by hybrid FH-

810. 

4.1.1.7. Shoot dry weight  

  Shoot dry weight of all hybrids displayed decline towards increase in water deficit 

level (Table 4.1.7). Hybrid P-33H25 exhibited maximum shoot dry weight i.e. 7.65 g while 

least (4.43 g) was possessed by hybrid FH-810 under severe curtailed moisture supply (60% 

FC). During 80% FC, maximum dry matter of shoot was assimilated by hybrid P-33H25 
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while minimum was recorded in hybrid FH-810 (6.53 g) that was similar to hybrids FH-985 

and R-3333 with shoot dry weights 7.08 and 7.05 g, respectively. 

 

Table 4.1.6: Effect of water stress on total fresh weight per plant (g) of maize hybrids at 
45 days of sowing 

      Hybrids 100% FC (control)             80% FC                60% FC 
      P-33H25 79.01a 62.38c 50.03fg 
      S-8441 70.77b 53.13ef 41.94h-j 
      FH-985 61.92cd 48.56fg 38.73i-k 
      ICI-8288 77.84a 52.70ef 38.66i-k 
     YH-1921 61.87cd 45.91gh 37.42jk 
     R-3333 74.14ab 46.51gh 35.66kl 
     FH-963 72.56b 48.95fg 31.40l 
     FH-810 57.33de 42.90hi 32.15l 
LSD= 4.88; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

 

 It was also noticed that hybrid P-33H25 out crossed the all other tested hybrids by 

exhibiting 9.96 g shoot dry weight under mild water deficit situation. From the data 

presented in the Table 4.1.7, it is evident that hybrid P-33H25 was most drought tolerant 

showing a least decline of 18.99% at 80% FC and 37.84% under severe condition of 

moisture deficit over control. Least drought tolerant hybrid was FH-810 with the maximum 

reduction of 52.31% under severe water-stressed condition (60% FC) over its control (100% 

FC). 

4.1.1.8. Root dry weight  

Maximum root dry weight (2.51 g) under lower water deficit condition (80% FC) was 

recorded in hybrid P-33H25, while least (1.25 g) was observed in hybrid FH-810 (Table 

4.1.8). Similarly, under higher moisture-stressed condition (60% FC) maximum root dry 

weight was gained by hybrid P-33H25 (1.62 g) and it proved to be drought tolerant followed 

by hybrid S-8441. The minimum root dry weight under severe water stress was observed in 

hybrid FH-810 that was at par with hybrid FH-963. During well-watered condition all 

hybrids showed their best performance while leading result was recorded in hybrid P-33H25. 

  In mild water deficit (80% FC), maximum decrease in root dry weight was recorded 

in hybrid FH-810 showing about 30.93% decrease, while least reduction (11.30%) was 

noted in hybrid P-33H25. Under severe water deficit situation (60% FC) maximum 
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reduction (60.77%) in root dry weight was observed in hybrid FH-810 while minimum in 

hybrid P-33H25 (42.75%). 

Table 4.1.7: Effect of water stress on shoot dry weight per plant (g) of maize hybrids at 
45 days of sowing 

      Hybrids  100% FC (control)            80% FC            60% FC 
      P-33H25 12.30a 9.96d 7.65fg 
      S-8441 10.88c 7.45f-h 6.46ij 
      FH-985 8.77e 7.08g-i 5.37kl 
      ICI-8288 11.90ab 7.96f 5.87jk 
     YH-1921 9.31e 6.90hi 5.72kl 
     R-3333 11.33bc 7.05g-i 5.44kl 
     FH-963 10.08d 7.45f-h 5.19l 
     FH-810 9.29e 6.53i 4.43m 
LSD= 0.62; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

Table 4.1.8: Effect of water stress on root dry weight per plant (g) of maize hybrids at 
45 days of sowing 

      Hybrids  100% FC (control)           80% FC           60% FC 
      P-33H25 2.83a 2.51b 1.62gh 
      S-8441 2.44b 1.77fg 1.13jk 
      FH-985 2.20cd 1.85ef 0.99kl 
      ICI-8288 2.41bc 1.87ef 1.02kl 
     YH-1921 2.30bc 1.73fg 0.93kl 
     R-3333 1.84ef 1.47h 0.95kl 
     FH-963 2.02de 1.43hi 0.91lm 
     FH-810 1.81e-g 1.25ij 0.71m 
LSD= 0.22; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.9. Total dry weight  

Various moisture regimes had significant effect on dry weight production of maize 

hybrids under study (Table 4.1.9). Plant dry matter was inversely related to increase in water 

deficit. Variability in plant dry weight at different water stress levels was highly significant. 

Maximum total dry weight (15.13 g) was recorded in hybrid P-33H25 under well watered 

conditions while the minimum (5.14 g) was observed where water was applied according to 

60% FC in hybrid FH-810.  

The extent of severity was more obvious at 60% FC than 80% FC with respect to 

reduction in plant dry weight of all hybrids under study. Maximum dry weight for all hybrids 

was noted at 100% FC (control) while it was least at 60% FC (severe water deficit). Hybrid 

P-33H25 showed maximum tolerance against drought stress either mild or severe.  
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Under mild moisture stress condition there was a reduction of about 17.52% in total 

dry matter and 38.80% under severe water deficit for hybrid P-33H25 while all other hybrids 

showed a greater reduction. Minimum performance was noted for hybrid FH-810 with a 

maximum reduction of 53.74% under severe drought condition. 

Table 4.1.9: Effect of water stress on total dry weight per plant (g) of maize hybrids at 
45 days of sowing 

      Hybrids  100% FC (control)              80% FC           60% FC 
      P-33H25 15.13a 12.48d 9.26gh 
      S-8441 13.32c 9.16hi 7.59j 
      FH-985 10.97f 8.93hi 6.36kl 
      ICI-8288 14.31b 9.84g 6.89k 
     YH-1921 11.61ef 8.63hi 6.65kl 
     R-3333 13.17c 8.53i 6.39kl 
     FH-963 12.10de 8.87hi 6.10l 
     FH-810 11.11f 7.78j 5.14m 
LSD= 0.65; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.10. Root to shoot ratio 

Data for root to shoot ratio are presented in Table 4.1.10. Perusal of the table indicated 

that there was an increase in root shoot ratio under mild water stress conditions and maximum 

value was recorded in hybrid P-33H25 that was at par with hybrid YH-1921 while the lower 

value was observed in hybrid FH-810. Under severe moisture deficit (60% FC) all hybrids 

showed reduction in root shoot ratio that might be due to reduction in root growth under harsh 

water deficiency.  

Maximum performance regarding root shoot ratio under severe situation was exhibited 

by hybrid P-33H25. In this way hybrid P-33H25 was the most drought tolerant because of 

facilitation of root growth under severe water deficit condition. 

4.1.1.11. Leaf area per plant  

Leaf area of a crop at particular stage represents its photosynthetic potential. More the 

leaf area more will be its ability to accumulate dry matter. Data on leaf area per plant as 

affected by various maize hybrids and moisture regimes are depicted in Table 4.1.11. It is 

clear from the table that water stress significantly influenced the leaf area of all maize 

genotypes. Maximum leaf area per plant (869.77 cm2) was recorded for hybrid P-33H25 

under normal moisture supply (100% FC), that was at par with maize hybrid ICI-8288 

(843.39 cm2), followed by R-3333 (783.38 cm2) under similar condition of moisture 
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availability. Under mild water deficit situation (70% FC) more leaf area per plant (610.79 

cm2) was exhibited by maize cultivar P-33H25 followed by S-8441 (555.87 cm2) that was 

statistically similar with ICI-8288 (550.80 cm2). Nonetheless, during mild water stress (80% 

FC) lower leaf area per plant (451.38 cm2) was observed in hybrid FH-810. Severe moisture 

deficiency (60% FC) badly hampered this attribute in all maize hybrids under study. However, 

maize hybrid P-33H25 attained the more leaf area per plant (495.56 cm2) followed by S-8441 

and FH-985 while lower value was observed in maize genotype FH-810 (323.38 cm2) that 

was statistically similar with maize hybrids FH-963 and R-3333. 

Table 4.1.10: Effect of water stress on root shoot ratio of maize hybrids at 45 days of 
sowing 

      Hybrids  100% FC (control)             80% FC             60% FC 
      P-33H25 0.23b-d 0.25ab 0.21c-f 
      S-8441 0.22b-e 0.23b-d 0.17g-j 
      FH-985 0.25ab 0.27a 0.18f-j 
      ICI-8288 0.20c-g 0.24a-c 0.17g-j 
     YH-1921 0.25ab 0.25ab 0.16h-j 
     R-3333 0.16ij 0.21c-f 0.18f-j 
     FH-963 0.20d-h 0.19e-i 0.17g-j 
     FH-810 0.19e-i 0.19e-i 0.16j 
LSD= 0.04; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

Table 4.1.11: Effect of water stress on leaf area per plant (cm2) of maize hybrids at 45 
days of sowing 

      Hybrids  100% FC (control)           80% FC           60% FC 
      P-33H25 869.77a 610.79d 495.56f-h 
      S-8441 739.90bc 555.87e 447.00h-j 
      FH-985 718.00c 539.04ef 443.41h-j 
      ICI-8288 843.39a 550.80e 405.91i-k 
     YH-1921 643.94d 477.43gh 395.54j-k 
     R-3333 783.38b 487.76f-h 376.55kl 
     FH-963 767.52bc 515.11e-g 323.93l 
     FH-810 655.00d 451.38hi 323.38l 
LSD= 54.66; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.12. Shoot length  

The analyzed data regarding shoot length (Table 4.1.12) of maize showed significant 

effect of various moisture regimes on shoot length of different maize hybrids. Drought either 

low or higher had negative effect on plant height. Maximum shoot length (76.10 cm) was 
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recorded for hybrid P-33H25 under well watered condition while least (41.08 cm) was 

observed for hybrid FH 810 where water was applied according to 60% field capacity. 

 Under mild water stress, minimum reduction in shoot length (9.48%) was noted in 

hybrid P-33H25 while maximum (14.76%) was observed for hybrid YH-1921 that was similar 

with FH-810 (14.22%). Under severe water deficit condition maximum performance 

regarding shoot length with minimum reduction (32.49%) was exhibited by hybrid P-33H25 

while maximum reduction (40.29%) was identified in hybrid FH-810. 

4.1.1.13. Primary root length  

Data (Table 4.1.13) showed that root length was significantly affected by various 

levels of moisture deficit. The comparison of treatments means indicated that maximum root 

length (29.40 cm) was produced where water was applied according to 100% FC (well 

watered) by hybrid FH-963 followed by hybrid P-33H25 (29.10 cm) that was statistically at 

par with ICI-8288 (29.09 cm). Minimum root length (17.21 cm) was recorded in hybrid FH-

810 where water was applied according to 60% FC (severe water deficit) that was at par with 

other hybrids like R-3333, YH-1921 and FH-963.  

It is evident from the data that water deficit drastically affected the root length but the 

level of reduction in root length was more obvious under severe water stress (60% FC) than 

gentle stress (80% FC). 

  During mild water deficit (80% FC), maximum decrease in root length was recorded 

in hybrid FH-810 showing about 18.29% decrease, while least reduction (11.56%) was 

noted in hybrid S-8441. Under severe water deficit (60% FC) maximum reduction (35%) in 

root length was observed for hybrid FH-810 while minimum in hybrid P-33H25 (26.21%). 

Table 4.1.12: Effect of water stress on shoot length (cm) of maize hybrids at 45 days of 
sowing 

      Hybrids  100% FC (control)           80% FC           60% FC 
      P-33H25 76.10a 68.89d 51.38g 
      S-8441 72.05c 63.11e 45.91hi 
      FH-985   72.96bc 59.55f 43.75i 
      ICI-8288    71.28cd 64.43e 47.17h 
     YH-1921    70.36cd 59.97f 46.05hi 
     R-3333    74.87ab 64.85e 47.39h 
     FH-963    70.75cd 62.86e 46.28hi 
     FH-810   68.80d 59.02f 41.08j 
LSD= 2.63; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 
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Table 4.1.13: Effect of water stress on primary root length (cm) of maize hybrids at 45 
days of sowing 

     Hybrids  100% FC (control)            80% FC             60% FC 
     P-33H25 29.10ab 24.77fg 21.48j 
     S-8441 28.88a-c 25.54ef 20.05kl 
     FH-985 28.00b-d 24.35fg 18.31m 
     ICI-8288 29.06ab 23.79gh 21.03jk 
     YH-1921 27.58cd 24.06gh 18.70m 
     R-3333 26.78de 22.90hi 17.92m 
     FH-963 29.40a 24.10gh 18.82lm 
     FH-810 26.97d 22.04ij 17.53m 
LSD= 1.32; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at 5% probability level 

4.1.1.14. Leaf water potential  

Analyzed data pertaining to leaf water potential indicated that maize hybrids varied 

considerably with respect to leaf water potential under various moisture regimes i.e. 100%, 

80% and 60% FC (Fig. 4.1.1). Water potential was reduced drastically (more negative value) 

as the water deficit level increased. Under mild water deficiency (80% FC) maximum leaf 

water potential was exhibited by hybrid P-33H25 that was statistically at par with maize 

cultivar FH-985 during similar moisture supply whereas lower was recorded in hybrid FH-

810 followed by maize genotypes ICI-8288, YH-1921 and FH-963. However, under severe 

water deficit condition (60% FC) maximum leaf water potential was retained by plants of 

maize genotype FH-985 that was statistically similar with hybrid P-33H25, ICI-8288 and R-

3333 followed by S-8441 and FH-963 while lower water potential was recorded in hybrid 

YH-1921 followed by FH-810. Nonetheless, under optimal moisture conditions (100% FC) 

all the maize cultivars showed their maximum values for leaf water potential while drought 

stress either gentle or severe reduced the leaf water potential but the extent of reduction was 

more evident under severe water deficiency. 

4.1.1.15. Leaf osmotic potential  

Leaf osmotic potential was significantly affected in all maize hybrids under different 

water stress conditions (Fig. 4.1.2). However, an increased reduction (more negative value) 

in osmotic potential of all cultivars was observed as the water deficit amplified. During 80% 

field capacity higher osmotic potential was maintained by hybrid P-33H25 that was 

statistically similar with other maize hybrids S-8441, FH-985, ICI-8288, R-3333 and FH-810 

whereas lower was recorded in hybrids FH-963 and YH-1921. Yet, under severe water 
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deficit (60% FC) plants of maize hybrid FH-985 maintained higher osmotic potential while 

lower was recorded in severe water stressed plants of maize hybrids P-33H25 and YH-1921. 

 

Fig. 4.1.1: Interactive effect of maize hybrids and moisture levels on leaf water 
potential. FC = field capacity 

  

 

Fig. 4.1.2: Interactive effect of maize hybrids and moisture levels on leaf osmotic 
potential. FC = field capacity 

 
4.1.1.16. Leaf turgor potential  

Various levels of moisture significantly affected the leaf turgor of maize hybrids 

under study (Fig. 4.1.3). The well watered plants of all the tested maize genotypes retained 
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the higher leaf turgor as compared to the plants grown under limited moisture supply. Overall 

higher turgor potential was maintained by well watered plants of hybrid P-33H25 while 

lower was observed in plants of hybrid FH-810 grown under sever water deficit condition 

(60% FC) that was statistically at par with all other hybrids except S-8441 and P-33H25 that 

maintained higher turgor under similar moisture supply. However, during severe water 

deficit (60% FC) plants of hybrid P-33H25 were better able to withstand drought situation 

through maintaining higher turgor potential. 

4.1.1.17. Relative water content  

Data regarding relative water content of maize hybrids (Fig. 4.1.4) at different 

moisture stress levels revealed that difference in relative water content at various water 

regimes was highly significant. Maximum relative water content by all hybrids was 

maintained during 100% field capacity. At 80% field capacity maximum relative water 

content was observed in hybrid P-33H25 while minimum in case of hybrid FH-810 that was 

at par with hybrid FH-983 and YH-1921.  

 

Fig. 4.1.3: Interactive effect of maize hybrids and moisture levels on leaf turgor 
potential. FC = field capacity 

During severe water deficit condition (60% FC) hybrid P-33H25 maintained maximum 

relative water content while lower value was recorded in hybrid FH-810 that was similar with 

hybrid FH-963, R-3333, YH-1921 and ICI-8288. The severe water-stressed plants of maize 

hybrid P-33H25 retained higher relative water content followed by maize cultivar S-8441 and 

FH-985. 
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Fig. 4.1.4: Interactive effect of maize hybrids and moisture levels on relative water 
content. FC = field capacity 

 

 

Fig. 4.1.5: Interactive effect of maize hybrids and moisture levels on photosynthetic 
rate. FC = field capacity 

 
4.1.1.18. Photosynthetic rate  

Data presented in Fig. 4.1.5 showed that photosynthetic rate was significantly affected 

by various levels of moisture deficit. Photosynthetic rate was reduced severely during higher 

level of water stress as compared to lower level in all the hybrids. At lower water stress level 
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(80% FC) hybrid P-33H25 and YH-1921 showed better performance among all the hybrids 

and retained maximum photosynthetic rate while lower performance was observed in hybrid 

FH-810. During higher level of water deficit (60% FC) maximum photosynthetic rate was 

recorded in hybrid S-8441 followed by P-33H25 and minimum was observed in hybrids FH-

810, FH-963 and R-3333.  

4.1.1.19. Transpiration rate  

Analyzed data presented in Fig. 4.1.6 indicated that transpiration rate differed 

significantly in all hybrids at different moisture stress levels. Transpiration rate was inversely 

proportional to the water deficit. All tested hybrids possessed maximum value for 

transpiration rate under optimal moisture availability. During mild stress (80% FC) hybrid P-

33H25 exhibited maximum transpiration rate while least was recorded in hybrid FH-810. 

Similarly during 60% field capacity maximum transpiration rate was noted in hybrids P-

33H25 that was at par with hybrid FH-985 while most of other hybrids showed least but 

similar transpiration rate. 

 

Fig. 4.1.6: Interactive effect of maize hybrids and moisture levels on transpiration rate. 
FC = field capacity 
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Fig. 4.1.7: Interactive effect of maize hybrids and moisture levels on stomatal 
conductance. FC = field capacity 

 

4.1.1.20. Stomatal conductance  

 The data for stomatal conductance are presented in Fig. 4.1.7. There was a decline in 

stomatal conductance with increasing intensity of water stress. The better performing hybrid 

had comparatively more stomatal conductance than sensitive ones. The interaction between 

hybrids and moisture regimes revealed that under mild stress condition maximum stomatal 

conductance was exhibited by hybrid P-33H25 while least was possessed by hybrid FH-810. 

Maximum stomatal conductance at 60% field capacity was recorded in hybrid P-33H25 

while least was exhibited by hybrid FH-810 and that was at par with FH-963 and R-3333. 

4.1.2. Discussion 

Drought stress severely hampered the growth of maize hybrids in terms of leaf length, 

leaf area per plant, shoot fresh weight, shoot dry weight, root dry weight, shoot length, 

primary root length and root to shoot ratio (Table 4.1.1 to 4.1.13), mainly by disrupting water 

relations and leaf gas exchange properties (Fig. 4.1.1 to 4.1.7). Drought-induced decrease in 

growth or yield has already been reported in different crops e.g., rice grain yield 26-67% 

(Sikuku et al., 2012), wheat grain yield 8.2-45.6% (Saeedipour, 2012), sunflower dry matter 

49.57-76.06% (Nezami et al., 2008), common bean grain yield 30-53% (Gebeyehu et al., 

2010), chickpea grain yield 41.29% (Yaqoob et al., 2011) and maize grain yield 49-66% 

(Khodarahmpour and Hamidi, 2012). 
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Leaf area of a crop at particular stage of growth corresponds to its photosynthetic 

potential. Higher the leaf area more will be its ability to build up dry matter. It is revealed 

from the present work that water stress significantly influenced the leaf area of all maize 

genotypes (Table 4.1.11). Anjum et al. (2011) noted significant decrease (15.24%) in leaf 

area per plant of maize grown under moisture deficit condition. This might be due to 

decrease in growth under water deficit as cell elongation of higher plants is inhibited by 

interruption of water flow from the xylem to the surrounding elongating cells. Meanwhile, 

water deficiency results in alteration of morphology of a variety of plant organs (French and 

Turner, 1991) that leads to leaf area reduction (Farhad et al., 2011; Ebrahimi et al., 2011). 

Most critical effect of water deficit is the hindered leaf water status (Taiz and Zeiger, 2006) 

that eventually results in leaf area reduction due to loss of turgor potential (Farooq et al., 

2008).  

The current investigation demonstrated (Table 4.1.4 and 4.1.7) that water deficit had 

significant effect on shoot fresh and dry weight of all maize hybrids. Shoot fresh and dry 

weights were inversely related to increase in water deficit. Chutipaijit et al. (2012) worked on 

pigmented rice seedlings and reported a reduction of 3.5% (KK2 cultivar) to 21.6% (SY 

cultivar) in shoot fresh weight and the dry mass reduction of 2.1% (KK2 cultivar) to 18.3% 

(TD49 cultivar) in mannitol-induced water deficit. Shoot fresh and dry weights of soybean 

plants were also reduced significantly (14.95% and 21.47%, respectively) when exposed to 

PEG-induced drought due to reduced shoot growth, increased senescence and switching over 

of the plant growth from shoot towards root (Hamayun et al., 2010). This might be due to the 

reason that photosynthates of plants under drought started to move towards root to enhance 

their growth and ultimately reduced the shoot fresh weight.  

Root system noticeably plays a vital role in moisture acquirement for plants and is an 

important part of tolerance to moisture deficiency (Bruce et al., 2001). Drought stress 

significantly reduced the dry weight of all maize hybrids (Table 4.1.5 and 4.1.8). Significant 

decrease in dry weights of hybrid maize has also been reported by Qayyum et al. (2012) 

under moisture stress. They revealed a reduction of 2.94% to 14.71% in dry roots weight due 

to water deficit at early seedling stage. However, root dry weight may be increased under 

gentle stress condition and could be an adaptive characteristic of plants to water stress 

climate (Hamayun et al., 2010). 
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All the maize genotypes showed decline in plant height with increasing moisture stress 

(Table 4.1.12). Drought stress either low or higher had negative effect on plant shoot length. 

During 60% FC (severe drought) maximum performance regarding shoot length with 

minimum reduction (32.49%) was exhibited by hybrid P-33H25 while maximum reduction 

(40.29%) was identified in hybrid FH-810. Farhad et al., (2011) found a decline of 22.12% in 

plant height of maize genotype FH-810 under water deficit of 75% field capacity at an early 

seedling stage. Plant height may be reduced because of dehydration of protoplasm; decrease 

in relative turgidity coupled with turgor loss and decreased cell extension and cell division 

(Hussain et al., 2008). The plant height of maize cultivar was reduced by 60 to 70% due to 

moisture deficit during knee height stage of crop at Karnal in India (Dass et al., 2001). 

Likewise, Khakwani et al. (2011) reported that shoot length deceased significantly in wheat 

cultivars when grown under 25% FC. Plants of variety Damani were 40% smaller as 

compared to plants in control treatment followed by DN-73 (38%), Gomal-8 and Zam-04 

(37%), Hashim-8 (35%) and Dera-98 (30%). It was reported by Aown et al. (2012) that 

drought stress reduced the plant height due to hormonal imbalance (cytokinin, abscisic acid) 

that affected growth because of changes in cell wall extensibility. 

Primary root length was significantly affected by various levels of moisture deficit 

(Table 4.1.13). Under severe water deficit (60% FC) maximum reduction (35%) in root 

length was observed in hybrid FH-810 while minimum in hybrid P-33H25 (26.21%). 

Almaghrabi, 2012 observed a decrease of 23.47% to 87.63% in root length of wheat 

genotypes under water deficit induced by various concentrations of PEG. Nonetheless, 

Chutipaijit et al. (2012) reported a reduction in root length from 2.4% (KS cultivar) to 16.7% 

(SY cultivar) of pigmented rice grown under manitol-induced water deficit. This might be the 

reason of reduced cell elongation under water limited situation. As reported by Zaidi, 2002 

that during mild to severe stress expansion of cell was introverted that manifested itself in 

decreased root growth as stress increased. Such decline in shoot and root length in response 

to drought might be due to either decrease in cell elongation resulting from the inhibiting 

effect of water shortage on growth promoting hormones which, in turn, led to a decrease in 

each of cell turgor, cell volume and eventually cell growth (Banon et al, 2006), and/ or due to 

blocking up of xylem and phloem vessels thus hindering any translocation through them 

(Abdalla, 2011).  
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There was an increase in root shoot ratio under mild water stress conditions and while 

it was reduced under severe water limiting situation (Table 4.1.10). Likewise previous authors 

stated that root dry weight could be increased under mild stress that might be an adaptive 

mechanism of plants to water stress environment (Fitter and Hay, 2002; Hamayun et al., 

2010). However, severe drought considerably reduced the root growth by resisting the root 

penetration into the dry soil and reducing the root respiratory efficiency (Ali et al., 2011). In 

this study under severe moisture deficit (60% FC), all the hybrids showed a reduction in root 

shoot ratio that might be due to reduction in root growth of maize hybrid under severe water 

deficiency (Qayyum et al., 2012). Nonetheless, Kondo et al. (2000) reported that root shoot 

ratio of maize plants was 0.069 under less moisture stress at 73 days after sowing; whereas 

under higher water deficit stress it was 0.47 at 73 days after sowing. It has been investigated 

that on daily basis more than 50% of the saved assimilates shifted to the roots under limited 

moisture condition (Lambers et al., 1996). So, the root growth was less affected due to 

drought as compared to shoot growth (Shen et al., 2010).  

Water stress application significantly modified the water relation parameters of all the 

maize cultivars. The results showed the clear difference among the tested maize genotypes in 

plant water relation attributes (Fig. 4.1.1 to 4.1.4). According to Sah and Zamora (2005), 

relative water content is an integrated measure of plant water status. Higher relative water 

content is necessary for proper growth and function of plants. For appropriate growth and 

working of plant metabolic functions higher RWC is compulsory (Gohari, 2012). Our study 

regarding relative water content of maize hybrids (Fig. 4.1.4) under different moisture stress 

levels revealed that relative water content is inversely related to increase in water deficit 

intensity. Difference in relative water content under various water regimes was highly 

significant. Similar observations were made by Kaya et al. (2006) in maize. They found that 

there was a reduction of 43.03% in relative water content when plants were grown under 

50% field capacity. Decrease in leaf water content may be attributed to water loss through 

evapo-transpiration and decreased water absorption by the roots when the soil water was 

limiting. Relative water content is a key indicator of the degree of cell and tissue hydration 

which is crucial for optimum physiological functioning and growth processes. In the present 

study, low relative water content due to water deficit inhibited growth and plant function 

which were reflected in lower transpiration, decreased photosynthesis and lower dry matter 



 

68 
 

assimilation. When the soil dries, water uptake by the roots becomes more difficult and 

uptake declines. The reduction in water uptake eventually resulted in the development of 

water deficit in the shoot hence the decrease in relative water content. During drought stress 

the water balance of a plant is disrupted and as a result the relative water content decreases 

(Sikuku et al., 2012). Maintenance of high relative water content has been considered to be a 

drought resistance rather than drought escape mechanism, and it is a consequence of adaptive 

characteristics such as osmotic adjustment (Khan et al., 2010). 

Current study revealed that water potential was dramatically decreased with the 

increasing water deficit (Fig. 4.1.1). The decrease in leaf water potential in response to the 

moisture deficit may be due to decreased water supply to leaf. Hattori et al. (2007) reported 

that drop in leaf water potential in early response to the water stress was attributed to 

decrease in water supply to leaf due to increased hydraulic resistance. Atteya (2003) found a 

decrease (18.46%) of water potential in maize genotype GIZA2 as a result of drought stress 

at early vegetative stage. Likewise, Nami et al. (2012) also observed decrease in water 

potential of common bean (Phaseolus vulgaris L.) as a result of drought stress. The changes 

in plant water potential might be attributed to a change in osmotic potential. There was 

significant difference in water potential among the genotypes at various drought levels. 

Farhad et al. (2011) also observed that leaf water potential of well watered maize seedlings 

was -0.4 MPa while under water deficit condition water potential decreased upto -1.1 MPa. 

Moreover, Medici et al. (2003) found that maize hybrid P-6875 showed water potential of -

0.78 MPa under control condition and it decreased upto -0.96 MPa under water stress 

condition. 

Leaf osmotic potential was significantly different in all maize hybrids under various 

water regimes (Fig. 4.1.2). Osmotic potential decreased principally (more negative value) as 

the water deficit increased. Severe water deficit (60% FC) considerably reduced the osmotic 

potential in almost all tested maize hybrids while the lowest value was recorded in hybrid P-

33H25. Claudio et al. (2006) found that osmotic potential of leaves of well watered seedlings 

increased upto -0.90 MPa at 40 DAS, while under water stress it decreased upto -1.20 MPa. 

The lower osmotic potential in P-33H25 under severe stress condition could occur due to 

lower water content that would cause greater solute accumulation and greater tissue elasticity 

(Arabzadeh and Emadian, 2010).  
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The results for turgor potential presented in the current study indicated that drought 

stress negatively affected this parameter in all genotypes of maize (Fig. 4.1.3). Higher turgor 

was maintained by well watered seedlings of maize hybrids while it decreased as the water 

stress increased and was lower under higher intensity of water deficit. This might be due to 

decreased water availability under moisture deficit situation (Farhad et al., 2011). Farhad et 

al. (2011) found that the moisture level of 75% field capacity reduced the leaf turgor of 

drought tolerant maize hybrid (Monsanto 919) upto 31.52% while it decreased upto 78.65% 

in drought sensitive maize hybrid (FH-810). Similarly, Claudio et al. (2006) observed that 

the leaf turgor potential decreased from 0.54 MPa to 0.180 MPa with the increase in water 

stress.  

Photosynthetic rate was reduced significantly due to water limiting condition in all 

the hybrids (Fig. 4.1.5). Likewise, Carmo-Silva et al. (2012) observed 66.12% and 23.51% 

reduction in photosynthetic rate of two cotton cultivars i.e. Monseratt Sea Island (MS) and 

Pima  S-6 (S6), respectively under water stress condition that received  one-half  of  the  

irrigation  amount applied  to  the  well watered plots. This might be because of water deficit 

conditions that diminish the amount of water in the plant body and upset the photosynthetic 

activity (Wahid and Rasul, 2005) and impede the enzyme activities in Calvin Cycle 

(Monakhova and Chernyadev, 2002). Reduction in photosynthesis disturb the equilibrium 

between the reactive oxygen species and antioxidants (Reddy et al., 2004) as a result of 

which deposition of toxic oxygen species take place in the cell and cell faces the oxidative 

damage.  

There was a decline in stomatal conductance and transpiration rate with increasing 

intensity of drought (Fig. 4.1.6 and Fig. 4.1.7). The better performing hybrid had 

comparatively more value of stomatal conductance than sensitive hybrids. This might be due 

to closure of stomata under water limited environment. Previously it was reported that under 

drought conditions plants begin to close their stomata that cause a reduction in the 

transpiration rate (Garcia et al., 2007). Moreover, during the drought stress decrease in gas 

exchange parameters (transpiration rate, net photosynthetic rate, water use efficiency and 

stomatal conductance) was also observed by Anjum et al. (2011). 

 

 



 

70 
 

Conclusion  

In the present experiment effect of various moisture regimes was studied on eight 

maize hybrids for their evaluation against water stress. The purpose of evaluation was to 

investigate drought tolerance in maize hybrids and select one of the drought tolerant and 

drought sensitive maize hybrid for further studies. Drought stress negatively affected the 

morphological and physiological attributes of maize hybrids. Among tested hybrids P-33H25 

performed best under normal and water deficit environment by assimilating more dry matter 

while lower dry matter was produced by FH-810 under similar conditions. Under mild 

moisture stress condition i.e. 80% FC there was a reduction of about 17.52% in total dry 

matter and 38.80% under severe water deficit (60% FC) in plants of hybrid P-33H25 while 

all other hybrids showed more reduction. Poor performance was exhibited by hybrid FH-810 

with a maximum reduction of 53.74% in plant dry weight under severe drought condition 

(60% FC). On the basis of dry matter production the hybrid P-33H25 was recognized as 

drought tolerant while FH-810 as drought sensitive. 
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4.2. Experiment 2: Optimization of various silicon levels for drought 

tolerance in maize hybrids 

4.2.1. Results  

4.2.1.1. Plant height  

`  Drought stress (60% FC) significantly reduced the plant height as compared to 

control conditions (100% FC) in both maize hybrids i.e. P-33H25 and FH-810 (Table 4.2.1). 

However, the extent of reduction in plant height was more in hybrid FH-810 as compared to 

P-33H25. Nonetheless, exogenous application of silicon significantly increased the plant 

height in both hybrids under normal as well as water deficit situation (60% FC). More plant 

height was recorded in seedlings exposed to high dose of silicon (100 and 150 mg/kg) as 

compared to lower silicon levels (0 and 50 mg/kg). Silicon had the positive effect on shoot 

length at lower and higher levels. Taller plants were observed for hybrid P-33H25 where 

silicon was applied @ 100 or 150 mg/kg under well watered conditions. Similarly under 

water deficit condition (60% FC) hybrid P-33H25 produced taller plants where silicon was 

applied @ 100 mg/kg while dwarf plants were observed in hybrid FH-810 with no silicon 

application. Overall silicon application in both hybrids under control (well watered) and 

stress condition (60% FC) produced taller plants with respect to treatments where silicon 

was not added. 

Table 4.2.1: Effect of silicon levels on plant height (cm) of maize hybrids under well 
watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 44.43cd 46.20b 49.70a 50.43a 
60% FC 34.13i 35.80h 38.97f 38.03fg 

FH-810 100% FC 42.47e 44.07de 45.57b-d 45.70bc  
60% FC 31.13j 33.20i 36.47gh 36.73gh 

LSD= 1.63; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.2. Leaf length  

It is clear from the Table 4.2.2 that hybrid P-33H25 possessed higher leaf length as 

compared to FH-810 under water stress condition. The plants of both hybrids possessed 

similar leaf length under well watered situation without silicon application. It was further 

observed that application of silicon enhanced this attribute significantly at all its levels under 
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well watered (100% FC) and drought stress situation (60% FC) in both the hybrids under 

study. In hybrid P-33H25, longer leaves were recorded where silicon was applied @ 100 and 

150 mg/kg under control condition (well watered) and smaller leaves were observed under 

water deficit environment without silicon nutrition. Interactive effect of hybrids, drought and 

silicon indicated that maximum leaf length was recorded in hybrid P-33H25 with 100 or 150 

mg/kg silicon application under well watered condition whereas least was possessed by 

hybrid FH-810 under drought condition without silicon application.   

Table 4.2.2: Effect of silicon levels on leaf length (cm) of maize hybrids under well 
watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 25.58bc 26.62b 28.84a 29.32a 
60% FC 18.87gh 19.96fg 21.96d 21.46de 

FH-810 100% FC 24.22c 25.25bc 26.23b 26.32b 
60% FC 15.63i 18.28h 20.40ef 20.57d-f 

LSD=1.42; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.3. Stem diameter  

The interactive effect of silicon levels on stem diameter per plant of maize hybrids 

was found non-significant (Table 4.2.3). 

Table 4.2.3: Effect of silicon levels on stem diameter per plant (cm) of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC    1.22NS 1.23 1.29 1.31 
60% FC 1.00 1.04 1.24 1.23 

FH-810 100% FC 1.18 1.18 1.28 1.26 
60% FC 0.95 0.97 1.09 1.13 

FC = field capacity, NS = non-significant 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.4. Number of leaves per plant 

The effect of various silicon levels on number of leaves per plant of both maize 

hybrids was non-significant (Table 4.2.4).  
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Table 4.2.4: Effect of silicon levels on number of leaves per plant of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 
P-33H25 100% FC      7.3NS 7.4 8.3 8.1 

60% FC 5.9 6.2 7.0 7.1 
FH-810 100% FC 7.2 7.6 7.5 7.5 

60% FC 5.4 5.6 6.6 7.0 
FC = field capacity, NS = non-significant 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.5. Leaf area per plant  

Leaf area was drastically reduced in both hybrids under water deficit condition (Table 

4.2.5). It is obvious from the Table that hybrid P-33H25 possessed higher leaf area as 

compared to FH-810 under normal and water stress condition. Application of silicon 

enhanced this attribute appreciably at all its levels under well watered (100% FC) and 

drought stress situation (60% FC) in both hybrids. In hybrid P-33H25 maximum leaf area 

was recorded where silicon was applied @ 150 mg/kg under control condition (well watered) 

and least value was observed without silicon under water deficit environment. Interactive 

effect of hybrids, drought and silicon indicated that maximum leaf area was recorded in 

hybrid P-33H25 with 150 mg/kg silicon under well watered condition whereas least was 

possessed by hybrid FH-810 under drought without silicon application. Under water deficit 

the higher levels of silicon i.e. 100 and 150 mg/kg remained at par for both hybrids with 

respect to leaf area production. However, more leaf area was recorded in hybrid P-33H25 

than FH-810 under curtailed water supply (60% FC).  

Table 4.2.5: Effect of silicon levels on leaf area per plant (cm2) of maize hybrids under 
well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 572.36ef 601.72d 646.86b 675.67a 
60% FC  480.14j 485.71j 547.69gh 546.05gh 

FH-810 100% FC 564.61fg 586.65de 625.28c 628.11bc 
60% FC 415.92l 450.63k 517.26i 528.82hi 

LSD=19.28; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 
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4.2.1.6. Shoot fresh weight  

Shoot fresh weight of two maize genotypes with and without silicon application under 

different moisture regimes is presented in Table 4.2.6. Water deficit significantly reduced the 

fresh biomass of shoot in both tested hybrids but reduction was more pronounced in FH-810 

as compared to P-33H25. Application of silicon improved the shoot fresh biomass in both 

maize genotypes under control (well watered) and water deficit situation. Hybrid P-33H25 

produced maximum shoot fresh weight at 100 and 150 mg/kg of silicon application under 

well watered condition while its least value was recorded with 0 and 50 mg/kg silicon at 60% 

FC. Hybrid FH-810 showed better performance with 100 and 150 mg/kg silicon under well 

watered condition while its least value was observed without silicon application under water 

deficit situation. 

4.2.1.7. Shoot dry weight  

Table 4.2.7 indicated that moisture stress (60% FC) considerably decreased the shoot 

dry weight as compared to control environment (100% FC) for both maize hybrids P-33H25 

(drought tolerant) and FH-810 (drought sensitive). However, the degree of reduction in 

shoot dry weight was more in hybrid FH-810 as compared to P-33H25.  

Table 4.2.6: Effect of silicon levels on shoot fresh weight per plant (g) of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 17.37de 19.53c 22.74a 23.51a 
60% FC 10.34h 10.46h 15.57f 15.84f 

FH-810 100% FC 16.80ef 18.42cd 21.26b 21.46b 
60% FC 6.00j 8.46i 13.34g 14.81g 

LSD=1.24; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

Exogenous application of silicon appreciably improved the shoot dry weight in both 

of the hybrids under control (100% FC) as well as in water deficit condition (60% FC). 

Higher shoot dry weight was produced by plants exposed to higher levels of silicon (100 

and 150 mg/kg) as compared to lower silicon level (0 and 50 mg/kg). Silicon showed the 

positive effect on shoot dry weight at lower and higher levels but its amount 100 mg/kg or 

above showed the similar results. Comparing hybrids under control conditions hybrid P-

33H25 gained more shoot dry weight with respect to hybrid FH-810. Maximum shoot dry 

weight was possessed by hybrid P-33H25 where silicon was applied @ 100 or 150 mg/kg 
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under well watered conditions. Under water deficit condition maximum shoot dry weight 

was recorded in hybrid P-33H25 where silicon was applied @ 100 mg/kg while least was 

observed in hybrid FH-810 without silicon application. Silicon application in both hybrids 

under control (well watered) and stress condition (60% FC) showed the positive results. 

Table 4.2.7: Effect of silicon levels on shoot dry weight per plant (g) of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 4.43c  4.66b 4.88a 4.93a 
60% FC 2.87h 3.10g 3.58e 3.52ef 

FH-810 100% FC 4.29d 4.30d 4.47c 4.65b 
60% FC 2.74i 2.86h 3.44f 3.45f 

LSD=0.10; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.8. Root fresh weight  

Water deficit significantly lowered the root biomass in both maize hybrids. Root fresh 

weight of both maize hybrids differed significantly at all levels of moisture and silicon (Table 

4.2.8). Maximum root biomass was produced by hybrid P-33H25 where silicon was applied 

@ 100 and 150 mg/kg under well watered condition while minimum performance was 

showed by hybrid FH-810 without silicon application under moisture deficit situation. 

Hybrid P-33H25 showed its best performance at 150 mg/kg silicon level under control 

environment and that was at par with 100 mg/kg of silicon applied under same environment 

and it showed its least performance with respect to root biomass at 60% field capacity with 0 

or 50 mg/kg of silicon application. Hybrid FH-810 showed its best performance at 100 and 

150 mg/kg silicon application under control condition. Over all silicon application was 

effective for both hybrids under optimum and water stressed condition. 

Table 4.2.8: Effect of silicon levels on root fresh weight per plant (g) of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 7.67de 8.26c 9.23a 9.36a 
60% FC 5.74h 5.77h 7.18f 7.26f 

FH-810 100% FC 7.51ef 7.96cd 8.74b 8.79b 
60% FC 4.52j 5.22i 6.56g 6.79g 

LSD=0.35; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 
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4.2.1.9. Root dry weight  

The data regarding the root dry weight of maize hybrids as affected by moisture 

regimes and silicon application are presented in Table 4.2.9. It is clear from the Table that 

drought stress (60% FC) significantly decreased the root dry matter as compared to control 

conditions (100% FC) in both hybrids P-33H25 and FH-810. However, application of 

silicon significantly hastened the root dry weight in both of the hybrids under normal as well 

as water deficit situation (60% FC). Maximum root dry weight was observed in seedlings 

nourished with high levels of silicon (100 and 150 mg/kg) as compared to lower silicon 

levels (0 and 50 mg/kg). Silicon showed the positive effect on dry matter production at 

lower and higher levels but its amount 100 mg/kg or above showed the similar results. 

Comparing hybrids under control conditions, hybrid P-33H25 attained more root dry mass 

with respect to hybrid FH-810. Maximum dry weight of roots was possessed by hybrid P-

33H25 where silicon was applied @ 100 or 150 mg/kg under well watered conditions. 

Under water deficit condition maximum root dry matter was produced by hybrid P-33H25 

where silicon was applied @ 100 or 150 mg/kg while least was observed in hybrid FH-810 

without silicon addition. Silicon nutrition in both the hybrids under control (well watered) 

and stress condition (60% FC) showed the positive results but 100 mg/kg of silicon showed 

best performance similar to the higher silicon dose in either of the moisture regimes i.e. 100 

or 60% FC. 

Table 4.2.9: Effect of silicon levels on root dry weight per plant (g) of maize hybrids 
under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 1.25ef 1.31cd 1.44a 1.43a 
60% FC 1.05j 1.06j 1.19gh 1.19gh 

FH-810 100% FC 1.23fg 1.28de 1.36bc 1.37b 
60% FC 0.91l 0.98k 1.13i 1.15hi 

LSD=0.05; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.10. Plant fresh weight  

Fresh biomass of both maize hybrids with and without silicon application under 

different moisture regimes is presented in Table 4.2.10. Water deficit significantly reduced 

the fresh biomass of seedlings in both tested hybrids but reduction was more obvious in FH-

810 as compared to P-33H25. Application of silicon enhanced the total biomass in both 
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maize genotypes under control (well watered) and water deficit situation. Hybrid P-33H25 

produced maximum fresh weight at 100 and 150 mg/kg of silicon application under well 

watered condition while its least value was recorded with 0 and 50 mg/kg silicon at 60% FC. 

Hybrid FH-810 showed maximum performance with 100 and 150 mg/kg silicon under 

adequate water supply while its least value was observed without silicon application under 

water deficit environment. 

Table 4.2.10: Effect of silicon levels on plant fresh weight (g) of maize hybrids under 
well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 25.05de 27.79c 31.97a 32.86a 
60% FC 16.08h 16.22h 22.75f 23.10f 

FH-810 100% FC 24.32ef 26.38cd 29.99b 30.26b 
60% FC 10.45j 13.69i 19.91g 20.98g 

LSD=1.60; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

 

4.2.1.11. Plant dry weight 

The data (Table 4.2.11) indicated that moisture stress (60% FC) considerably 

decreased the dry weight per plant as compared to control environment (100% FC) in both 

maize genotypes i.e. tolerant as well as drought sensitive. Exogenous application of silicon 

markedly enhanced the plant dry weight in both of the hybrids under control (100% FC) as 

well as in water deficit condition (60% FC). Maximum plant dry weight was attained in 

plants fertilized with higher levels of silicon (100 and 150 mg/kg) as compared to lower 

silicon levels (0 and 50 mg/kg). Silicon application showed the positive effect on total dry 

weight of plant at lower and higher levels but its amount @ 100 mg/kg or above showed the 

best and similar results. Comparing hybrids, under control conditions (100% FC), hybrid P-

33H25 gained more dry weight than hybrid FH-810. Maximum shoot dry weight was 

possessed by hybrid P-33H25 where silicon was applied @ 100 or 150 mg/kg under well 

watered condition. During 60% FC maximum plant dry matter was recorded in hybrid P-

33H25 where silicon was applied @ 100 or 150 mg/kg while least was observed in hybrid 

FH-810 without silicon nutrition. Silicon application in both hybrids under control (well 

watered) and stress condition (60% FC) showed the positive results. 
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Table 4.2.11: Effect of silicon levels on plant dry weight (g) of maize hybrids under well 
watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 5.90bc 5.97b 6.38a 6.31a 
60% FC    3.92i 4.16h 4.77f 4.71f 

FH-810 100% FC    5.52e 5.58e 5.83cd 5.80d 
60% FC 3.65j 3.84i 4.58g 4.60g 

LSD=0.10; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.12. Primary root length 

Both maize hybrids have a significant difference with respect to root length under 

either of the moisture regimes (well watered or stress condition). It is clear from the data 

depicted in (Table 4.2.12) that hybrid P-33H25 achieved notably elevated root length as 

compared to FH-810 under well watered and moisture deprived condition (60% FC). Water 

deficit severely affected this attribute in both the hybrids. Exogenous application of silicon 

appreciably improved the length of root at its all levels. For hybrid FH-810 the higher silicon 

levels (100 and 150 mg/kg) mostly were equally effective under well watered and water 

deficit environment. Hybrid P-33H25 showed maximum performance at 100 or 150 mg/kg 

applied silicon under control water condition while during water deficit 100 mg/kg silicon 

level was most effective. Over all maximum root length was recorded in hybrid P-33H25 

where silicon was applied @ 100 or 150 mg/kg under 100% field capacity while minimum 

value was recorded in hybrid FH-810 without silicon application under water deficit 

condition (60% FC). 

4.2.1.13. Root to shoot ratio 

Silicon fertilized maize seedlings had higher root shoot ratio under well watered condition as 

compared to Si deprived plants in both hybrids that show facilitation of shoot over root 

(Table 4.2.13). Silicon supplied maize plants that were grown under water deficit condition 

(60% FC) of both tested maize hybrids had lower root shoot ratio as compared to silicon 

deprived seedlings which indicates facilitation of shoot growth over root growth.  
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Table 4.2.12: Effect of silicon levels on primary root length per plant (cm) of maize 
hybrids under well watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 23.00bc 23.79b 26.21a 26.65a 
60% FC 17.16fg 18.14ef 19.96d 19.46de 

FH-810 100% FC 22.02c 22.96bc 24.07b 23.93b 
60% FC 14.00h 15.58g 18.54d-f 18.70d-f 

LSD=1.60; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

Table 4.2.13: Effect of silicon levels on root to shoot ratio of maize hybrids under well 
watered and water deficit conditions 

Hybrids Drought levels 
Silicon levels 

0 mg/kg 50 mg/kg 100 mg/kg 150 mg/kg 

P-33H25 100% FC 0.27h 0.28g 0.29e-g 0.29e-g 
60% FC 0.36a 0.34b 0.33bc 0.33bc 

FH-810 100% FC 0.29fg 0.30d-f 0.31de 0.31d 
60% FC 0.33bc 0.34b 0.32c 0.33bc 

LSD=0.014; FC = field capacity 

Means not sharing same letter in a column differ significantly at p ≤ 0.05 

4.2.1.14. Leaf water potential  

Leaf water potential was significantly influenced due to water deficit condition as 

compared to well watered situation in both maize genotypes (Fig. 4.2.1). Magnitude of 

reduction in leaf water potential under drought stress was more obvious in drought sensitive 

maize hybrid i.e. FH-810 than drought tolerant maize genotype i.e. P-33H25. However, 

silicon application significantly modified the leaf water potential in both maize hybrids under 

control (100% FC) and water deficit environment (60% FC). Significantly higher leaf water 

potential was observed with the silicon application (@100 and 150 mg/kg) over other Si 

levels (0 and 50 mg/kg) in both maize cultivars under either of the moisture regimes i.e. 100 

or 60% FC. The well watered plants of both the hybrids attained higher leaf water potential 

with silicon addition. The higher silicon levels (100 or 150 mg/kg) mostly were equally 

effective with respect to maintain the leaf water potential in both maize cultivars.  
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Fig. 4.2.1: Interactive effect of maize hybrids, drought levels and silicon application on 
leaf water potential (p ≤ 0.05)  

 
4.2.1.15. Leaf osmotic potential  

The main effect of maize hybrids and drought stress were significant for leaf osmotic 

potential. The interactive effect of drought and maize hybrids was significant while all other 

interactions were found non-significant (Appendix 7). The interactive effect of maize hybrids 

and drought stress showed that both hybrids responded alike under well watered condition 

for osmotic potential while the lower osmotic potential (more negative) was noted under 

water deficit. The plants of maize hybrid FH-810 that were grown under limited water 

availability retained lower osmotic potential (more negative) than plants of hybrid P-33H25 

under similar moisture condition (Fig. 4.2.2). 
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Fig. 4.2.2: Interactive effect of maize hybrids and drought levels on leaf osmotic 
potential (p ≤ 0.05) 

 
4.2.1.16. Leaf turgor potential  

The significant reduction in Leaf turgor was recorded in both hybrids because of 

water stress as compared to well watered condition (Fig. 4.2.3). Silicon nutrition significantly 

improved the leaf turgor potential in both hybrids under control as well as moisture deficit 

situation when compared with silicon deprived treatments. Maximum turgor potential was 

recorded in plants of hybrid P-33H25 under control condition (100% FC) supplied with 

higher dose of silicon (100 or 150 mg/kg) while lower turgor potential was observed in 

silicon abridged drought-stressed plants of maize cultivar FH-810.  
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Fig. 4.2.3: Interactive effect of maize hybrids, drought levels and silicon application on 

leaf turgor potential (p ≤ 0.05) 
 
4.2.1.17. Relative water content  

Both maize hybrids possessed a significant difference with respect to leaf relative 

water content under either of the water regimes i.e. well watered or water deficit (Fig. 4.2.4). 

Hybrid P-33H25 attained significantly higher relative water content as compared to FH-810 

under normal and drought stressed condition. Water deficit severely affected this attribute in 

both the hybrids. Nonetheless, exogenous application of silicon significantly enhanced the 

relative water content at its all levels under both normal and deficit water supply. The higher 

silicon levels (100 and 150 mg/kg) were mostly equally effective under well watered 

condition in both maize hybrids. Hybrid P-33H25 maintained higher water status at 100 and 

150 mg/kg of applied silicon under 100% field capacity, while during water deficit 100 

mg/kg silicon level was most effective. Over all higher relative water content was retained in 

hybrid P-33H25 than FH-810 under well watered and water deficit situation either the silicon 

was applied or not.  
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Fig. 4.2.4: Interactive effect of maize hybrids, drought levels and silicon application on 

relative water content (p ≤ 0.05) 
 
4.2.1.18. Photosynthetic rate  

The data (Fig. 4.2.5) showed that photosynthetic rate was drastically reduced in both 

hybrids under water deficit condition. It is evident from the Fig. that hybrid P-33H25 

possessed higher photosynthetic rate as compared to FH-810 under normal and water stress 

condition. Application of silicon enhanced this attribute appreciably at all its levels under 

well watered (100% FC) and drought stress situation (60% FC) in both hybrids. In hybrid P-

33H25, maximum photosynthetic rate was recorded where higher dose of silicon was applied 

(100 or 150 mg/kg) under well watered condition and lower photosynthetic rate was 

possessed by drought-stressed plants that were grown without silicon fertilization. The 

drought sensitive hybrid, FH-810 showed an improvement in photosynthetic rate with every 

higher dose of silicon under either of the moisture regime.  
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Fig. 4.2.5: Interactive effect of maize hybrids, drought levels and silicon application on 

photosynthetic rate (p ≤ 0.05) 
 
4.2.1.19. Transpiration rate  

The trend in transpiration rate of maize genotypes as affected by drought levels and 

silicon application is depicted in Fig. 4.2.6. The Fig. showed that drought stress (60% FC) 

significantly decreased the transpiration rate as compared to control conditions (100% FC) 

in both hybrids P-33H25 (drought tolerant) and FH-810 (drought sensitive). Exogenous 

application of silicon also significantly lowered the transpiration rate in both of the hybrids 

under normal as well as water deficit situation (60% FC). Maximum transpiration rate was 

observed in plants grown under well watered environment (100% FC) and without silicon 

fertilization in hybrid P-33H25. Silicon application suppressed transpiration rate at lower 

and higher levels under normal and water stressed condition. Minimum transpiration rate in 

both maize genotypes was observed under water deficit condition with 100 and 150 mg/kg 

of silicon. 
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Fig. 4.2.6: Interactive effect of maize hybrids, drought levels and silicon application on 
transpiration rate p ≤ 0.05 

 
4.2.1.20. Shoot silicon content  

The interactive effect of maize hybrids with different silicon levels is presented in 

Fig. 4.2.7a. Both the hybrids assimilated similar amount of silicon where it was applied @ 50 

mg/kg or not. However, higher silicon content were observed in hybrid P-33H25 where 

plants were grown with 150 mg/kg of silicon application. Similarly, maize hybrid FH-810 

accumulated more silicon with 150 mg/kg of silicon addition that was at par with plants of 

hybrid P-33H25 grown with 100 mg/kg of silicon. 

The interactive effect of moisture regimes with different silicon levels is presented in 

Fig. 4.2.7b. It is clear from the figure that various silicon levels significantly influenced the 

silicon concentration in shoot.  

There was an increase in shoot silicon content with increasing silicon dose under either of the 

moisture regimes. However, plants accumulated more silicon in their shoots where it was 

applied under well watered condition than under water-deprived situation. 
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Fig. 4.2.7a: Interactive effect of maize hybrids and silicon levels on Si in shoot (p ≤ 0.05) 
 
 
 

 
Fig. 4.2.7b: Interactive effect of moisture levels and silicon levels on Si content in shoot 

(p ≤ 0.05) 
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Fig. 4.2.8: Interactive effect of maize hybrids, drought levels and silicon application on 

Si in root (p ≤ 0.05) 
 
4.2.1.21. Root silicon content  

The root Si contents were drastically reduced in both hybrids under water deficit 

condition (Fig. 4.2.8). Hybrid P-33H25 possessed higher root Si contents as compared to FH-

810 under normal and water stress condition. It was further observed that application of 

silicon enhanced this attribute appreciably at all its levels under well watered (100% FC) and 

drought stress environment (60% FC) in both hybrids. In hybrid P-33H25, maximum root Si 

content were recorded where silicon was applied @ 150 mg/kg under well watered while 

lower value was observed without silicon under water deficit environment.  

4.2.2. Discussion 

It is evident from the current studies that the leaf length, leaf area, shoot fresh weight, 

shoot dry weight, root fresh weight, root dry weight, shoot and root length and root to shoot 

ratio and dry matter of root and shoot and different water relation and gas exchange attributes 

of maize hybrids were significantly influenced when grown under water deficit condition i.e. 

60% FC (Table 4.2.1 to 4.2.13). Likewise, Ali et al. (2011) reported that dehydration 

conditions significantly reduced several plant characteristics like plant height (29.59%), leaf 

area (6.58%), fresh weights of shoot (29.20%) and root (5.34%), dry weights of shoot 

(39.82%) and root (4.66%), and osmotic potential (14.83%) of maize hybrid seedlings grown 

under 50% field capacity. The reduced seedling growth under limited moisture stress might 
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be because of introverted cell division and extension (Ashraf and Mehmood, 1990). 

However, Jaleel et al. (2009) reported that changes in morphological parameters are the 

eventual determinants of stress effects on plants. While, response to moisture stress differs 

distinctly among various crop cultivars due to their intrinsic diversity in drought tolerance 

(Anjum et al., 2011). 

In this experiment, the hybrid FH-810 (drought sensitive) showed more vulnerability 

to water stress and the decline in root and shoot growth was more as compared to P-33H25 

(drought tolerant) under water deficit condition. Similar, susceptibility of maize hybrids to 

drought stress was investigated by Farhad et al. (2011) under different moisture levels. 

A variety of strategies are being used to alleviate the undesirable effects of drought on 

crop plants. Of all other approaches, exogenous application of nutrients is a useful one to 

mitigate the adverse effects of various abiotic stresses (Upadhyaya et al., 2012). Silicon has a 

distinctive physiological role in alleviating both biotic and abiotic stresses in most of the 

crops (Epstein, 2009).  

In the present investigation, exogenously applied different concentrations of Si 

significantly increased the growth and morphological attributes (leaf length, leaf area per 

plant, shoot fresh and dry weights, root fresh and dry weights, shoot and root length and root 

to shoot ratio) of both maize cultivars under water deficit (Table 4.2.1 to 4.2.13). Sonobe et 

al. (2011), observed that 1.78 mM of silicon significantly increased shoot dry weight 

(78.26%) and root dry weight (110%) when applied to PEG induced drought stressed plants 

of sorghum at 23 DAS. This increase in plant growth due to Si application not only takes 

places under normal (Hossain et al., 2002; Nolla et al., 2012), but also under stressful growth 

condition (Ma, 2004). This effect of Si on plant growth is dose and crop specific (Ali et al., 

2009). Silicon induced improvement in plant growth under stress may have been due to the 

significant role of Si in the upgrading of plant water status (Aranda et al., 2006). Such 

beneficial effects of Si on plant biomass or dry matter percent increase under water abridged 

condition were also reported by several researchers in a number of plant species such as 

sugarcane 26-70% (Bokhtiar et al., 2012), Sorghum 25% (Hattori et al., 2005), soyabean 

26% (Shen et al., 2010) and maize 23.7-40.5% (Fang et al., 2007), indicating the positive 

effect of Si application in mitigating drought induced inhibitory effects on growth of crop 

seedlings.  
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Silicon improved plant growth under stressed conditions by affecting a variety of 

metabolic processes including the improvement in plant water status (Aranda et al., 2006), 

regulation of plant defense system (Zhu et al., 2004), changes in ultra-structure of leaf 

organelles (Shu and Liu, 2001) and alleviation of specific ion effect (Tahir et al., 2006). 

Silicon nutrition enhanced leaf length significantly at all its levels under well watered 

(100% FC) and drought stress situation (60% FC) in both hybrids (Table 4.2.2). This may be 

due to cell enlargement with Si application. Hossain et al. (2002) reported that silicon 

application to rice promoted the elongation of leaf blades with a simultaneous increase in cell 

wall extensibility in its basal elongating zone. 

This study suggests that exogenous application of silicon appreciably improved the 

length of primary root at its all levels (Table 4.2.12). Increase in root length by Si 

fertilization may be attributed to cell extension. Likewise, Datnoff (2005) reported an 

increase in 0.8 to 1 cm of root length in comparison to non-fertilized control plants of 

turfgrass. Hattori et al. (2003) reported that silicon plays two separate functions in root cell 

walls; strengthening the endodermal cells in the developed basal section and keeping the 

immature expanding cells extensible in the apical part of the sorghum roots. Moreover, 

Ahmad and Haddad, (2011) observed that application of silicon appeared to be quite valuable 

to plants grown under drought conditions by encouraging the development of a big root 

system and providing protection to roots against soil drying. Silicon amended maize plants 

that were grown under water deficit condition (60% FC) of both tested maize hybrids had 

lower root shoot ratio as compared to silicon deprived plants which indicates facilitation of 

shoot growth over root growth (Table 4.2.13). The findings of our study are in accordance 

with Ali et al. (2009) who also reported lower R/S ratio after Si addition in salinity stressed 

plants of wheat. 

The Si application significantly modified the leaf water potential (Fig. 4.2.1) in both 

maize hybrids under control (100% FC) and water deficit environment. Significantly higher 

leaf water potential was observed with the silicon application @ 100 and 150 mg/kg over 

other Si levels (0 and 50 mg/kg). Nonetheless, Gong et al. (2005) reported an increase of 

14.77% in leaf water potential when 2.11 mmol Sodium Silicate was added to drought 

stressed plants of wheat. This might be due to more uptake of water with addition of silicon 

as reported by Hattori et al. (2005) in sorghum plants that were grown under limited moisture 
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supply from 25 DAS to 50 DAS. Similarly it also sustains leaf water potential of plants under 

water stress at the similar level as that of the well watered plants of wheat (Pei et al., 2010).  

Application of silicon improved the osmotic potential of leaves in both maize 

genotypes under control (well watered) condition while lowered under drought stress (Fig. 

4.2.2). Likewise, Sonobe et al. (2011) reported that silicon application decreased the osmotic 

potential in drought stressed seedlings of sorghum that showed an active osmotic adjustment. 

This might be due to increase in osmolytes such as soluble sugars, minerals and amino acids 

under water deficit situation (Kaya et al., 2006; Sonobe et al., 2011). 

The significant reduction in Leaf turgor was recorded in both hybrids because of 

water stress as compared to well watered condition (Fig. 4.2.3). However, silicon nutrition 

significantly increased the leaf turgor potential in both hybrids under control as well as 

moisture deficit situation when compared with silicon deprived treatment. Under water 

deficiency stress plants lower their osmotic potential through accumulation of organic solutes 

so water moves into the cell from surroundings, eventually plants retain their turgor and carry 

on their metabolic activities (Ludlow and Muchow, 1990; Subbarao et al., 2000).  

Relative water content (RWC) in leaves is known as an alternative measure of plant-

water status, reflecting the metabolic activity in tissues (Mali and Aery, 2008). Exogenous 

application of silicon significantly enhanced the relative water content (Fig. 4.2.4) at its all 

levels under both normal and deficit water supply. For hybrid FH-810 the higher silicon 

levels (100 and 150 mg/kg) mostly were equally effective under well watered and water 

deficit environment. Moreover, Shen et al. (2010) stated that Si mediated drought stressed 

(−0.5MPa, simulated with 20% polyethylene glycol) plants of soybean maintained 29.53% 

higher RWC than Si deprived water stressed seedlings. Decrease in RWC in leaves of 

drought stressed plants may be due to unavailability of water in soil (Shalhevet, 1993) or root 

systems, which are not proficient to compensate for water lost by transpiration through 

decrease of the absorbing surface (Gadallah, 2000).  

It is generally known that reduced photosynthetic rate leads to reduced plant growth 

in most plants. This decrease in plant photosynthesis under moisture stress takes place due to 

closing of stomata that result in a decrease in leaf transpiration rate and reduced leaf internal 

CO2 concentration (Parveen and Ashraf, 2010). The photosynthetic rate and transpiration rate 

were drastically reduced in both hybrids under water deficit condition. However, 
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exogenously applied Si significantly enhanced the photosynthetic rate and reduced the leaf 

transpiration appreciably at all its levels under well watered (100% FC) and drought stress 

situation (60% FC) in both hybrids (Figs. 4.2.5 and 4.2.6). The increase in photosynthetic 

rate could be the primary factor for Si induced growth improvement in maize under stressed 

and non-stressed conditions (Parveen and Ashraf, 2010). The ameliorative effect of silicon on 

water stressed plants depends on the ability of Si to deposit as colloidal silica gel (SiO₂) in 

the xylem vessels and the cell walls of leaves which thus restrict the bypass flow of 

transpired water that crosses the root cells towards the xylem vessels and provides a barrier 

to cuticular transpiration (Carvalho- pupatto et al, 2005, Savvas et al, 2009). These effects of 

Si increase the relative water content of plant tissues thus keeping the leaves erect and 

strengthen the stem that prevents lodging and improves light penetration into plant canopy 

thus improving photosynthesis (Ahmad et al, 2007; Abdalla, 2009). The silicon based 

increase in the photosynthesis of drought stressed plants under drought might also be 

associated with the increase in activities of photosynthetic enzymes like ribulose-

bisphosphate carboxylase and NADP+ dependent glyceroldehyde-3-phosphate 

dehydrogenase as well as chlorophyll content under stress conditions (Gong et al., 2005). 

Adatia and Besford (1986) also reported that the addition of silicon could increase the 

chlorophyll content and ribulose-bisphosphate carboxylase activity in cucumber plants grown 

in recirculating nutrient solution. Furthermore, Moussa (2006) reported a significant increase 

in CO2 fixation rate and photosynthetic efficiency in different cultivars of maize due to the 

addition of Si to the root growing medium. Shen et al. (2010) investigated that Si addition 

under well watered condition resulted in an increase of 5.97% photosynthetic rate while Si 

mediated drought stressed (−0.5MPa, simulated with 20% polyethylene glycol) plants 

maintained 20.99% higher photosynthetic rate than Si deprived water stressed plants.  

Conclusion 

In the current experiment, water deficit affected the various morphological and 

physiological characteristics of maize hybrids while exogenous application of various silicon 

concentrations significantly improved these attributes. The silicon application @ 50, 100 and 

150 mg/kg resulted in an increase of 6.12, 21.68 and 20.15% in plant dry weight of maize 

hybrid P-33H25 while an improvement of 5.21, 25.48 and 26.03%, respectively in dry matter 

production of hybrid FH-810 under water deficit situation. However, the silicon levels 100 
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mg/kg and 150 mg/kg were statistically equally effective in plant dry matter production 

under either of the moisture regimes i.e. 100 or 60% field capacity. The most economic 

silicon level was found to be 100 mg/kg for maize hybrids under normal and water deficit 

conditions. 
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4.3. Experiment 3: Improvement in drought stressed maize hybrids by 

exogenous application of silicon 

4.3.1. Results 

4.3.1.1. Plant height  

Water deficit significantly affected the plant height of both maize hybrids P-33H25 

and FH-810 (Table 4.3.1). Under drought environment (60% FC) more reduction in plant 

height (39.55%) was observed in hybrid FH-810 (drought sensitive) while hybrid P-33H25 

(drought tolerant) showed a reduction of 28.47%. However, silicon application significantly 

increased the plant height of both maize genotypes under either of the water regimes (100% 

FC or 60% FC). Maize hybrid P-33H25 had the maximum plant height under well watered 

condition (100% FC) with silicon application that brought an improvement of 12.10% over 

the plants grown without silicon application. The plant height was increased by 21.38% with 

silicon application with respect to without silicon nutrition for same genotype (P-33H25) 

under drought condition (60% FC). Hybrid FH-810 had its maximum plant height under well 

watered condition (100% FC) with Si application with an improvement of 5.87% than 

without silicon application. However, maximum improvement (36.32%) as percentage 

increase was recorded in FH-810 with silicon fertilization under water deficit situation (60% 

FC) as compared to without silicon application (Table 4.3.1). 

Table 4.3.1: Effect of silicon on the plant height (cm) of maize hybrids grown under 
water deficit conditions 

Hybrids Water deficit 
                                Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 163.49bc 183.28a 
60% FC 116.94f 141.94d 

FH-810 100% FC 160.18c 169.58b 
60% FC 96.83g 132.00e 

LSD=9.16; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.2. Number of leaves per plant 

Effect of silicon on number of leaves per plant of both maize hybrids under water 

deficit condition remained non-significant (Table 4.3.2).  
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Table 4.3.2: Effect of silicon on the number of leaves per plant of maize hybrids grown 
under water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC      15.16NS 15.25 
60% FC 13.73 14.06 

FH-810 100% FC 15.20 15.02 
60% FC 13.23 13.79 

FC = field capacity, NS = non-significant 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.3. Stem diameter  

Both maize hybrids possessed a significant difference with respect to stem diameter 

in either of the water regimes (well watered or stress condition). It is evident from the data 

given in Table 4.3.3 that hybrid P-33H25 produced significantly thicker stem as compared to 

FH-810 under normal moisture supply and drought stressed condition (60% FC). Water 

deficit severely affected this parameter in both the hybrids. However, exogenous application 

of silicon significantly improved the stem thickness in both maize genotypes under normal 

and water deficit situation. The plants of hybrid P-33H25 had maximum stem diameter where 

silicon was applied under optimal water supply (100% FC) and showed an improvement of 

6.11% than plants grown without silicon application. At 60% field capacity plants of hybrid 

P-33H25 showed a decline of 12.98% in stem diameter as compared to plants that were 

grown under normal water supply. However, application of silicon brought an improvement 

of 7.89% in stem diameter at 60% field capacity than without silicon fertilization for hybrid 

P-33H25. Similarly hybrid FH-810 showed a marked reduction (18.46%) in this parameter 

because of water deficit (60% FC) while, silicon application increased stem diameter 14.15% 

under same water supply (60% FC). 

Table 4.3.3: Effect of silicon on the stem diameter (cm) of maize hybrids grown under 
water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 1.31bc 1.39a 
60% FC 1.14e 1.23d 

FH-810 100% FC 1.30c 1.35b 
60% FC 1.06f 1.21d 

LSD=0.04; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 
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4.3.1.4. Leaf area per plant  

The data (Table 4.3.4) illustrated that leaf area was severely reduced in both hybrids 

under water deficit state. Maize hybrid P-33H25 had more leaf area as compared to FH-810 

under normal and water stressed circumstances. There was a reduction of 32.68% and 34.73% 

in this characteristic because of drought condition (60% FC) in hybrids P-33H25 and FH-810, 

respectively. It is clear from the Table that the use of silicon enhanced this attribute 

appreciably under well watered (100% FC) and drought stress condition (60% FC) in both 

hybrids. In hybrid P-33H25, the highest leaf area was recorded where silicon was applied 

under well watered condition (100% FC) and lower value was observed without silicon 

application under water deficit situation (60% FC). Similarly hybrid FH-810 attained its 

maximum leaf area with silicon application at 100% of field capacity while minimum was 

recorded without silicon nutrition under abridged moisture supply (60% FC). There was an 

improvement of 11.50% and 4.11% in leaf area under well watered condition (100% FC) 

with silicon application in maize hybrids P-33H25 and FH-810, respectively than without 

application of the nutrient (silicon). However, application of silicon under stressed condition 

(60% FC) showed greater positive impact than well watered condition with an increase of 

13.57% and 20.83% of leaf area for hybrid P-33H25 and FH-810, respectively, than without 

silicon application under water deficit (60% FC). 

Table 4.3.4: Effect of silicon on the leaf area per plant (cm2) of maize hybrids grown 
under water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 2533.55bc 2968.55a 
60% FC 1792.25e 2035.45d 

FH-810 100% FC 2433.56c 2662.30b 
60% FC 1588.29f 1919.20de 

LSD=146.45; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.5. Number of cobs per plant 

Imposition of drought stress (60% FC) significantly affected the number of cobs per 

plant (Table 4.3.5). Application of silicon significantly affected this attribute under different 

moisture regimes. Under controlled water supply there was not any difference of silicon 

application on cobs per plant but under water deficit situation there was a significant 
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improvement for this attribute. All the interactions except water deficit and silicon 

application were found non-significant for cobs per plant. 

Table 4.3.5: Interactive effect of water deficit and silicon application on the number of 
cobs per plant  

Water deficit 
                                      Silicon 

0 mg/kg 100 mg/kg 

100% FC 1.17a 1.20a 
60% FC 1.02b 1.16a 

LSD = 0.06; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.6. Cob length  

Various moisture regimes significantly affected the cob length of both maize hybrids. 

There was more reduction (31.75%) in cob length of drought sensitive maize hybrid (FH-

810) as compared to drought tolerant maize hybrid P-33H25 (22.67%) under moisture deficit 

condition i.e. 60% FC (Table 4.3.6). Application of silicon significantly increased the cob 

length of both maize genotypes under optimal and limited moisture supply. Both maize 

hybrids (P-33H25 and FH-810) attained maximum cob length with silicon application under 

well watered condition (100% FC) with an increase of 10.48% and 5.56%, respectively than 

without silicon application. At 60% field capacity application of silicon brought an 

improvement of 15.94% and 23.90% for hybrids P-33H25 and FH-810, respectively than 

without silicon fertilization. 

Table 4.3.6: Effect of silicon on the cob length (cm) of maize hybrids grown under water 
deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 14.03bc 15.50a 
60% FC 10.85f 12.58d 

FH-810 100% FC 13.67c 14.44b 
60% FC 9.33g 11.56e 

LSD=0.46; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.7. Cob diameter  

 The interactive effect of maize hybrids, water deficit and silicon application on cob 

diameter was non-significant (Table 4.3.7). 
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Table 4.3.7: Effect of silicon on the cob diameter (cm) of maize hybrids grown under 
water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC      4.25NS 4.48 
60% FC 3.17 3.42 

FH-810 100% FC 3.83 4.06 
60% FC 2.82 3.11 

FC = field capacity, NS = non-significant 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.8. Grain rows per cob 

 The interactive effect of silicon on the grain rows per cob of maize hybrids under 

water deficit was found non-significant (Table 4.3.8). 

Table 4.3.8: Effect of silicon on the grain rows per cob of maize hybrids grown under 
water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC      14.00NS 15.40 
60% FC 10.63 12.13 

FH-810 100% FC 13.40 14.27 
60% FC 9.67 10.67 

FC = field capacity, NS = non-significant 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.9. Number of grains per cob 

Different water regimes significantly influenced the number of grains per cob in both 

maize hybrids. There was a reduction of 18.94% and 26.41% due to water deficit in the 

number of grains per cob for hybrids P-33H25 and FH-810, respectively (Table 4.3.9). It is 

clear from the Table that silicon application ameliorated the negative effect of water deficit on 

this attribute in maize hybrids under study (P-33H25 and FH-810). Maximum number of 

grains per cob (310.49) were recorded in hybrid P-33H25 with silicon application under 

normal water supply (100% FC) while the minimum (205.57) in hybrid FH-810 at 60% field 

capacity without silicon application. There was an increase of 12.74% and 18.43% in this 

parameter because of silicon application under abridged moisture supply (60% FC) in hybrid 

P-33H25 and FH-810, respectively.  
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Table 4.3.9: Effect of silicon on the number of grains per cob of maize hybrids grown 
under water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 285.50bc 310.49a 
60% FC 231.43f 260.91d 

        FH-810 100% FC 279.33c 292.51b 
60% FC 205.57g 243.45e 

LSD=7.81; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.10. 100-grain weight  

Grain size is considered as an important factor for final yield and 100-grain weight is 

a representative of grain size. Different water regimes significantly affected the 100-grain 

weight of both maize hybrids (Table 4.3.10). There was more reduction in this attribute under 

water deficit environment (60% FC) for hybrid FH-810 (22.12%) as compared to maize 

hybrid P-33H25 (16.45). Silicon application significantly improved the 100-grain weight of 

both maize genotypes under well watered (100% FC) and drought stress conditions (60% 

FC). Maize genotype P-33H25 showed an improvement of 7.12% and 10.21% where silicon 

was used under optimal and water stressed condition, respectively. However, hybrid FH-810 

showed maximum improvement of 14.11% in 100-grain weight with silicon application 

under moisture deficit condition. Overall maximum 100-grain weight was recorded for 

hybrid P-33H25 under well watered condition (100% FC) with silicon application while 

minimum was obtained in hybrid FH-810 under drought (60% FC) without application of 

silicon. 

4.3.1.11. Grain weight per cob  

The perusal of the Table 4.3.11 revealed that moisture stress (60% FC) considerably 

decreased the grain weight per cob for both hybrids P-33H25 (drought tolerant) and FH-810 

(drought sensitive). Hybrid FH-810 showed maximum reduction in cob grain weight 

(40.53%) in water deficit environment (60% FC). However, there was a decline of 28.51% 

in grain weight per cob under drought (60% FC) for hybrid P-33H25. Application of silicon 

resulted in greater grain weight per cob under either of the moisture regime for both maize 

genotypes (P-33H25 and FH-810). Maximum grain weight per cob (65.45 g) was attained 

by hybrid P-33H25 under well watered condition (100% FC) with silicon application while 
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minimum value (33.28 g) was recorded by hybrid FH-810 under moisture deficit situation 

(60% FC).  

Table 4.3.10: Effect of silicon on the 100-grain weight (g) of maize hybrids grown under 
water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 21.34bc 22.86a 
60% FC 17.83f 19.65d 

        FH-810 100% FC 20.84c 21.69b 
60% FC 16.23g 18.52e 

LSD=0.54; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

Table 4.3.11: Effect of silicon on the grains weight per cob (g) of maize hybrids grown 
under water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 57.84bc 65.47a 
60% FC 41.35e 50.34d 

FH-810 100% FC 55.96c 59.98b 
60% FC 33.28f 43.94e 

LSD = 2.62; FC = field capacity 

        Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.12. Biological yield per plant 

Different water regimes significantly affected the biological yield per plant of both 

maize hybrids (Table 4.3.12). There was greater reduction in biological yield of hybrid FH-

810 (34.24%) than P-33H25 (22.94%) under water limited condition (60% FC). 

Silicon application significantly improved the plant biomass of both maize genotypes 

under well watered (100% FC) as well as under drought stress conditions (60% FC). Maize 

genotype P-33H25 had the maximum biological yield where Si was added under well 

watered conditions.  

Application of silicon increased biological yield by 10.95% and 6.12% in maize 

hybrids P-33H25 and FH-810, respectively under optimal water supply (100% FC). With 

silicon nutrition there was an increase of 15.37% and 23.26% in biological yield for hybrids 

P-33H25 and FH-810, respectively under abridged moisture supply (60% FC). 
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Table 4.3.12: Effect of silicon on the biological yield per plant (g) of maize hybrids 
grown under water deficit conditions 

Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

P-33H25 100% FC 144.16bc 159.95a 
60% FC 111.09e 128.16d 

FH-810 100% FC 140.14c 148.72b 
60% FC 92.16f 113.60e 

LSD=5.63; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.13. Grain yield per plant 

Grain yield per plant of both maize hybrids differed significantly at all levels of 

moisture and silicon application (Table 4.3.13). Drought induction markedly affected the 

grain yield per plant of both maize hybrids. Grain yield per plant of maize hybrids FH-810 

and P-33H25 was reduced by 43.87% and 29.52%, respectively because of water deficit 

(60% FC). It is obvious from the Table that maximum grain yield was produced by hybrid P-

33H25 where silicon was used under well watered condition (100% FC) while minimum 

performance was showed by hybrid FH-810 without silicon application under moisture 

deficit situation (60% FC). Hybrid P-33H25 got an improvement of 13.64% in grain yield 

with added silicon under optimal water availability (100% FC) while there was 7.45% 

increase for hybrid FH-810 under same water regime with silicon application. Hybrid P-

33H25 showed 22.84% improvement in grain yield per plant with silicon nutrition under 

drought condition (60% FC). 

Table 4.3.13: Effect of silicon on the grain yield per plant (g) of maize hybrids grown 
under water deficit conditions 

 Hybrids Water deficit 
Silicon 

0 mg/kg 100 mg/kg 

  P-33H25 100% FC 61.49bc 69.88a 
60% FC 43.34e 53.24d 

FH-810 100% FC 59.42c 63.85b 
60% FC 33.35f 46.20e 

          LSD = 3.07; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.05 

4.3.1.14. Harvest index (H.I) 

Silicon application significantly affected H.I in various moisture regimes i.e. 100% 

and 60% field capacity (Table 4.3.14). However, maximum H.I value was recorded in silicon 
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fed plants under well watered condition (100% FC). Minimum H.I (37.61%) was recorded 

under drought condition (60% FC) without silicon nutrition. 

Table 4.3.14: Interactive effect of water deficit and silicon application on the harvest 

index of maize hybrids 

       Water deficit 
                              Silicon  
             0 mg/kg            100mg/kg 

          100% FC                42.52a              43.31a 
            60% FC                37.61c              41.11b 
LSD = 1.27; FC = field capacity 

Means not sharing the same letter in a column differ significantly from one another at p ≤ 0.01 

4.3.1.15. Photosynthetic rate  

Different water regimes significantly affected the photosynthetic rate of both maize 

hybrids (Fig. 4.3.1). The fig. depicts that photosynthetic rate of maize genotype P-33H25 was 

higher than that of FH-810 under water deficit (60% FC) at either of the stage (vegetative or 

reproductive). There was more reduction in photosynthetic rate of drought sensitive maize 

hybrid (FH-810) as compared to drought tolerant maize hybrid (P-33H25) at vegetative and 

reproductive stage under drought condition (60% FC).  

Silicon application significantly improved the photosynthetic rate of both maize 

genotypes under well watered and drought stress conditions at both stages i.e. vegetative (45 

DAS) or reproductive (70 DAS). Both maize genotypes P-33H25 and FH-810 had the 

maximum photosynthetic rate where Si was applied under well watered conditions (100% 

FC)  at vegetative stage (45 DAS) while, minimum under moisture deficit at 70 DAS without 

application of silicon. Maximum photosynthetic rate was recorded in water deficit condition 

(60% FC) by hybrid P-33H25 with Si nutrition at 45 DAS whereas lower was attained by 

hybrid FH-810 under similar environment of moisture availability without silicon 

fertilization at reproductive stage. Si application showed the positive effect on photosynthetic 

rate in both hybrids at either of the growth stage under any of the moisture regime. Overall 

lower photosynthetic rate was recorded at 70 DAS than 45 DAS for both hybrids under any 

condition of moisture availability. 
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Fig. 4.3.1: Effect of silicon on the photosynthetic rate of maize hybrids at 45 and 70 
DAS grown under water deficit conditions. Si = silicon; FC = field capacity 

 
4.3.1.16. Transpiration rate  

The data (Fig. 4.3.2) revealed that drought stress (60% FC) significantly decreased the 

transpiration rate as compared to control conditions (100% FC) in both hybrids i.e. P-33H25 

(drought tolerant) and FH-810 (drought sensitive) at vegetative (45 DAS) or reproductive 

stages (70 DAS). Nonetheless exogenous application of silicon also significantly lowered the 

transpiration rate in both of the hybrids under normal (100% FC) as well as water deficit 

situation (60% FC) at 45 and 70 DAS. Maximum transpiration rate was observed in well 

watered plants of hybrid FH-810 at 100% field capacity without silicon fertilization at 45 and 

70 DAS.  
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Fig. 4.3.2: Effect of silicon on the transpiration rate of maize hybrids at 45 and 70 DAS 
grown under water deficit conditions. Si = silicon; FC = field capacity 

 
4.3.1.17. Relative water content 

The Fig. 4.3.3 depicted that relative water content of both maize hybrids (P-33H25 or 

FH-810) at vegetative (45 DAS) and reproductive stage (70 DAS) was inversely related to 

water deficit (60% FC). Difference in relative water content at various water regimes was 

highly significant in both maize genotypes.  

Both maize hybrids maintained maximum relative water content during 100% field 

capacity with the Si application at 45 DAS. During severe water deficit condition (60% FC) 

hybrid P-33H25 maintained maximum relative water content with silicon application while 

lower value was recorded in hybrid FH-810 without application of silicon. Silicon 

fertilization in both maize genotypes was very effective with respect to this attribute under 

either of the water regime. 
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Fig. 4.3.3: Effect of silicon on the relative water content of maize hybrids at 45 and 70 

DAS grown under water deficit conditions. Si = silicon; FC = field capacity 
 
4.3.1.18. Leaf water potential  

A particularly significant variation among the genotypes was observed with respect to 

leaf water potential in response to drought stress (Fig. 4.3.4). Water deficit led to a 

significant (P < 0.01) decline in leaf water potential in both maize hybrids. Different water 

regimes significantly affected the leaf water potential of both maize hybrids (Fig. 4.3.4). Leaf 

water potential of water stressed plants of P-33H25 was more than those of FH-810 at either 

of the stage (45 DAS or 70 DAS). There was more reduction in leaf water potential of 

drought sensitive maize hybrid (FH-810) as compared to drought tolerant maize hybrid (P-

33H25) at vegetative and reproductive stages.  

Silicon application significantly improved this character of both maize genotypes 

under well watered and drought stress conditions at both stages i.e. vegetative (45 DAS) or 

reproductive (70 DAS).  Maize genotype P-33H25 had the maximum leaf water potential 

with silicon under well watered condition (100% FC) at vegetative stage. Hybrid FH-810 had 

the maximum value for leaf water potential under control condition (100% FC) with silicon 

application at vegetative stage. 
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Both maize hybrids (P-33H25 and FH-810) had exhibited maximum leaf water 

potential at 45 DAS than 70 DAS under either of the respective moisture regime with or 

without silicon application. 

 

 

                                            
Fig. 4.3.4: Effect of silicon on the leaf water potential of maize hybrids at 45 and 70 

DAS grown under water deficit conditions. Si = silicon; FC = field capacity 
 
4.3.1.19. Leaf osmotic potential  

Leaf osmotic potential of both maize hybrids with and without silicon application was 

significantly affected under two moisture regimes i.e. 100% FC or 60% FC (Fig. 4.3.5). 

Water deficit significantly lowered the osmotic potential of leaves in both tested maize 

genotypes but reduction was more obvious in FH-810 than P-33H25 at 45 or 70 DAS. 

Application of silicon also lowered the osmotic potential of leaves in both maize genotypes at 

60% FC (Fig. 4.3.5).There was no difference in this attribute under well watered condition 

for hybrid P-33H25 at 45 DAS or 70 DAS. However, hybrid FH-810 lowered its osmotic 

potential with silicon application even under optimal water supply (100% FC) at 45 DAS or 

70 DAS. Hybrid P-33H25 maintained maximum osmotic potential without silicon 

application under well watered condition (100% FC).  
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Fig. 4.3.5: Effect of silicon on the osmotic potential of maize hybrids at 45 and 70 DAS 

grown under water deficit conditions. Si = silicon; FC = field capacity 
 
4.3.1.20. Leaf turgor potential 

Application of silicon significantly increased the leaf turgor potential under optimal 

(100% FC) and water deficit condition (60% FC) for both maize hybrids at 45 DAS or 70 

DAS. All the interactions were non-significant except silicon and drought (Fig. 4.3.6). 

Silicon application positively affected the leaf turgor potential under either level of moisture 

availability. However, more turgor was maintained by silicon mediated well watered plants 

and water deficit plants than that were grown without silicon nutrition. 
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Fig. 4.3.6: Interactive effect of water deficit and silicon application on leaf turgor 
potential of maize hybrids. Si = silicon; FC = field capacity 

 

4.3.1.21. Shoot and root silicon content 

It is obvious from Fig. 4.3.7 that shoot and root silicon contents were drastically 

reduced in both hybrids under water deficit condition. Hybrid P-33H25 possessed higher 

shoot and root silicon content as compared to FH-810 under normal and water stressed 

condition. Fig. indicated that application of silicon enhanced this attribute appreciably under 

well watered (100% FC) as well as under drought stress situation (60% FC) in both hybrids. 

In hybrid P-33H25, maximum shoot and root silicon content were recorded where silicon 

was applied under well watered condition (100% FC) and lower value was observed without 

silicon application under water deficit environment (60% FC). Nonetheless, more silicon 

content was recorded in shoot than root in both maize genotypes under either of the moisture 

availability level. 
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Fig. 4.3.7: Effect of silicon on the silicon content (mg/g) in shoot and root of maize 
hybrids grown under water deficit condition. Si = silicon; FC = field 
capacity 

 
 
4.3.2. Discussion 

Though, silicon (Si) is documented as a non-essential element (Taiz and Zeiger, 

2006), yet, from several earlier studies it is obvious that, exogenous application of Si can 

improve growth of the majority plant species. Improved growth in higher plants by 

application of Si has been reported mainly under biotic and abiotic stresses (Epstein, 2009).  

 The application of silicon to the growth medium significantly improved various 

morphological and agronomic characteristics such as plant height, leaf area per plant, cob 

length, number of grains per cob, 100-grain weight, grain weight per cob, grain and 

biological yield and harvest index in both maize cultivars under normal and water-stressed 

environment (Table 4.3.1 to 4.3.14). However, the increase was more pronounced in plants 

grown under the limited moisture condition that showed the beneficial effects of Si 

application in reducing desiccation stress. Likewise, Ali et al. (2012) reported that silicon 

nutrition to salinity stressed (12 dS/m) plants of wheat variety SARC-5 significantly 

improved several plant characteristics like plant height (9.19%), spike length (24.28%), 

number of grains per spike (20.75%), 100-grain weight (10.24%), biological yield (22.94%) 

and grain yield (30.96%), and harvest index (7.69%). Similarly, Gong et al. (2003) observed 

that silicon increased plant height, leaf area and dry mass of wheat not only under well 
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watered but also under drought condition. Our findings are also in consistent with those of 

Malidareh, (2011), who observed that soluble Si enhanced the growth, development and 

yield of rice under different irrigation regimes. Silicon improved plant growth by affecting a 

variety of processes including the improvement in plant water status (Aranda et al., 2006), 

regulation of plant defense system (Zhu et al., 2004), changes in ultra-structure of leaf 

organelles (Shu and Liu, 2001) and alleviation of specific ion effect of drought (Tahir et al., 

2006). 

The Si application significantly improved the leaf water potential (Fig. 4.3.4) of 

drought stressed plants of both maize hybrids, which was consistent with Gong et al. (2005) 

who reported an increase of 14.77% in leaf water potential when drought stressed plants of 

wheat were fertilized with 2.11 mmol sodium silicate, indicating that silicon might improve 

water status of water stressed plants. The beneficial effects of silicon on growth of plants are 

linked with decrease in transpiration (Pei et al., 2010). Reduction in transpiration could be 

due to silicate crystals deposited in epidermal cells form a barrier that reduces water loss 

through the cuticles (Aranda et al., 2006).  

Application of silicon improved the leaf osmotic potential in both maize genotypes 

under control (well watered) condition while lowered the osmotic potential under drought 

stress (Fig. 4.3.5). The active osmotic adjustment is one of the chief physiological 

mechanisms accountable for plant adaptation to drought stress. Silicon application decreases 

the osmotic potential that shows an active osmotic adjustment (Sonobe et al., 2011). As a 

result, this adjustment might lead to the development of a large water potential gradient 

between the culture solution and the roots that would serve as a driving force for plant water 

uptake (Hsiao and Xu, 2000). Osmotic adjustment generally takes place as a result of an 

increase in osmolytes such as soluble sugars, minerals and amino acids under stressed 

condition (Kaya et al., 2006; Sonobe et al., 2011). Aranda et al. (2006) have shown that 

high-molecular weight silicon complexes can be conveyed into the vacuoles through an 

endocytotic process. Data offered here showed that drought stressed plants treated with 

silicon had more negative values of osmotic potential than the drought stressed plants that 

were not treated with Si. More negative values of osmotic potential mean a higher degree of 

osmotic adjustment, and so a higher capacity of tissue to retain water. The higher negative 

osmotic potential in plants treated with silicon could be clarified by the silicon deposition in 
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the cytoplasm and to the high-molecular weight of silicon complexes within the vacuoles as 

described by Neuman and De Figueiredo (2002). Thus Si treatment could improve the 

efficiency of osmotic adjustment of water stressed maize plants, which could explain the 

higher leaf turgor potential and the higher plant water content recorded on these plants. 

The significant reduction in Leaf turgor was recorded in both hybrids because of 

water stress as compared to well watered condition (Fig. 4.3.6). However, silicon nutrition 

significantly improved the leaf turgor potential in both hybrids under control as well as 

moisture deficit situation when compared with silicon deprived treatment. This might be due 

to their lower osmotic potential through accumulation of organic solutes or high-molecular 

weight of silicon complexes in cytoplasm so water moves into the cell from surroundings, 

eventually plants retain their turgor and carry on their metabolic activities (Subbarao et al., 

2000; Neuman and De Figueiredo, 2002).  

Relative water content (RWC) in leaves is recognized as a substitute measure of plant 

water status, reflecting the metabolic activity in tissues (Ahmed et al., 2011). Exogenous 

application of silicon significantly enhanced the relative water content (Fig. 4.3.3) at its all 

levels under both normal and deficit water supply. Ahmad and Haddad, (2011) reported that 

drought stress caused a reduction in RWC content in wheat, but Si application modified 

RWC content that was 40.04% higher than drought stressed (gypsum block, –1.0 MPa) plants 

grown without silicon fertilization. Likewise, Gong et al. (2005) reported an increase of 

3.62% in RWC when 2.11 mmol Sodium Silicate was added to drought stressed plants of 

wheat. Decrease in RWC in leaves of drought stressed plants may be due to unavailability of 

water in soil (Shalhevet, 1993) or root systems, which are not proficient to compensate for 

water vanished by transpiration through reduction of the absorbing surface (Gadallah, 2000). 

The improved ability of silicon treated plants to retain water under water deficit condition 

might be related to decrease in cuticular transpiration because of silicon deposition under the 

cutical (Gao et al., 2006). 

It is generally known that reduced photosynthetic rate leads to reduced plant growth 

in plants. This decrease in plant photosynthesis under stress takes place due to closing of 

stomata that decrease leaf transpiration rate and reduced leaf internal CO2 concentration 

(Parveen and Ashraf, 2010). Photosynthetic rate and transpiration rate were drastically 

reduced in both hybrids under water deficit condition. However, exogenously applied Si 
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significantly enhanced the plant photosynthetic rate while lowered the transpiration rate 

under well watered (100% FC) and drought stress situation (60% FC) in both maize hybrids 

(Figs. 4.3.1 and 4.3.2). Thus, these gas exchange attributes could have been the primary 

factors for Si induced growth improvement in maize under stressed and non -stressed 

conditions (Parveen and Ashraf, 2010).  

Drought stress drastically affected the photosynthetic rate while silicon application 

markedly improved the photosynthetic rate of drought stressed plants of both maize hybrids 

(Fig. 4.3.1). Similarly, Gong et al. (2005) reported that Si could increase the photosynthesis 

of wheat plants under water deficit by 58.70% and this might be related to the improvement 

in the activities of photosynthetic enzymes, ribulose-bisphosphate carboxylase and NADP+ 

dependent glyceroldehyde-3-phosphate dehydrogenase, and chlorophyll content under stress 

environments. Nonetheless, Si improves light interception by keeping leaves erect, thereby 

stimulating canopy photosynthesis in rice (Ma et al., 2006). Previous studies showed the 

significant silicon-induced enhancement of photosynthetic parameters in moisture-stressed 

maize plants (Li et al. 2007), water-stressed sorghum (Hattori et al. 2005), salt-induced 

barley (Liang, 1998) and tomato (Al-Aghabary et al. 2004).  

Our study also showed that exogenous application of silicon significantly lowered the 

transpiration rate (Fig. 4.3.2) in both of the hybrids under normal as well as water deficit 

situation. This observation suggests that Si has a role in improving the water economy of the 

plants. Silicon can reduce the water loss by decreasing the water flow rate in xylem. This 

may be caused by the increase of adhesion to water in xylem vessels because of the 

deposition of Si on the cell wall. Reduction in transpiration of Si-treated plants might be due 

to cuticle thickened by silica deposits (Gao et al., 2004). 

Our results indicated that Si addition to plants under normal and drought stress 

improved its concentration in shoot and roots of maize genotypes (Fig.4.3.7). Previous 

findings are in agreement with our results that silicon application as H4SiO4 significantly 

increased Si concentration in shoots and roots of maize plants. Silicon concentration in 

shoots of maize plants was higher than in roots, whether or not Si was applied (Gao et al., 

2006). Likewise Ali et al. (2009) reported that silicon application @ 150 mg/kg of soil 

significantly increased the Si content in flag leaves of wheat both under saline and non-saline 

conditions as compared to treatment where Si was not applied. 
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Conclusion 

In conclusion of this experiment, maize hybrid P-33H25 was better able to withstand 

water stress as compared to FH-810 by maintaining higher growth, gas exchange, and water 

relation and ultimately yield and yield components. Grain yield per plant of maize hybrids 

FH-810 and P-33H25 was reduced by 43.87% and 29.52%, respectively because of water 

deficit (60% FC). Silicon fertilization under water deficit resulted in an improvement of 

22.84% and 38.53% in grain yield of maize hybrids P-33H25 and FH-810, respectively.  
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4.4. Experiment 4: Response of drought stressed maize hybrids to silicon 

application under field condition 

4.4.1. Results spring crop  

4.4.1.1. Plant height  

Drought stress significantly reduced the plant height in both maize hybrids. There 

was a reduction of 18.25% and 39.48% in this attribute in spring 2010 while, 26.47% and 

37.93% decrease was noticed during spring 2011 for hybrids P-33H25 and FH-810, 

respectively.  

The plant height was significantly affected by silicon application in both maize 

genotypes during both years grown under different water regimes (Table 4.4.1). During first 

year the maximum plant height was recorded by maize hybrid P-33H25 under well watered 

condition (100% FC) with silicon application while during second year of experimentation 

taller plants were observed in  silicon amended maize hybrid P-33H25 under optimal 

moisture supply that was at par with hybrid FH-810 under similar condition. Silicon addition 

under well watered condition did not affect the plant height in hybrid FH-810 during first 

year of study while its effect remained significant in the 2nd year. 

Under water deficit situation (60% FC) silicon fertilized plants of both maize hybrids 

were taller as compared to non-fertilized plants. However, relatively dwarf plants were 

observed in maize hybrid FH-810 under restricted moisture supply where silicon was not 

added during both years of study. 

Table 4.4.1: Influence of silicon on plant height (cm) of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 208.39b 226.06a 244.53b 272.84a 

WD 170.35d 186.17c 179.80d 217.08c 
FH-810 WW 203.09b 215.09ab 243.44b 260.02a 

WD 122.92e 167.00d 151.11e 207.06c 
                                                                         LSD (HxDxSi) = 12.10                           LSD (HxDxSi) = 12.27 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.2. Number of leaves per plant   

Silicon application significantly affected the number of leaves per plant in both maize 

hybrids under various moisture regimes during spring 2010 (Table 4.4.2). Maximum leaves 
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were produced by silicon fed plants of hybrid P-33H25 under optimal moisture condition 

(100% FC) during 2010 while minimum were observed in hybrid FH-810 (drought sensitive) 

under water deficit situation (60% FC) without silicon fertilization during same year. Silicon 

application was found beneficial under both moisture regimes (100% FC or 60% FC) in both 

maize hybrids during first year of study.   

Table 4.4.2: Influence of silicon on leaf number per plant of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 15.97b 18.06a 16.19NS 17.13 

WD 13.28e 13.51e      12.89 14.70 
FH-810 WW 15.18c 15.82bc      15.67 16.40 

WD 12.85e 14.42d      11.57 13.41 
                                                                         LSD (HxDxSi) = 0.74                            

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.1.3. Leaf area index  

Different moisture regimes showed a significant effect on leaf area index during the 

both years of study in both maize cultivars (Table 4.4.3). The adverse effect of drought on 

leaf area index at either of the moisture regime (100% FC or 60% FC) was ameliorated by 

application of silicon in maize hybrids during both years of experimentation. There was 

reduction of 29.33% and 38.71% in leaf area index during spring 2010 but less reduction of 

21.31% and 31.64% in this attribute was observed during spring 2011 by hybrids P-33H25 

and FH-810, respectively. 

 Application of silicon brought improvement in this parameter in both maize hybrids 

under either of the moisture regime in any year except well watered plants of hybrid FH-810 

during second year that was not affected due to silicon addition. Under well watered 

condition (100% FC) non-silicon fertilized plants of both maize hybrids were at par during 

both study periods. However, maximum leaf area index was exhibited by silicon mediated 

well watered plants of maize hybrid P-33H25 while lower was recorded in non-silicon 

treated drought-stressed plants of maize genotype FH-810 during both year. 

4.4.1.4. Stem diameter  

Data (Table 4.4.4) indicated that stem diameter of both maize genotypes was influenced 

significantly under various moisture levels during both years of investigation (spring 2010 
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and 2011). Drought stressed plants of maize hybrids P-33H25 or FH-810 exhibited lower 

stem girth during whole study period than well watered plants. Nonetheless, silicon 

application produced the thicker stems under either of the moisture supply in both maize 

cultivars during both years of study except the plants of maize cultivar FH-810 grown in 

control condition of moisture supply (100% FC) during first year. However, maximum stem 

girth was exhibited by well watered plants of maize genotype P-33H25 during both years. 

Minimum stem diameter was recorded without silicon application under water deficit 

condition in hybrid FH-810 during 2010 while it remained at par with P-33H25 under similar 

moisture availability during 2011. 

Table 4.4.3: Influence of silicon on Leaf area index of maize hybrids grown under water 
deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 4.50bc 5.19a 4.88bc 5.41a 

WD      3.18f 3.87d 3.84e 4.41d 
FH-810 WW      4.34c 4.72b 4.71c 5.02b 

WD      2.66g 3.53e 3.22f 3.98e 
                                                                         LSD (HxDxSi) = 0.23                           LSD (HxDxSi) = 0.28 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

Table 4.4.4: Influence of silicon on stem diameter (cm) of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 1.62b 1.72a 1.86b 2.05a 

WD 1.41e 1.53d 1.59e 1.69d 
FH-810 WW 1.62c 1.67bc 1.78c 1.86b 

WD 1.32f 1.50d 1.56e 1.71d 
                                                                         LSD (HxDxSi) = 0.05                           LSD (HxDxSi) = 0.07 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.5. Days to 50% tasseling 

 Tasseling was started earlier under water stress condition by both tested maize 

cultivars while application of silicon resulted in delay of tasseling in both maize cultivars 

under both moisture regimes (well watered and water deficit) during spring 2010. The 

interactive effect of various irrigation regimes, maize genotypes and silicon nutrition 
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remained significant during first year of study while it was non-significant during second 

year of study (Table 4.4.5).  

Table 4.4.5: Influence of silicon on days to 50% tasseling of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 50.58b 52.01a 52.40NS 52.55

WD  47.95ef    48.58de      50.05 50.68
FH-810 WW   49.84bc  50.80b      51.70 51.49

WD 47.50f    49.30cd      50.42 51.28
                                                                               LSD (HxDxSi) = 1.07 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

Table 4.4.6: Influence of silicon on days to 50% silking of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 53.16d 52.33d 54.54d 53.42e 

WD 56.33b 55.33c 58.47b 57.24c 
FH-810 WW 51.17e 51.00e 52.11f 51.90f 

WD 59.00a 57.00b 61.76a 59.30b 
                                                                                        LSD = 0.85                                              LSD = 1.00 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.1.6. Days to 50% silking 

Silking was delayed in both hybrids under water deficit condition (Table 4.4.6). There 

was more delay in days to 50% silking in hybrid FH-810 under water deficit condition (60% 

FC) than maize hybrid P-33H25. Application of silicon reduced time to 50% silking in maize 

genotypes under drought (60% FC) condition during both years. Maximum delay in silking 

was observed in water stressed plants of maize hybrid FH-810 during the course of study. 

Under normal water supply (100% FC) silicon treatment did not affect the time to tasseling 

in both maize cultivars during first year. However, hybrid P-33H25 took more time to 

tasseling than FH-810 under well watered condition either the silicon was applied or not. 

During 2011, silicon treated well watered plants of maize hybrid P-33H25 took less time to 

50% tasseling than plants that were grown without silicon amendment. 
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4.4.1.7. Number of cobs per plant 

It is clear from the Table 4.4.7 that the interactive effect of maize hybrids, silicon 

application and moisture levels on number of cobs per plant remained non-significant during 

the whole study period and it ranged between 1.13-1.30 and 1.21-1.55 per plant during 2010 

and 2011, respectively. 

Table 4.4.7: Influence of silicon on number of cobs per plant of maize hybrids grown 
under water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW      1.31NS 1.36 1.50NS 1.55 

WD 1.14 1.17      1.31 1.38 
FH-810 WW 1.30 1.23      1.45 1.54 

WD 1.13 1.16      1.21 1.36 
Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.1.8. Cob length  

Drought stress significantly affected cob length in both maize cultivars during the 

course of study. There was a greater reduction in cob length of maize hybrid FH-810 than P-

33H25 due to water deficit during either of the year (Table 4.4.8). This detrimental effect of 

drought was reduced by exogenous application of silicon. Silicon application significantly 

increased cob length in both maize hybrids during both years of study under either of the 

moisture level. However, maximum cob length was recorded where plants of maize hybrid P-

33H25 were fed with silicon under well watered condition while minimum cob length was 

exhibited by drought stressed non-silicon amended plants of maize hybrid FH-810. 

4.4.1.9. Cob diameter  

Silicon application significantly affected cob diameter in both maize hybrids under 

either of the moisture regime during second year while it remained non-significant in the first 

year of study (Table 4.4.9). In 2011, water stress condition reduced 18.22% cob diameter in 

hybrid P-33H25 while 26.32% in maize cultivar FH-810. Silicon application ameliorated 

negative impact of drought on cob diameter in both maize hybrids. The cob diameter of 

hybrid P-33H25 was increased by 13.69% with silicon application while there was increase 

of 20.92% in this attribute in hybrid FH-810 during 2011 under water deficit condition. 

Under well watered situation both hybrids behaved alike while silicon application made the 

difference and more cob girth was recorded in P-33H25 than FH-810. Thinner cobs were 
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produced by drought stressed plants of maize hybrid FH-810 that were grown without silicon 

addition. 

Table 4.4.8: Influence of silicon on cob length (cm) of maize hybrids grown under water 
deficit in spring season 

Hybrids Moisture levels 
2010  2011  

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si 100 
mg/kg 

P-33H25 WW 17.37c 18.98a 20.83bc 23.22a 
WD 13.87e 15.89d 15.54f 18.28d 

FH-810 WW 17.32c 18.21b 20.07c 21.36b 
WD 12.52f 15.34d 13.14g 16.58e 

                                                                         LSD (HxDxSi) = 0.72                           LSD (HxDxSi) = 0.79 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

Table 4.4.9: Influence of silicon on cob diameter (cm) of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si 100 
mg/kg 

P-33H25 WW 4.92NS 5.35 5.27c 5.80a 
WD     3.91 4.43 4.31e 4.90d 

FH-810 WW     4.79 5.02 5.32c 5.58b 
WD     3.45 4.10 3.92f 4.74d 

                                                                                                                                       LSD (HxDxSi) = 0.19 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.1.10. Number of grain rows per cob 

Number of grain rows per cob was significantly affected by various moisture regimes 

in both maize hybrids during both years of study (spring 2010-2011). This attribute was 

increased by application of silicon in both maize hybrids i.e. P-33H25 and FH-810 under 

either of the moisture regime during the whole study period (Table 4.4.10). More grain rows 

per cob were recorded where silicon was applied under either of the moisture regime in both 

maize cultivars and trend was similar during both years except the well watered plants of 

hybrid FH-810 during 2011 where it remained unaffected. 

4.4.1.11. Number of grains per cob 

Water stress significantly affected the number of grains per cob in both tested maize 

cultivars in both years i.e. spring 2010-2011 (Table 4.4.11). There was a greater reduction in 

number of grains per cob in maize hybrid FH-810 as compared to maize cultivar P-33H25. 
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Silicon application increased the number of grains per cob in both maize genotypes 

under well watered (100% FC) and drought stress condition (60% FC) during spring 2010 

and 2011. However, maximum number of grains per cob was recorded in hybrid P-33H25 

with silicon application under normal water supply (100% FC) while minimum was observed 

in hybrid FH-810 where silicon was not added under water deficit situation during both 

years. 

Table 4.4.10: Influence of silicon on grain rows per cob of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 14.92b 15.95a 16.67b 18.33a 

WD 12.71c 13.29c 11.91de 12.51d 
FH-810 WW 14.61b 15.31ab 14.10c 15.01c 

WD 9.74e 10.67d 11.35e 12.51d 
                                                                         LSD (HxDxSi) = 0.79                          LSD (HxDxSi) = 1.10 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

Table 4.4.11: Influence of silicon on number of grains per cob of maize hybrids grown 
under water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 376b 406a 390bc 414a 

WD 286f 331d 339e 367d 
FH-810 WW 358c 378b 388c 400b 

WD 246g 303e 316f 359d 
                                                                         LSD (HxDxSi) = 11.38                           LSD (HxDxSi) = 11.57 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.12. 100-grain weight 

Different water regimes significantly affected the 100-grain weight of maize hybrids 

P-33H25 and FH-810 (Table 4.4.12). During spring 2010 due to water stress (60% FC), there 

was a reduction of 25.10% and 34.75% in 100-grain weight of maize hybrid P-33H25 and 

FH-810, respectively. While during spring 2011, moisture stressed condition (60% FC) 

caused a reduction of 20.92% and 32.46% in 100-grain weight of hybrid P-33H25 and FH-

810, respectively. 

Application of silicon resulted in heavier grains under either of the moisture level 

(100 or 60% FC). The maximum 100-grain weight was produced by hybrid P-33H25 where 
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silicon was applied under well watered condition (100% FC) while minimum was recorded 

in hybrid FH-810 without silicon application under drought condition (60% FC) in spring 

2010. Similar trend was observed for both maize hybrids in spring 2011. 

Table 4.4.12: Influence of silicon on 100-grain weight (g) of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si 100 
mg/kg 

P-33H25 WW 26.14b 29.07a 29.25b 32.21a 
WD 19.58e 23.11c 23.13d 26.44c 

FH-810 WW 25.67b 27.00b 29.14b 30.84a 
WD 16.75f 21.71d 19.68e 25.41c 

                                                                         LSD (HxDxSi) = 1.39                           LSD (HxDxSi) = 1.50 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.13. Grain weight per cob 

Imposition of drought stress caused a significant reduction in grain weight per of both 

maize cultivars (P ≤0.001) (Table 4.4.13). Maize cultivar P-33H25 had more grain weight 

per than that of FH-810 under non-stress (100% FC) as well as under water stressed 

condition (60% FC) during both years of study (spring 2010-2011). Application of silicon 

resulted in more grain weight per cob of both maize genotypes under either of the moisture 

regimes during 2010 and similar trend was observed during 2011. Hybrid P-33H25 showed 

maximum grain weight per cob under well watered condition (100% FC) with silicon 

application during both years and similar behavior was observed in hybrid FH-810. 

Minimum grain weight of both maize hybrids was attained under water deficit (60% FC) 

without silicon application. 

Table 4.4.13: Influence of silicon on grain weight per cob (g) of maize hybrids grown 
under water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si 100 
mg/kg 

P-33H25 WW 117.12bc 130.35a 128.79c 146.90a 
WD 89.30e 103.69d 100.65f 116.60d 

FH-810 WW 113.60c 120.69b 128.35c 136.91b 
WD 74.73f 92.42e 89.18g 108.90e 

                                                                         LSD (HxDxSi) = 4.06                          LSD (HxDxSi) = 5.70 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 
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4.4.1.14. Biological yield  

Biological yield is the total biomass produced by a crop. It is the mutual contribution 

of yield components such as number of grains per cob, grain rows per cob, 100-grain weight 

and grain weight per cob etc. Any factor causing a change in these components will reflect 

the change in biological yield. The data regarding biological yield during spring 2010 and 

2011 as influenced by silicon and drought stress are shown in Table 4.4.14. It is clear from 

the Table that drought stress drastically affected the biomass production in both maize 

genotypes during both years of study. However, silicon fertilization remarkably improved the 

biomass assimilation in both maize genotypes under either of the water regimes during both 

years (spring 2010-2011). During spring 2010 the highest biological yield was produced by 

maize hybrid P-33H25 under well watered condition with silicon nutrition whereas minimum 

was recorded by hybrid FH-810 without silicon application under water deficit situation. 

Likewise, during 2011 maximum biological yield was produced by hybrid P-33H25 with 

silicon application under well watered condition while lower was recorded without silicon 

addition in drought stressed plants of hybrid FH-810 (Table 4.4.14). 

Table 4.4.14: Influence of silicon on biological yield ha-1(t) of maize hybrids grown 
under water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 15.12c 17.00a 18.14bc 20.11a 

WD 11.61f 13.76d 15.68e 16.78d 
FH-810 WW 15.28c 16.24b 18.06c 18.86b 

WD 10.17g 12.83e 13.55f 16.39de 
                                                                         LSD (HxDxSi) = 0.60                          LSD (HxDxSi) = 0.74 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.15. Grain yield  

Grain yield was significantly affected in both maize genotypes under water deficit 

situation. Both maize cultivars performed alike under well watered condition without 

application of silicon during spring 2010 and 2011 (Table 4.4.15). However, maize hybrid P-

33H25 had more grain yield with silicon addition than FH-810 under normal moisture supply 

(100% FC) and water stressed condition (60% FC) during both years of experimentation 

(2010-2011). Hybrid FH-810 showed more sensitivity to drought than P-33H25 during both 

years. Overall maximum grain yield per hectare was attained by maize hybrid P-33H25 with 
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silicon addition under well watered condition whereas minimum was recorded where silicon 

was not added under water deficit condition. The trend remained similar in both maize 

hybrids for grain yield production under either of the irrigation levels during both years. 

Table 4.4.15: Influence of silicon on grain yield ha-1(t) of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 6.03c 7.43a 7.61c 9.05a 

WD 3.47f 4.83d 4.97f 6.38d 
FH-810 WW 5.83c 6.53b 7.43c 8.17b 

WD 2.57g 4.20e 3.85g 5.66e 
                                                                         LSD (HxDxSi) = 0.41                           LSD (HxDxSi) = 0.41 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.1.16. Harvest index 

The interactive effect of irrigation regimes, maize hybrids and silicon application for 

harvest index remained significant during first year of study (spring 2010) while it was non-

significant in the next year trial (spring 2011). During the first year study under well watered 

(100% FC) condition without addition of silicon both maize genotypes had statistically alike 

harvest index while silicon application significantly improved the harvest index. Drought 

stressed condition resulted in a decrease of harvest index value in both hybrids. More harvest 

index was noted for maize hybrid P-33H25 where silicon was added under well watered 

condition whereas minimum was recorded without silicon fertilization under water deficit 

situation (60% FC) by maize cultivar FH-810 (Table 4.4.16). 

Table 4.4.16: Influence of silicon on grain harvest index of maize hybrids grown under 
water deficit in spring season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 39.88bc 43.78a    41.96NS 44.99

WD     30.16f 35.22d    31.69 38.05
FH-810 WW     38.12c 40.28b    41.09 43.35

WD     24.94g 32.91e    28.47 34.52
                                                          LSD (HxDxSi) = 1.91                                                                                    

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 
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4.4.1.17. Gas exchange attributes  

Photosynthetic rate of two maize cultivars at the vegetative and reproductive stage 

under two moisture levels with silicon application is presented in Fig.4.4.1a and 4.4.1b. Figs. 

showed that photosynthetic rate was significantly affected by various moisture regimes. The 

well watered silicon fed plants of maize genotypes P-33H25 and FH-810 showed an increase 

in photosynthetic rate (Pn) as compared to the well watered plants that were grown without 

silicon application. Under well watered condition, the plants of hybrid P-33H25 with silicon 

nutrition exhibited higher photosynthetic rate at either of the growth stage (vegetative or 

reproductive) while lower value was recorded in plants of both hybrids grown without silicon 

addition under drought condition. The silicon application to well watered plants of hybrid 

FH-810 did not influence the photosynthetic rate at reproductive stage during the whole 

period of study. Overall maximum photosynthetic rate was exhibited by silicon-mediated 

plants of both maize hybrids at vegetative stage while it decreased at reproductive stage 

during both years of study in both maize genotypes. 

Transpiration rate in both maize hybrids was significantly affected under different 

moisture regimes (Fig.4.4.2a and 4.4.2b). However, more transpiration was recorded at 

vegetative stage than reproductive in both maize cultivars. Silicon fed plants of maize 

genotype P-33H25 or FH-810 showed lower transpiration rate under water deficit situation 

(60% FC) at vegetative and reproductive stage during both years of study (2010 and 2011). 

Application of silicon did not affected transpiration under well watered condition in maize 

genotype P-33H25. Maximum transpiration rate was recorded in hybrid FH-810 under well 

watered condition (100% FC) without silicon fertilization. 

Both maize genotypes showed lower transpiration rate under water deficit condition 

either it was recorded at vegetative stage, (45 DAS) or reproductive stage (70 DAS). 

However, more transpiration was recorded at vegetative stage than reproductive in both 

maize cultivars. Silicon fed plants of maize genotype P-33H25 or FH-810 exhibited higher 

transpiration rate under both moisture levels at vegetative and reproductive stage during both 

years of study (spring 2010 and 2011). The reproductive transpiration was found significant 

only during second year of experimentation. Maximum transpiration rate was recorded in 

plants grown under optimal water supply with silicon addition in both maize hybrids. 
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Fig. 4.4.1a: Photosynthetic rate at vegetative stage of maize hybrids under water stress 
and silicon application. Si = silicon, 0 and 100 mg/kg 

 
 
 

 
 
Fig. 4.4.1b: Photosynthetic rate at reproductive stage of maize hybrids under water 

stress and silicon application. Si = silicon, 0 and 100 mg/kg 
 
. 
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Fig. 4.4.2a: Transpiration rate at vegetative stage of maize hybrids under water stress 
and silicon application. Si = silicon, 0 and 100 mg/kg 

 
.  

 

 

Fig. 4.4.2b: Transpiration rate at reproductive stage of maize hybrids under water 
stress and silicon application during 2011. Si = silicon, 0 and 100 mg/kg 
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4.4.1.18. Water relation parameters  

Figs. 4.4.3 (a and b) showed that relative water content was significantly affected 

because of water deficit. Both maize genotypes showed more relative water content at 

vegetative stage than reproductive stage under either of the moisture regime (100% FC or 

60% FC). However, the extent of reduction due to water deficit was more obvious in hybrid 

FH-810 than P-33H25. Silicon fertilization proved to be useful for improving relative water 

content under water deficit (60% FC) for maize cultivars P-33H25 and FH-810. Silicon 

fertilized plants of hybrid P-33H25 also responded well under well watered condition while 

there was no effect of silicon nutrition on relative water content in hybrid FH-810 under 

optimal moisture supply (100% FC) at either of the growth stage (vegetative or reproductive) 

during both years (spring 2010 or 2011). The trend of silicon fertilized response under either 

of the moisture regimes at vegetative and reproductive stage during both years was almost 

similar. 

Water deficit (60% FC) significantly lowered the leaf water potential in both maize 

hybrids during both years of study (spring 2010 or 2011). More leaf water potential was 

observed at vegetative than reproductive stage in both maize cultivars (P-33H25 or FH-810).  

Silicon fertilization improved the leaf water potential of plants under well watered condition 

in both maize genotypes either it was recorded at vegetative or reproductive stage. Under 

water deficit condition silicon application proved to be useful in hybrid FH-810 during both 

years but hybrid P-33H25 showed greater leaf water potential at vegetative stage during 

spring 2010 but remained non-responsive during 2011. Similarly at reproductive stage silicon 

application did not affect the leaf water potential in hybrid P-33H25 during 2010 and 2011. 

However, more leaf water potential was exhibited by hybrid P-33H25 with silicon 

fertilization under well watered condition either at vegetative or reproductive stage while 

lower was exhibited by non-silicon fertilized plants of hybrid FH-810 under water deficit 

situation (Fig. 4.4.4a and 4.4.4b). 

Leaf osmotic potential with and without silicon application of both maize hybrids P-

33H25 and FH-810 was significantly affected under both moisture regimes (Fig. 4.4.5a and 

4.4.5b). Abridged moisture supply (60% FC) significantly lowered (more negative value) the 

osmotic potential of both tested maize genotypes FH-810 (drought sensitive) and P-33H25 

(drought tolerant). Fertilization of silicon also lowered the osmotic potential of leaves in both 
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maize genotypes under water deficit condition. Silicon addition to plants of hybrid P-33H25 

under well watered condition (100% FC) did not affect the osmotic potential at 45 DAS 

(vegetative stage) or 70 DAS (reproductive stage) during both years of study (spring, 2010 

and 2011). However, hybrid FH-810 lowered its osmotic potential with silicon application 

even under optimal water supply (100% FC) and drought stress (60% FC) at 45 DAS or 70 

DAS except during reproductive stage in spring 2010 under water deficit (60% FC). 

However, Hybrid P-33H25 maintained maximum osmotic potential without silicon nutrition 

under well watered condition (100% FC) and same behavior was observed in hybrid FH-810 

both at vegetative or reproductive stage (45 and 70 DAS) during the period of study (spring 

2010 and 2011).  

The interactive effect of maize hybrids, moisture levels and silicon application on 

vegetative and reproductive stage leaf turgor potential remained non-significant during both 

years of study. 

 

 

 

Fig. 4.4.3a: Relative water content at vegetative stage of maize hybrids under water 
stress and silicon application. Si = silicon, 0 and 100 mg/kg 
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 Fig. 4.4.3b: Relative water content at reproductive stage of maize hybrids under water 

stress and silicon application. Si = silicon, 0 and 100 mg/kg 
 

 

                                                                  
Fig. 4.4.4a: Leaf water potential at vegetative stage of maize hybrids under water stress 

and silicon application. Si = silicon, 0 and 100 mg/kg 
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Fig. 4.4.4b: Leaf water potential at reproductive stage of maize hybrids under water 

stress and silicon application. Si = silicon, 0 and 100 mg/kg 
 

 
Fig. 4.4.5a: Leaf osmotic potential at vegetative stage of maize hybrids under water 

stress and silicon application. Si = silicon, 0 and 100 mg/kg 
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Fig. 4.4.5b: Leaf osmotic potential at reproductive stage of maize hybrids under water 

stress and silicon application. Si = silicon, 0 and 100 mg/kg 
 
 

4.4.1.19. Shoot and root silicon content 

Silicon application significantly boosted the shoot silicon concentration in both maize 

genotypes either it was added to well watered or drought-stressed plants (Fig. 4.4.6). 

However, higher Si content was recorded in well watered Si-treated plants of maize hybrid P-

33H25 during both year of experimentation (spring 2010 or 2011).  Under water stressed 

condition the Si-treated plants of hybrid FH-810 accumulated more shoot silicon than P-

33H25 during the first year of study. However, during second year both hybrids behaved 

alike with respect to shoot silicon accumulation. 

 In both maize cultivars significantly higher root silicon content was recorded where 

silicon was added under optimal water availability condition than water-stressed situation 

(Fig. 4.4.7). However, higher amount of root silicon was noted in maize hybrid P-33H25 

under either of the moisture regime during spring 2010. Significantly lower root silicon 

content was recorded in Si-mediated drought stressed plants of hybrid FH-810 as compared 

to plants of hybrid P-33H25 that were grown under water deficit with silicon nutrition. 

 In general, more silicon concentration was observed in shoot than in root either 

silicon was applied or not in both maize hybrids. 
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Fig. 4.4.6: Shoot silicon content of maize cultivars under water stress and silicon 

application. 
 

 

Fig. 4.4.7: Root silicon content of maize cultivars under water stress and silicon 
application. 
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4.4.2. Results autumn crop 

4.4.2.1. Plant height  

It is obvious from Table 4.4.17 that interactive effect of different factors (irrigation 

regimes, hybrids and silicon application) during both years, on plant height was significant. 

The results from the Table showed that maximum plant height of 194.68 and 206.92 cm 

during autumn 2010 and 2011, respectively was recorded in silicon fed plants of maize 

hybrid P-33H25 under normal irrigation regime (100% FC). While minimum plant height of 

99.94 and 118.81 cm during 2010 and 2011, respectively was observed in maize hybrid FH-

810 without silicon application under water deficit situation (60% FC). Under well watered 

condition without silicon addition both maize hybrids P-33H25 and FH-810 showed 

statistically similar plant height during both years of study. Silicon nutrition increased the 

shoot length under well watered condition in both tested maize hybrids during the course of 

study except FH-810 that did not respond to silicon application during first year of 

experimentation. Silicon fertilization significantly improved the plant height in both hybrids 

under study where it was added under water deficit environment (60% FC) during autumn 

season of 2010 and 2011. Water deficit significantly reduced the plant height in both maize 

hybrids during either of the study year (autumn 2010 or 2011). There was a reduction of 

27.83 and 41.40%  in maize cultivars P-33H25 and FH-810, respectively in first year while a 

decrease of 23.96 and 35.50% was observed in maize genotypes P-33H25 and FH-810, 

respectively during autumn 2011. 

Table 4.4.17: Influence of silicon on plant height (cm) of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010  2011 

Si 0 mg/kg Si 100 mg/kg   Si 0 mg/kg Si100 mg/kg
P-33H25 WW 178.50b 194.68a 182.14c 206.92a

WD 128.83d 141.79c 138.50e 164.70d
FH-810 WW 170.56b 177.32b 184.19c 196.45b

WD 99.94e 123.59d 118.81f 157.29d
                                                                         LSD (HxDxSi) = 10.20                           LSD (HxDxSi) = 8.74 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.2. Number of leaves per plant  

The data depicted in Table 4.4.18 showed that effect of silicon application on the 

number of leaves per plant under various moisture regimes in both maize hybrids (P-33H25 
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and FH-810) was significant during autumn 2011 and non-significant during autumn 2010. It 

is clear from the Table that drought stress significantly reduced the number of leaves per 

plant in both maize hybrids during 2011. The maximum number of leaves 17.43 were 

recorded with silicon addition in hybrid P-33H25 under well watered situation, during second 

year trial (autumn 2011). Likewise, non-silicon fed drought stressed plants of maize hybrid 

FH-810 produced minimum leaves. Overall silicon addition increased the number of leaves 

either it was added to plants of both maize cultivars under optimal soil moisture condition 

(100% FC) or abridged moisture supply (60% FC) during 2011. 

Table 4.4.18: Influence of silicon on leaf number per plant of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010  2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 14.24NS 14.73 15.46c 17.43a 

WD    12.06 12.40 11.87f 13.82d 
FH-810 WW    14.13 14.73 15.10c 16.19b 

WD    12.13 12.48 10.44g 12.89e 
                                                                                                                                             LSD (HxDxSi) = 0.62                            

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.3. Leaf area index  

The interactive effect of maize hybrids, moisture levels and silicon application was 

statistically significant during autumn 2010 and 2011 (Table 4.4.19). The perusal of the 

Table showed that drought stress significantly reduced the leaf area index in both maize 

hybrids. Maximum reduction of 35.71 and 40.49% was observed in maize hybrid FH-810 

(drought sensitive) during 2010 and 2011, respectively. However, hybrid P-33H25 showed a 

decrease of 27.01 and 26.55% in leaf area index during 2010 and 2011, respectively. Silicon 

nutrition under well watered condition was found to have significant positive effect on this 

attribute in maize hybrid P-33H25 during both years of study while hybrid FH-810 remained 

unaffected under similar situation. However, maximum leaf area index was recorded in 

maize hybrid P-33H25 where silicon was used under well watered condition (100% FC) 

during both years of study. Minimum leaf area index was exhibited by hybrid FH-810 

without silicon application under drought condition (60% FC) during both years. 
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4.4.2.4. Stem diameter 

The interactive effect of different factors (moisture regimes, hybrids and silicon 

application) on stem diameter remained non-significant during autumn 2010 and significant 

during autumn 2011 (Table 4.4.20). The water stressed plants (60% FC) of both maize 

hybrids (P-33H25 and FH-810) were found to keep significantly thin stem as compared to 

well watered plants (100% FC) during 2011. However, thickest stem were observed in 

silicon fed plants of hybrid P-33H25 under optimal water supply and minimum stem 

diameter was recorded in plants of hybrid FH-810 under water stressed condition (60% FC) 

without silicon application that was statistically at par with hybrid P-33H25 under similar 

environment.  

Table 4.4.19: Influence of silicon on leaf area index of maize hybrids grown under water 
deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 3.85 4.40a 4.67b 5.10a

WD 2.81f 3.36d 3.43c 3.68c
FH-810 WW 3.78c 4.03bc 4.52b 4.70b

WD 2.43g 3.10e 2.69d 3.44c
                                                                         LSD (HxDxSi) = 0.18                           LSD (HxDxSi) = 0.34 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

Table 4.4.20: Influence of silicon on stem diameter per plant (cm) of maize hybrids 
grown under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW   1.55NS 1.68 1.67b 2.00a 

WD      1.16 1.28 1.25e 1.39d 
FH-810 WW      1.37 1.46 1.55c 1.68b 

WD      1.11 1.29 1.18e   1.43cd 
                                                                                                                                              LSD (HxDxSi) = 0.12 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.2.5. Days to 50% tasseling and silking  

The influence of silicon application on days to 50% tasseling of various maize 

hybrids under different moisture regimes remained non-significant during both years of study 

(Table 4.4.21). While days to 50% silking were significantly affected by silicon application 

in both maize hybrids under either of the moisture regimes i.e. well watered and water deficit 
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condition, during both years of study (Table 4.4.22). Maximum delay in silking was observed 

in plants that were not fertilized with silicon under drought condition (60% FC) in both 

hybrids during both years. Silicon treatment resulted in early under well watered and drought 

condition in hybrid P-33H25 while silicon nutrition did not affect the siliking duration of 

well watered plants of hybrid FH-810 during study period.  

Table 4.4.21: Influence of silicon on days to 50% tasseling of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

  Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 49.33NS 49.00 51.30NS 50.67 

WD    47.67 48.33    47.82       48.57 
FH-810 WW    48.00 48.00    49.86 49.63 

WD    47.32 48.58    46.80 46.89 
Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

Table 4.4.22: Influence of silicon on days to 50% silking of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 50.42d 49.70de 52.14d 51.08de 

WD 53.15b 52.29c 56.39b     54.72c 
FH-810 WW 48.70f 49.02ef 50.88de     50.71e 

WD 55.45a 53.72b 59.02a     56.67b 
                                                                            LSD (HxDxSi) = 0.76                           LSD (HxDxSi) = 1.34 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.6. Number of cobs per plant  

It is obvious from Table 4.4.23 that the interactive effect of all three factors (moisture 

regime, hybrids and silicon) on number of cobs per plant was non-significant during autumn 

season in both years (autumn 2010 and 2011). 

4.4.2.7. Cob length   

The interactive effect of moisture regime x hybrids and silicon application was found 

non-significant on cob length during first year of trial while it significantly affected this 

attribute during second year of experimentation (Table 4.4.24). The drought condition (60% 

FC) drastically affected this attribute in both maize hybrids during 2011. The shorter cobs 

were found in plants of maize hybrid FH-810 under water deficit situation where silicon was 

not applied while longer cobs were produced by silicon fed plants of maize cultivar P-33H25 
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under optimal water supply (100% FC). Overall addition of silicon under either of the 

moisture level increased the cob length in both tested cultivars during the second year of 

study period. 

Table 4.4.23: Influence of silicon on number of cobs per plant of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW       1.29NS 1.31       1.20NS 1.27 

WD 1.03 1.09 1.09 1.17 
FH-810 WW 1.25 1.23 1.21 1.25 

WD 1.04 1.18 1.11 1.16 
Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

Table 4.4.24: Influence of silicon on cob length (cm) of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW       15.58NS 16.59 16.84bc 18.60a 

WD 11.18 12.55 13.02f 15.10d 
FH-810 WW 15.51 16.15 16.40c 17.33b 

WD 11.17 11.33 11.20g 13.87e 
                                                                                                                                              LSD (HxDxSi) = 0.59 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.2.8. Cob diameter   

The Table 4.4.25 showed that cob diameter was significantly affected by drought 

stress (60% FC) in both maize hybrids during autumn 2010. However, silicon application 

significantly increased the cob thickness in both maize hybrids under well watered (100% 

FC) and short moisture supply (60% FC) during the first year. The thicker cobs were 

produced by hybrid P-33H25 under well watered condition with silicon addition while 

thinner cobs were observed in plants of maize hybrid FH-810 without silicon nutrition under 

water deficit situation (60% FC) during first year. The interactive effect of silicon application 

on cob girth of maize hybrids under water deficit was non-significant during the autumn 

2011 (Table 4.4.25). 

4.4.2.9. Grain rows per cob   

The grain rows were significantly affected by water deficit in both maize hybrids (P-

33H25 and FH-810) during the first year of study period. The silicon mediated plants of both 
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maize hybrids under water deficit were found to have greater number of grain rows as 

compared to without silicon supply during autumn 2010 (Table 4.4.26). Maximum grain 

rows were recorded where silicon was added under well watered condition (100% FC) during 

first year in hybrid P-33H25 (drought tolerant) while minimum number of grain rows were 

observed in hybrid FH-810 under water stress (60% FC) without silicon supply. However, 

the interactive effect of maize hybrids, water deficit and silicon application was found non-

significant for grain rows per cob during the second year of present study (Table 4.4.26). 

Table 4.4.25: Influence of silicon on cob diameter (cm) of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 4.47b 5.75a      4.11NS 4.55 

WD 2.74e 3.39d 3.10 3.55 
FH-810 WW 3.99c 4.49b 4.09 4.38 

WD 2.56e 3.52cd 3.07 3.33 
                                                                         LSD (HxDxSi) = 0.47                           

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

Table 4.4.26: Influence of silicon on grain rows per cob of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 13.43b 14.69a       14.73NS 15.40 

WD 9.83de 10.28d 11.40 13.73 
FH-810 WW 11.49c 12.17c 15.67 15.40 

WD 9.41e 10.33d 11.00 11.67 
                                                                         LSD (HxDxSi) = 0.84                            

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.2.10. Number of grains per cob   

Both maize hybrids produced similar grains per cob under well watered condition 

while drought stress significantly reduced the grains per cob in both maize hybrids during the 

course of study (Table 4.4.27). However, silicon amended plants of both maize hybrids (P-

33H25 or FH-810) were found to have greater number of grains per cob under either of the 

moisture level during both years of experimentation. During both years maximum number of 

grains per cob were  exhibited by maize hybrid P-33H25 under well watered condition 

(100% FC) with silicon addition while minimum number of grains per cob were recorded in 
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hybrid FH-810 during both years of study (2010 and 2011) where plants were not fertilized 

with silicon under restricted moisture supply (60% FC). 

 

Table 4.4.27: Influence of silicon on number of grains per cob of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 323.99b 355.04a 336.22b 389.19a 

WD 228.67d 253.55c  262.48de 285.78c 
FH-810 WW 308.76b 326.34b 315.21b 336.72b 

WD 173.20e   234.87cd 240.40e   284.81cd 
                                                                         LSD (HxDxSi) = 23.44                          LSD (HxDxSi) = 22.48 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.11. 100-grain weight 

The data (Table 4.4.28) showed that 100-grain weight was drastically reduced in both 

hybrids under water deficit condition. It is clear from the Table that grains of hybrid P-

33H25, were heavier than that of FH-810 under normal and water stress condition with 

silicon supply. Maximum 100-grain weight was found in silicon fed plants of maize hybrid 

P-33H25 under well watered condition (100% FC) while minimum value was recorded 

where silicon was not added under water deficit situation (60% FC) in hybrid FH-810 during 

the whole study period. There was greater reduction in this attribute in maize hybrid FH-810 

under drought condition (60% FC) over hybrid P-33H25 during both study years (autumn 

2010 and 2011). Silicon addition proved to be effective to increase 100-grain weight of 

maize hybrid P-33H25 under well watered and drought stressed situation while hybrid FH-

810 did not show any increase in this attribute under optimal water condition (100% FC) 

during first year of study. 

Table 4.4.28: Influence of silicon on 100-grain weight (g) of maize hybrids grown under 
water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 23.57b 27.44a 26.68bc 29.81a 

WD 17.30d 20.92c 20.09f 23.49d 
FH-810 WW 24.05b 25.03b 25.88c 27.59b 

WD 14.99e 20.16c 16.31g 21.23e 
                                                                         LSD (HxDxSi) = 2.12                           LSD (HxDxSi) = 0.95 
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Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.12. Grain weight per cob 

The Table 4.4.29 showed that the interactive effect of maize hybrids, irrigation 

regimes and silicon application on grain weight per cob was statistically significant during 

autumn 2010 and 2011. The perusal of the Table revealed that drought stress significantly 

reduced the grain weight per cob in both maize hybrids. Both the hybrids were found at par 

with respect to grain weight per cob under well watered condition where silicon was not 

applied. However, silicon addition was found to have significant positive effect on this 

attribute in both maize hybrids during both years of study under either of the moisture 

regime. However, maximum grain weight per cob was recorded in maize hybrid P-33H25 

where silicon was used under well watered condition (100% FC) during both years of study 

while minimum was observed in hybrid FH-810 without silicon application under drought 

condition (60% FC) during both years.  

Table 4.4.29: Influence of silicon on grain weight per cob (g) of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 102.57c 112.58a 115.07c 124.88a 

WD 80.71e 93.30d 95.11f 105.41d 
FH-810 WW 106.00bc 107.80ab 112.65c 117.82b 

WD 72.34f 89.92d 83.68g 98.56e 
                                                                         LSD (HxDxSi) = 4.80                           LSD (HxDxSi) = 2.66 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.13. Biological yield 

The biological yield of both maize hybrids was significantly influenced with silicon 

application under various moisture regimes (Table 4.4.30). Maximum biological yield of 

13.19 and 15.32 t ha-1 during autumn 2010 and 2011 was recorded, respectively in hybrid P-

33H25 planted with the application of silicon under control water supply (100% FC). While, 

the minimum biomass was produced by maize hybrid FH-810 under water deficit condition 

(60% FC) without addition of silicon during both period of study, ( autumn 2010 and 2011). 

Maize hybrid FH-810 showed greater reduction of 27.83 and 29.56% in biomass production 

due to water deficit (60% FC) during 2010 and 2011, respectively. However, there was a 
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decrease of 17.49 and 19.52% in biological yield of maize genotype P-33H25 during autumn 

2010 and 2011, respectively. Both the hybrids attained statistically similar biomass under 

well watered condition during both year of study without silicon application. Application of 

silicon resulted in greater biomass accumulation in maize hybrids under either of the 

moisture regime during both years.  

Table 4.4.30: Influence of silicon on biological yield per ha-1 (t) of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 12.01c 13.19a 14.19b 15.32a 

WD 9.91e 10.91d 11.42c 12.16c 
FH-810 WW 12.11bc 12.68ab 13.97b 14.43b 

WD 8.74f 10.48de 9.84d 11.92c 
                                                                         LSD (HxDxSi) = 0.60                         LSD (HxDxSi) = 0.76                            

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.14. Grain yield  

The data presented in Table 4.4.31 showed that grain yield of both tested maize 

genotypes was significantly affected due to water deficit condition (60% FC) during both 

years of study (2010 and 2011). There was a grater reduction in grain yield in hybrid FH-810 

under drought condition (60% FC) than P-33H25 during both years of study (autumn 2010 

and 2011). However, silicon application proved to be beneficial for both maize hybrids (P-

33H25 and FH-810) under either of the moisture regime (100% FC or 60% FC) during both 

years of study. Maximum grain yield was recorded in hybrid P-33H25 with silicon addition 

under well watered condition while lower was exhibited by hybrid FH-810 under water 

deficit (60% FC) without silicon nutrition during first year of study and similar trend was 

observed in second year of experimentation.  
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Table 4.4.31: Influence of silicon on grain yield per ha-1 (t) of maize hybrids grown 
under water deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 4.55c 5.42a 5.61bc 6.40a

WD 3.23f 3.98d 4.09f 4.90d
FH-810 WW 4.53c 4.92b 5.50c 5.87b

WD 2.69g 3.63e 3.54g 4.51e
                                                                         LSD (HxDxSi) = 0.18                           LSD (HxDxSi) = 0.26 

Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit 

4.4.2.15. Harvest index 

The interactive effect of maize hybrids, moisture regime and silicon application on 

harvest index was found non-significant during autumn 2010 and 2011, respectively (Table 

4.4.32).  

Table 4.4.32: Influence of silicon on harvest index of maize hybrids grown under water 
deficit in autumn season 

Hybrids Moisture levels 
2010 2011 

Si 0 mg/kg Si 100 mg/kg Si 0 mg/kg Si100 mg/kg
P-33H25 WW 37.81NS 41.15 39.55NS 41.80

WD  32.60 36.51    35.85 40.35
FH-810 WW   37.36 38.81    39.36 40.66

WD   30.88 34.68  35.93 38.02
Means not sharing the same letter differ significantly from one another at 5% probability level; Si = silicon, WW 

= well-watered, WD = water-deficit, NS = non-significant 

4.4.2.16. Gas exchange parameters 

The perusal of the Fig. 4.4.8 showed that photosynthetic rate was significantly 

affected because of water deficit. Both maize genotypes exhibited more photosynthetic rate 

at vegetative stage than reproductive under either of the moisture regime (100% FC or 60% 

FC). However, the extent of reduction due to water deficit was more obvious in hybrid FH-

810 than P-33H25 at both growth stages. Silicon nutrition proved to be advantageous for 

improving photosynthetic rate under water deficit (60% FC) for maize cultivars P-33H25 and 

FH-810. Silicon fertilized plants of hybrid P-33H25 also responded well under well watered 

condition (100% FC) at either of the growth stage (vegetative or reproductive) during both 

years (autumn 2010 or 2011). While hybrid FH-810 also showed significant increase in 

photosynthetic rate at vegetative and reproductive stage except under well watered condition 

at vegetative stage during 2011. Silicon fed plants of both hybrids under water deficit 
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condition (60% FC) showed more photosynthetic rate as compared to plants that were grown 

without silicon application during both years of study. 

The interactive effect of all three factors (hybrids x moisture levels x silicon) was 

found significant on transpiration rate at vegetative stage during both years (Fig. 4.4.9) while 

remained non-significant at reproductive stage during autumn 2010 and 2011. Higher 

vegetative stage transpiration rate recorded where silicon was not added to plants of both 

maize hybrids under well watered condition or drought condition. However, more 

transpiration rate was observed in plants that were grown with optimal moisture without 

silicon application. 

 

 

 

                                 Vegetative stage                                      Reproductive stage 
 
Fig. 4.4.8: Photosynthetic rate of maize hybrids under water stress and silicon 

application: WW = well watered, WD = water deficit condition, Si = silicon. 
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Fig. 4.4.9: Transpiration rate of maize hybrids at vegetative stage under water stress 
and silicon application: WW = well watered, WD = water deficit condition, 
Si = silicon. 

 
4.4.2.17. Water relation parameters 

The results given in Fig. 4.4.10 illustrated that relative water content at vegetative and 

reproductive stage decreased when maize cultivar P-33H25 and FH-810 were exposed to 

water deficit condition. However, silicon fed plants of both maize hybrids showed greater 

relative water content under well watered or drought stressed condition. There was no 

difference in this attribute under well watered condition (100% FC) in both maize cultivars 

under study during both years throughout the plant growth and development. However, well 

watered silicon fed plants of maize hybrid P-33H25, possessed more relative water content 

over FH-810 under similar environment during both years (autumn 2010 and 2011). 

Application of silicon also improved the relative water content of drought stressed plants at 

vegetative and reproductive stage of both maize cultivars P-33H25 and FH-810 during course 

of study. However, maximum relative water content at vegetative or reproductive stage was 

maintained by silicon fertilized plants of hybrid P-33H25 under well watered condition 

(100% FC). Nonetheless, the minimum relative water content was exhibited by drought 

stressed plants (without silicon) of maize cultivar FH-810 during both years of 

experimentation (autumn 2010 or 2011), throughout the growing period. 
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Water deficit condition (60% field capacity) caused a significant reduction (more 

negative) in leaf water potential of both maize hybrids (Fig. 4.4.11 and 4.4.12). There was 

more reduction in leaf water potential at vegetative stage of hybrid FH-810 over P-33H25 

under drought condition (60% FC) during both years (autumn 2010 and 2011) and 

reproductive stage leaf water potential during autumn 2010. Silicon fed plants of both maize 

hybrids had more (less negative) leaf water potential under either of the moisture regime 

(100% or 60% FC) during both years. However, more leaf water potential was recorded in 

silicon-mediated plants of hybrid P-33H25 under well watered situation (100% FC) during 

both years. The minimum leaf water potential at vegetative or reproductive stage was 

recorded in drought stressed plants of maize genotype FH-810 where silicon was not applied 

during both years. The interactive effect of hybrids x drought and silicon application for 

reproductive leaf water potential remained non-significant during autumn 2011. 

Drought had an influence on the osmotic potential (more negative) at the vegetative 

stage in both maize cultivars (Fig.4.4.13). The figure showed that the interactive effect of 

hybrids x drought and silicon application for vegetative stage leaf osmotic potential remained 

significant during autumn 2011 while it was found non-significant during the second year of 

study. Silicon application did not affect the osmotic potential at the vegetative stage of well 

watered plants of hybrid P-33H25 and drought-stressed plants of hybrid FH-810. However, 

silicon fed water-stressed plants of maize cultivar P-33H25 lowered their osmotic potential 

while silicon-treated well watered plants of hybrid FH-810 improved their vegetative osmotic 

potential. The Fig. 4.4.14 showed that drought stress significantly lowered the reproductive 

osmotic potential of both maize hybrids under study during the course of study (autumn 2010 

and 2011). It is obvious from the fig. that silicon application did not affect significantly the 

reproductive osmotic potential under well watered situation except when it was added to well 

watered plants of hybrid FH-810 during the first year of trial. However, silicon addition 

lowered the reproductive leaf osmotic potential of drought-stressed plants of hybrid P-33H25 

during the first year and also lowered in moisture-stressed plants of hybrid FH-810 during 

second year of study. 

The Fig. 4.4.15 showed that leaf turgor potential of both maize genotypes was 

drastically affected under drought stressed condition during both years. The leaf water 

potential of both genotypes was more at vegetative stage and it decreased at the reproductive 
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stage under either of the moisture regime (100% or 60% FC). Nonetheless, the silicon fed 

well watered and drought stressed plants of cultivars (P-33H25 and FH-810) maintained 

higher vegetative or reproductive stage leaf turgor than without silicon nutrition during both 

years (autumn 2010 or 2011). Whereas maximum turgor (at vegetative or reproductive stage) 

was maintained by silicon fertilized well watered plants of maize hybrid P-33H25 during 

2010 as well as 2011. Lower leaf turgor was exhibited at vegetative or reproductive stage by 

drought stressed non-silicon fertilized plants of both maize genotypes during both years of 

study. 

 
 

 

                               Vegetative stage                               Reproductive stage 
 
Fig. 4.4.10: Relative water content of maize hybrids under water stress and silicon 

application: WW = well watered, WD = water deficit condition, Si = silicon. 
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Fig. 4.4.11: Leaf water potential at vegetative stage of maize hybrids under water stress 
and silicon application: WW = well watered, WD = water deficit condition, 
Si = silicon. 

        

 
                                                             
Fig. 4.4.12: Leaf water potential at reproductive stage of maize hybrids under water 

stress and silicon application: WW = well watered, WD = water deficit 
condition, Si = silicon. 
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Fig. 4.4.13: Leaf osmotic potential at vegetative stage of maize hybrids under water 
stress and silicon application: WW = well watered, WD = water deficit 
condition, Si = silicon. 

 

 
 
Fig. 4.4.14: Leaf osmotic potential at reproductive stage of maize hybrids under water 

stress and silicon application: WW = well watered, WD = water deficit 
condition, Si = silicon. 
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                              Vegetative stage                              Reproductive stage 
 
Fig. 4.4.15: Turgor potential of maize hybrids under water stress and silicon 

application: WW = well watered, WD = water deficit condition, Si = 
silicon. 

4.4.2.18. Shoot and root silicon content 

In both maize hybrids Si concentration in shoot was significantly increased by Si 

supply (Fig. 4.4.16). There was not statistically significant difference in Si concentration of 

silicon-deprived plants of both maize genotypes grown under either of the moisture level 

during both years (autumn 2010 or 2011). During autumn 2010 higher shoot Si content were 

observed in Si-mediated well watered plants of maize hybrid P-33H25. Similar behavior was 

observed during the second year of study in hybrid P-33H25. However, under water deficit 

environment Si-fed plants of maize cultivar accumulated more silicon in shoot than the other 

hybrid during autumn 2010 and 2011. Overall higher silicon concentration was recorded in 

plants of both hybrids that were treated with silicon under well watered condition.  
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Fig. 4.4.16: Shoot silicon content of maize cultivars under water stress and silicon 

application: WW = well watered, WD = water deficit condition, Si = silicon. 
 
Si concentration in roots of maize cultivars was significantly decreased due to deficit 

moisture supply during both years (Fig. 4.4.17). Si fertilization significantly improved the 

root Si content in both maize hybrids under either of the water supply level as compared to 

without silicon application. Both maize hybrids showed higher root silicon content where 

silicon was applied to well-watered seedlings. During first year of trial (autumn 2010) under 

drought stress Si-treated plants of both maize genotypes accumulated about equal amount of 

silicon in roots. However, during second year study drought-stressed Si-treated plants of 

maize hybrid P-33H25 mounted up more root silicon than FH-810. 

Overall during both years more silicon concentration was observed in shoots than 

roots in both maize hybrids. 
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Fig. 4.4.17: Root silicon content of maize cultivars under water stress and silicon 
application: WW = well watered, WD = water deficit condition, Si = 
silicon. 

 
4.4.3. Discussion 

Drought stress limits crop production mainly in the arid and semi-arid areas of the 

globe (Ashraf and Foolad, 2006). In this field study, lower yield and yield components such 

as plant height, leaf area per plant, cob length, cob diameter, grain rows per cob, number of 

grains per cob, 100-grain weight, grain weight per cob, biological and grain yield and harvest 

index in both maize cultivars were observed under the water-deficit (60% FC) during spring 

and autumn seasons of both years study i.e. 2010 and 2011 (Table 4.4.1 to 4.4.32). Similarly, 

Aown et al. (2012) investigated that drought stress (withholding water at tillering stage) in 

wheat reduced the plant height (12.63%), spike length (22.13%), number of spikelets per 

spike (11.09%), number of grains per spike (28.81%) and grain yield (45.90%) as compared 

to well watered condition. Likewise, Barotzadeh and Band (2013) also reported that drought 

stress during the tassel advent stage of maize hybrid SC.704 resulted in diminishing and 

decreasing the grain yield and biological yield of approximately 40.4 and 32.9%, 

respectively. Under water deficit situation the low yield might have been as a result of 

reduced filled grains per panicle caused by inhibition of adequate translocation of assimilates 

to the grains as the plants competed for moisture (Sikuku et al., 2012).  Water deficit during 

the reproductive stage may cause asynchrony between pollen shed and silk emergence and 

subsequent failure of pollination results. Similarly, reduction in water potential at an early 
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reproductive stage decreases the assimilate supply because of inhibition of photosynthesis 

which may cause low seed number (Sikuku et al., 2012).  

Drought stress significantly reduced the shoot length in both corn hybrids in our study 

during spring and autumn seasons 2010 and 2011 (Table 4.4.1 and 4.4.17). Khakwani et al. 

(2012) reported that plant height was deceased significantly in all varieties of wheat when 20 

days water stress was given during booting stage and 20 days water stress after anthesis. 

Plants of variety Damani were 28% smaller as compared to plants in control treatment 

followed by Hashim-8 (23%), Zam-04 (19%), Gomal-8 (18%), Dera-98 (17%) and DN-73 

(11%). The decline in the shoot and root length in response to dryness might be due to either 

decrease in cell elongation resulting from the inhibiting effect of water shortage on growth 

promoting hormones which, in turn, led to a decrease in each of cell turgor, cell volume and 

eventually cell growth (Banon et al, 2006), and/ or due to blocking up of xylem and phloem 

vessels thus hindering any translocation through them (Abdalla, 2009). 

Water deficit negatively affected various gas exchange and water relation parameters 

during both growing seasons i.e. spring and autumn (Fig. 4.4.1a, b to 4.4.5a, b and 4.4.8 to 

4.4.15). This might be due to seedlings injury under drought stress by various mechanisms 

related to osmotic and oxidative damages at cellular levels (Chutipaijit et al., 2012). It also 

decreases the cell division capability of plant that is very much sensitive to drought because 

of which cell turgor is reduced (Taiz and Zeiger, 2006) and results in loss of cell volume 

which makes the contents of cell dense due to solute accumulation that might be harmful to 

photosynthetic apparatus (Hoekstra et al, 2001. Farooq et al, 2008). Consequently water 

deficiency reduces productivity of crops without concerning the growth stage at which it 

occurs (Sikuku et al., 2012).   

Silicon is reported to increase the growth of a number of higher plants, especially 

under biotic and abiotic stresses (Epstein, 1999). A number of possible mechanisms are 

proposed by which Si can increase resistance of plants against drought stress which is a 

major yield limiting factor in arid and semiarid areas (Passioura, 2007). Present study was an 

attempt to monitor the beneficial effect of the Si application on growth and drought tolerance 

of two maize genotypes. The application of silicon to the growth medium significantly 

improved growth characteristics such as plant height, leaf area per plant, cob length, cob 

diameter, grain rows per cob, number of grains per cob, 100-grain weight, grain weight per 
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cob, grain and biological yield and harvest index in both cultivars under normal and water-

stressed environment during either of the growing seasons i.e. spring or autumn during the 

course of study (Table 4.4.1 to 4.4.32).. The increase was more pronounced in the growth 

parameters of plants grown under the limited moisture condition showed the beneficial 

effects of Si application in reducing water stress. Ali et al. (2012) reported that silicon 

application @ 150 mg/kg to salinity induced (12 dS/m) plants of wheat variety SARC-5 

significantly improved several plant characteristics like plant height (9.19%), spike length 

(24.28%), number of grains per spike (20.75%), 100-grain weight (10.24%), biological yield 

(22.94%) and grain yield (30.96%), and harvest index (7.69%). Likewise, Hamayun et al. 

(2010) reported that adverse effects of NaCl and PEG on plant growth were alleviated by 

adding 100 mg/kg and 200 mg/kg Si to salt and drought stressed plants of soybean. They 

observed 14.18%, 15.25% and 13.09% increase in shoot length, shoot dry weight and 

chlorophyll content, respectively of silicon fed drought-stressed plants of soybean than 

drought-stressed plants that were grown without silicon addition. According to Shen et al. 

(2010), the addition of 1.7 mM Si significantly increased soybean dry mass by 26% when 

subjected to -0.5 MPa of PEG stress. Likewise, Bakhat et al. (2009) found that corn supplied 

with 0.8 mM Na2SiO3 in solution culture under normal conditions accumulated more leaf 

area and biomass than corn plants that were not treated with silicon under the same 

conditions. The increase in growth might be due to improved water uptake of silicon 

mediated stressed plants as investigated by Ahmed et al. (2011) that silicon addition may be 

useful to improve the drought tolerance of sorghum through the enhancement of water uptake 

ability. The increase in maize yields under drought could also be due to higher rate of 

photosynthesis in plants owned by Si-fertilization, such as Hattori et al. (2005) reported that 

application of Si in sorghum increased the rate of photosynthesis. 

It is generally known that the reduced rate of photosynthesis resulted in reduced plant 

growth in most plants. The decrease in plant photosynthetic rate in this study under drought 

stress might be due to closing of stomata that decrease leaf transpiration rate and reduced leaf 

internal CO2 concentration. In this study, the imposition of drought significantly reduced the 

efficiency of photosynthesis with a concomitant decrease in transpiration. However, 

exogenously applied Si significantly enhanced photosynthetic rate while lowered the 

transpiration rate during both years and both seasons i.e. spring and autumn, respectively as 
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shown in Figs. 4.4.1 to 4.4.2 (a and b) and 4.4.8 to 4.4.9. Shen et al. (2010) investigated that 

Si addition under well watered condition resulted in an increase of 5.97% photosynthetic rate 

while Si mediated drought stressed (−0.5MPa, simulated with 20% polyethylene glycol) 

plants maintained 20.99% higher photosynthetic rate than Si deprived water stressed plants. 

The improvement in photosynthesis might be related to ameliorative effect of silicon on 

plants under water stress that deposited as colloidal silica gel (SiO₂) in the xylem vessels and 

cell walls of leaves. So, decreases the bypass flow of transpired water that crosses the root 

cells towards the xylem vessels and provides a barrier to cuticular transpiration (Carvalho-

pupatto et al, 2005, Savvas et al, 2009). Such effects of Si increase the relative water content 

of plant tissues so hold leaves erect and strengthening the stem to prevent lodging that results 

in improved accommodation of light in plant community thus improving photosynthesis 

(Ahmad et al, 2007; Abdalla, 2009). The silicon based increase in the photosynthesis of 

drought stressed plants under drought might also be associated with the increase in activities 

of photosynthetic enzymes. Gong et al. (2005) found that the addition of 2.11 mmol Na2SiO3 

increased the activities of ribulose-bisphosphate carboxylase and NADP+ dependent 

glyceroldehyde-3-phosphate dehydrogenase, as well as chlorophyll content under drought 

stress.  

Si application appreciably increased the leaf water potential in both maize hybrids 

under control (100% FC) and water deficit environment during both years (2010-11) and 

both seasons i.e. spring and autumn (Fig. 4.4.4a, b and 4.4.11 to 4.4.12). Likewise Ali et al. 

(2012) reported that silicon-mediated plants of wheat cultivars Auqab-2000 and SARC-5 

retained 22.58 and 30.36% higher leaf water potential under well watered condition while 

44.74 and 39.36% higher under saline environment, respectively. In this study, application of 

Si improved leaf water potential of drought-stressed plants, which was consistent with Gong 

et al. (2005) who reported an increase of 14.77% in leaf water potential when sodium silicate 

(2.11 mmol) was added to drought stressed plants of wheat. The increase in leaf water 

potential might be due to increase in water uptake from drying soil in sorghum plants 

(Hattori et al., 2005) or silica-cuticle double layer formed on leaf epidermis with addition of 

silicon that reduces the cuticular transpiration and ultimately improves the plant water status 

(Liang et al., 1999).  
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Our study showed that Si application resulted in lower leaf osmotic potential in both 

maize hybrids under water deficit condition (Fig. 4.4.5a, b and 4.4.13 to 4.4.14). This might 

be due to accumulation of solutes in plant leaves under stressful environment (Wood et al., 

1996; Smienoff, 1998). Sonobe et al. (2011) reported that 1.78 mM Si (SiO2) in a 15% PEG 

6000 (v/v) solution (to create -0.6 MPa) at 23 days increased root water uptake and root 

water content, even with decreased osmotic potential in sorghum plants. Aranda (2006) also 

reported lower osmotic potential in Si treated salt stressed tomato plants as compared to 

plants that were not treated with silicon. More negative values of osmotic potential mean a 

higher degree of osmotic adjustment, and so a higher capacity of tissue to retain water. The 

more negative values of osmotic potential in plants treated with Si could be explained by the 

silicon deposition in the cytoplasm and to the high-molecular weight of silicon complexes 

within the vacuoles as described by Neuman and De-Figueiredo (2002). 

Leaf turgor potential was significantly improved by Si application in maize genotypes 

under well watered and stress condition during autumn 2010-11 (Fig. 4.4.15). Increase in 

leaf turgor under water stress circumstances by Si application may be attributed to 

accumulation of solutes so water moves into the cell from surroundings, ultimately plants 

maintain their turgor and carry on their metabolic activities (Subbarao et al., 2000). Aranda 

et al. (2006) noted an increase in leaf turgor potential by 42% in salt-stressed tomato plants 

treated with Si as compared to plants grown in Si free solution. 

Relative water content (RWC) in leaves is known as an alternative measure of plant 

water status, reflecting the metabolic activity in tissues (Mali and Aery, 2008). Relative 

water content (RWC) was improved considerably by Si application in both tested maize 

genotypes under either of the water regimes during both seasons of both study years (Fig. 

4.4.3a, b and 4.4.10). Similarly, Kaya et al. (2006) observed that 2 mM Na2SiO3 increased 

leaf relative water content by 26.5% in moisture-stressed corn (50% of FC). Decrease in 

RWC in leaves of drought stressed plants might be due to unavailability of water in soil 

(Shalhevet, 1993) or root systems, which are not able to compensate for water lost by 

transpiration through a reduction of the absorbing surface (Gadallah, 2000).  

Our results showed that Si application to plants under either of moisture regimes 

improves its concentration in shoot and roots of maize genotypes (Fig.4.4.6, 4.4.7 and 4.4.16 

and 4.4.17). Some earlier findings are in line with our outcomes that silicon use for plants 
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significantly increased Si concentration in shoots and roots of maize plants. Silicon 

concentration in shoots of maize was higher than in the roots, if Si was used (Gao et al., 

2006). Similarly, Ali et al. (2009) reported that silicon application at 150 mg/kg of soil 

significantly increased Si content in wheat flag leaf under both saline and non-saline 

conditions as compared to treatments where Si was not used. 

Conclusion 

Spring sown maize crop performed well by producing more grain yield as compared 

to autumn crop with or without silicon application under either of the moisture regimes. 

Better performance of maize hybrids during spring season might be attributed to more 

favorable environmental conditions than autumn season. It should be noted that positive 

effect of silicon on grain yield and its components was more significant under stress 

conditions than well watered. So, for maize crop grown under drought stress conditions, 

silicon is a beneficial element and presence of sufficient amount of it guarantees plant 

survival. Further work is needed to understand the genetic mechanism behind the silicon 

induced water stress tolerance in maize. It can be concluded from this experiment that silicon 

significantly improves various agro-morphological and physiological parameters in maize 

and ultimately enhances the yield under water deficit in field situation. 
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4.4.4. GENERAL DISCUSSION 

Water shortage is one of the major abiotic stresses (Ramchandra et al., 2004; 

Boubacar, 2012) reduces crop productivity despite of the growth stage at which it occurs; 

consequently water inequality may create detrimental effects on growth and development of 

plants and eventually affects the crop production (Jaleel et al., 2007; Sikuku et al., 2012).  

It is evident from the current study that drought stress (60% field capacity) in pots 

and field conditions significantly affected the plant morphology, physiology, growth and 

development of maize. Maize plants suffering from water stress demonstrated meager growth 

performance with low leaf area, plant height, yield and yield components such as cob length, 

cob diameter, grain rows per cob, number of grains per cob, 100-grain weight, grain weight 

per cob, biological and grain yield and harvest index both under net house and field 

conditions as compared to plants grown under optimal conditions. Reduction in crop growth 

in FH-810 was higher than P-33H25. Drought induced decrease in growth or yield has 

already been reported in different crops e.g., rice grain yield 26-67% (Sikuku et al., 2012), 

wheat grain yield 8.2-45.6% (Saeedipour, 2012), sunflower dry matter 49.57-76.06% 

(Nezami et al., 2008) and maize grain yield 49-66% (Khodarahmpour and Hamidi, 2012). 

Drought stress impaired physiological functions and biomass production. Significant 

reductions in the net photosynthetic rate, transpiration rate, water relation and growth 

parameters by water stress might be due to a decreased leaf size and leaf area affecting 

carbon assimilation. P-33H25 maintained higher water status than FH-810 under water stress 

showing its tolerance behavior. Saraswathi and Paliwal (2011) found that higher gas 

exchange and relative water content for the seedlings in control condition might be related 

with high soil water content. Increased gas exchange probably increased the CO2 diffusion 

into mesophyll resulting in high CO2 fixation and biomass when compared to the seedlings 

that were grown under drought (Saraswathi and Paliwal, 2011). Kaya et al. (2006) found a 

reduction of 43.03% in relative water content when maize plants were grown with 50% field 

capacity than 100% field capacity. Medici et al. (2003) found that maize hybrid P-6875 

showed water potential of -0.78 MPa under control condition and water potential of this 

hybrid decreased up to -0.96 MPa under water stress condition. The decrease in leaf water 

potential in response to the stress may be due to decrease in water supply to leaf. Hattori et 

al. (2007) reported that drop in leaf water potential in early response to the stress was 
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attributed to decrease in water supply to leaf due to increased hydraulic resistance. Medici et 

al. (2003) found that maize hybrid P-6875 showed water potential of -0.78 MPa under 

control condition and water potential of this hybrid decreased up to -0.96 MPa under water 

stress condition. 

When plants are exposed to several abiotic and biotic stresses the effects of silicon 

against them are usually expressed more evidently (Epstein, 1999). Exogenous application of 

mineral nutrients has attained a substantial importance to ameliorate the negative effects of 

drought stress on plant growth (Ali et al., 2009). The current research work proposed that Si 

addition into the growth medium improved the growth of maize hybrids by improving the 

morphological, agronomic, physiological, yield and yield related traits in maize hybrids by 

controlling the effect of water stress under net house and field conditions. Probably, the Si-

fertilization maintained the photosynthetic activity of maize plants. It might be one of the 

reasons for increased dry matter production as described by Agurie et al. (1992) in rice. 

Likewise, Ali et al. (2012) reported that silicon nutrition to salinity stressed (12 dS/m) plants 

of wheat variety SARC-5 significantly improved several plant characteristics like plant 

height (9.19%), spike length (24.28%), number of grains per spike (20.75%), 100-grain 

weight (10.24%), biological yield (22.94%) and grain yield (30.96%), and harvest index 

(7.69%). Similarly, Gong et al. (2003) observed that silicon increased plant height, leaf area 

and dry mass of wheat not only under well watered but also under drought condition.  

The current study revealed that silicon fertilization improved the plant photosynthetic 

rate while lowered the transpiration rate of maize hybrids under well watered (100% FC) and 

drought stress situation (60% FC) in net house and field study. Thus, these gas exchange 

attributes could have been the primary factors for Si induced growth improvement in maize 

under stressed and non-stressed conditions (Parveen and Ashraf, 2010). The beneficial effect 

of silicon has been related to the depression of excessive loss of water by transpiration 

(Savant et al., 1999) or with silicate crystals deposition beneath the epidermal cells of leaves 

and stems (Belanger et al., 1995; Raven, 2003), which may reduce water loss through the 

cuticles. In addition, Liang et al. (2007) proposed that water molecules may escape less 

easily from leaf surfaces because the accumulation of polar monosilicic acid and/or 

polymerized silicic acid in the epidermal cell walls may form H bonds between H2O and 

SiO2.nH2O. These effects of Si increase the relative water content of plant tissues thus 
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keeping the leaves erect and strengthen the stem which, in turn, prevent lodging and 

improves light penetration into plant canopy thus improving the photosynthesis (Ahmad et 

al, 2007; Abdalla, 2009). 

Si-enriched maize plants showed increased plant water status indicating higher 

relative water content and water potential as compared to Si depleted plants under water 

stress. Probably, it occurred due to its hydrophilic nature that protected the maize plants from 

drought. Shen et al. (2010) reported that Si mediated plants of soybean maintained higher 

RWC under drought than Si deprived plants. Decrease in RWC in leaves of drought stressed 

plants may be due to unavailability of water in soil (Shalhevet, 1993) or root systems, which 

are not proficient to compensate for water vanished by transpiration through reduction of the 

absorbing surface (Gadallah, 2000).  

In general it can be concluded that Si application is beneficial in soil medium. Si 

application enhanced the maize growth and yield attributes both in well watered and drought-

stressed condition. Increased maize growth under water deficit condition due to exogenous 

application of Si is attributed to the improvement in plant water status (Aranda et al., 2006), 

regulation of plant defense system (Zhu et al., 2004), changes in ultra-structure of leaf 

organelles (Shu and Liu, 2001) and alleviation of specific ion effect of drought (Tahir et al., 

2006). However, still the mechanism involved for drought tolerance is not fully under stood.  

Epstein (1999) reported that Si is unquestionably an important requirement for the 

normal growth of many plants and must be called as “Quasi essential”. The current results 

are in conformity with this idea. The current studies are unique in a way that these confirm 

the drought tolerance induction in maize not only under controlled conditions but also under 

water limited fields. So, these findings encourage the use of Si to improve maize crop yields 

under both normal and moisture deficit conditions. 
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Chapter 5    
SUMMARY 

 

Drought in the past has posted very frightening issues to its future in the form 

of starvation and other disasters. Water is a vital constituent of life and plays an 

imperative role for its persistence. Literature has many indications that scarcity of water 

is becoming very alarming with the passage of time. The pattern of rainfall is also 

going to be altered. Moreover, the rivalry for consuming water resources is also 

growing among several nations.  

Plants totally depend on water for their nutrition. But the existing scarcity of 

water, have lethal effects on crop production. Water deficit stress/drought stress is 

becoming a challenge to our agronomy. Though, to cope with water shortage many 

approaches are being used i.e. breeding, gene manipulation (genetic engineering), use 

of nutrients e.g. potassium and other management practices. The application of silicon 

also boosts the plant tolerance to drought stress by improving the morphological and 

physiological features of crop plants.  

To improve the drought tolerance in maize hybrids by silicon application, 

current study was designed and conducted at Postgraduate Agricultural Research 

Station, University of Agriculture, Faisalabad, with the following objectives:- 

 Selection of maize hybrids against drought tolerance (on dry weight basis) 

 Optimization of silicon level for maize hybrids (on dry weight basis) 

 Estimation of the role of silicon against drought stress in maize hybrids 

Study was comprised of three pot and one field experiments. In the first pot experiment 

screening of eight maize hybrids (P-33H25, S-8441, FH-985, ICI-8288, YH-1921, R-

3333, FH-963, FH-810) against drought was carried out. Maize hybrids were sown under 

moisture levels of 100%, 80% and 60% of field capacity on August 8, 2009 and were 

harvested after 45 days of sowing (DAS). The most tolerant (P-33H25) and the most 

sensitive (FH-810) hybrids against drought were selected for further studies. In the second 

pot experiment four silicon levels (0, 50, 100 and 150 mg/kg) were optimized under 

moisture levels 100% and 60% of field capacity maintained. Two hybrids selected from 

first experiment were sown on January 07, 2010 and were harvested on February 01, 2010 
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and the best fitting silicon level (100 mg/kg) was selected on dry weight basis for further 

study. The third pot experiment was conducted to investigate the improvement in drought 

stressed maize hybrids by exogenous application of silicon. The two selected hybrids 

from the first experiment were sown under two moisture regimes (100% and 60% field 

capacity). In this experiment two silicon levels i.e. 0 mg/kg (no silicon) and 100 mg/kg 

(optimized in experiment 2) were used. Crop was sown for complete life duration on 

February 25, 2010. Drought was imposed two weeks after emergence and maintained. The 

fourth experiment was conducted under field conditions with two selected maize hybrids 

i.e. P-33H25 and FH-810 from 1st experiment, two irrigation regimes (100% and 60% FC) 

and two silicon levels (0 mg/kg and 100 mg/kg). In this experiment moisture level was 

maintained at 100 or 60% of field capacity. In this experiment the maize crop was sown 

during 2010 and 2011 in both spring and autumn seasons.  

The results obtained are summarized as follows: 

Mild and severe drought had deleterious effects on various morphological and 

physiological attributes. However, root fresh and dry weight enhanced under mild 

drought stress while severe drought condition decreased the root fresh and dry weight. In 

experiment 1, maize hybrid P-33H25 performed best under normal and water deficit 

environment by assimilating more dry matter under either of the moisture regimes while 

lower dry matter was produced by FH-810. Under mild moisture stress condition there 

was a reduction of about 17.52% in total dry matter and 38.80% under severe water 

deficit in plants of hybrid P-33H25 while all other hybrids showed a greater reduction. 

Minimum performance was noted for hybrid FH-810 with a maximum reduction of 

53.74% in plant dry weight under severe drought condition. In the second experiment 

among all the Si levels, 100 and 150 mg/kg showed better results and produced more dry 

matter as compared to lower silicon levels. The silicon levels 100 and 150 mg/kg resulted 

in an increase of 21.68 and 20.15% in plant dry weight of maize hybrid P-33H25 while 

an improvement of 25.48 and 26.03%, respectively in dry matter production of hybrid 

FH-810 under water deficit situation. Results of third experiment demonstrated that 

silicon application improved the morphological, physiological, yield and yield related 

attributes of maize hybrids. Silicon fertilization under water deficit resulted in an 

improvement of 22.84% and 38.53% in grain yield of maize hybrids P-33H25 and FH-
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810, respectively. In field trials the application of silicon significantly improved various 

characteristics such as plant height, leaf area per plant, cob length, cob diameter, grain 

rows per cob, number of grains per cob, 100-grain weight, grain weight per cob, grain 

and biological yield and harvest index in both maize hybrids under normal and water-

stressed condition during either of the growing seasons i.e. spring or autumn during 2010 

and 2011. However, more yield and yield related attributes were recorded in spring crop 

than autumn crop. Similarly, more harvest index was observed in spring crop than 

autumn. It was also observed that Si application into the growing medium increased the 

Si deposition in the plant body both under control and water deficit conditions. However, 

more silicon contents were recorded in shoot than roots. 

The previous studies related to silicon application under water deficit condition in 

maize crop were conducted in pots or hydroponic culture while we evaluated silicon 

treatment under field condition and concluded that it brings improvement in maize 

production either the crop was sown under well watered or limited moisture supply. 

Moreover, in the earlier investigations drought stress was imposed for short duration 

while in the present study moisture levels were maintained till the harvest of crop. 
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CONCLUSIONS 
 

 Drought stress negatively affects the morphological and physiological behavior of hybrid 

maize. Among tested hybrids, P-33H25 performed best under normal and water deficit 

environment by assimilating more dry matter under either of the moisture regime while 

lower dry matter was produced by FH-810. On the basis of dry matter production the 

hybrid P-33H25 was recognized as drought tolerant while FH-810 as drought sensitive. 

 Silicon improved the growth of maize crop under normal and drought stress condition. 

However, silicon levels 100 mg/kg and 150 mg/kg were equally effective in many 

parameters studied so most economic level was 100 mg/kg for maize hybrids under 

normal as well as water deficit condition. 

 In general the current study shows that silicon improves the growth of maize under normal 

and stress condition either it is sown in spring or autumn under field condition. 

 To develop the drought tolerant crop variety is a long duration and expensive technique 

for improving crop productivity, but application of silicon could be a shotgun 

methodology to raise crops under inadequate supply of water. 
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FUTURE RESEARCH NEEDS 
 

Although, a considerable efforts are being made to tackle the drought problem 

through different strategies even then improvement in drought tolerance in crop plants 

is still a big challenge to fulfill the food requirement of growing population.  On taking 

into consideration of current study results, it is reasonable to suggest an economical 

technique to grow crops in drought stress environment i.e. crop may be grown in water 

deficit condition by the application of optimal dose of silicon and other nutrients. On 

the significant improvement in growth of maize by silicon application, use of silicon in 

other crop plant could be possible for drought tolerance. In dry soil absorption of ions is 

restricted to be absorbed by roots thus those transporter in maize plant should be 

studied which could assist the silicon uptake. Furthermore, silicon takes part in 

activation of many enzymes. These enzymes should be studied.      

The mechanisms at physiological and molecular level through which silicon 

brings improvement in stress condition can be investigated. 

Silicon is an essential nutrient for diatoms. A gene family which encodes 

silicon has been discovered in diatoms. It can be introduced to other crops including 

maize.  

Silicon need to be tested at farmer’s field under diversified stress condition on 

various crops in Pakistan. There is also a dire need to explore the cheapest source 

preferably organic source to make this technique cost effective and economically 

practicable for farmers in order to achieve maximum output. 
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APPENDICES 

EXPERIMENT 1. 

 
Appendix 1: Mean squares from analysis of variance (ANOVA) of the data for effect of 
water stress on leaf length (LL), leaf number/plant (LN), root dry weight (RDW), shoot dry 
weight (SDW), root shoot ratio (RSR) and stem diameter (SD) of maize hybrids at 45 days of 
sowing.   
SOV DF   LL    LN   RDW    SDW RSR    SD 
Hybrid 
(H) 

7 13.00** 2.837** 0.92776** 9.431** 0.00403** 0.00975** 

Drought 
(D) 

2 1602.91** 162.489** 8.72368** 136.171** 0.01787** 0.35900** 

H*D 14 3.45** 0.893ns 0.03748* 0.950** 0.00094* 0.00105ns 
Error 46 1.65 0.510 0.01758 0.141 0.00044 0.00131 
Total 71       
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 2: Mean squares from analysis of variance (ANOVA) of the data for effect of 
water stress on root fresh weight (RFW), shoot fresh weight (SFW), total fresh weight 
(TFW), total dry weight (TDW), leaf area/plant (LA/P) and shoot length (SL) of maize 
hybrids at 45 days of sowing.   
SOV DF RFW SFW TFW TDW LA/P SL 
Hybrid 
(H) 

7 15.153** 202.53** 318.65 ** 15.462** 28867** 66.91**

Drought 
(D) 

2 401.745** 3254.11** 5942.36 
** 

211.934** 762944** 4172.35**

H*D 14 1.201ns 33.04** 44.91 ** 0.972** 4772** 4.94* 
Error 46 0.691 5.46 8.83 0.158 1108 2.57 
Total 71       
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 3: Mean squares from analysis of variance (ANOVA) of the data for effect of 
water stress on root length (RL), leaf water potential (LWP), leaf osmotic potential (LOP), 
leaf turgor potential (LTP), relative water content (RWC) and photosynthetic rate (PR) of 
maize hybrids at 45 days of sowing.   
SOV DF RL LW

P 
LOP LTP RWC PR 

Hybrid 
(H) 

7 10.254** 0.03128** 0.00277ns 0.02563** 36.15** 13.555*
* 

Drought 
(D) 

2 485.617** 1.41368** 0.35503** 0.35323** 2556.86** 643.082*
* 

H*D 14 1.396* 0.00830** 0.00492** 0.00345* 11.55* 2.531* 
Error 46 0.647 0.00194 0.00128 0.00238 5.90 1.219 
Total 71       
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*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
 
Appendix 4: Mean squares from analysis of variance (ANOVA) of the data for effect of 
water stress on stomatal conductance (SC) and transpiration rate (TR) of maize hybrids at 45 
days of sowing.   
SOV DF SC TR 
Hybrid (H) 7 0.00061** 0.4919** 
Drought (D) 2 0.02748** 35.4489** 
H*D 14 0.00005** 0.1960** 
Error 46 0.00002 0.0190 
Total 71   
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

EXPERIMENT 2. 
 
Appendix 5: Mean squares from analysis of variance (ANOVA) of the data for effect of 
silicon levels on shoot length (SL), leaf length (LL), number of leaves/plant (NL), stem 
diameter (SD) and leaf area/plant (LA/P) of maize hybrids under well watered and water 
deficit conditions 
SOV DF SL LL NL SD LA/P 
Hybrid (H) 1 93.80** 45.903** 1.5769* 0.04750** 10702** 
Drought (D) 1 1326.15** 573.254** 19.1269** 0.30560** 161832** 
Silicon (Si) 3 63.18** 30.803** 2.7430** 0.06784** 20729** 
H x D 1 2.39ns 0.198ns 0.0052ns 0.00880* 567* 
H x Si 3 0.60ns 0.332ns 0.0774ns 0.00081ns 82ns 
D x Si 3 0.49ns 0.866ns 0.5352ns 0.01055** 276ns 
H x D x Si 3 3.14* 2.291* 0.3335ns 0.00227ns 958** 
Error 30 0.96 0.732 0.2635 0.00125 134 
Total 47      
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 
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Appendix 6: Mean squares from analysis of variance (ANOVA) of the data for effect of 
silicon levels on root fresh weight (RFW), shoot fresh weight (SFW), root dry weight 
(RDW), shoot dry weight (SDW), total fresh weight (TFW) of maize hybrids under well 
watered and water deficit conditions 
SOV DF RFW SFW RDW SDW TFW 
Hybrid (H) 1 3.5698** 45.028** 0.05005** 0.9269** 73.80** 
Drought (D) 1 64.1025** 840.432** 0.75752** 22.9495** 1368.75** 
Silicon (Si) 3 8.3416** 108.714** 0.09388** 0.6770** 177.22** 
H x D 1 0.3251** 4.845** 0.00317* 0.2094** 7.70** 
H x Si 3 0.0346ns 0.477ns 0.00052ns 0.0020ns 0.77ns 
D x Si 3 0.2218** 3.138** 0.00132ns 0.1779** 5.05** 
H x D x Si 3 0.1921** 2.448** 0.00340** 0.0102* 4.02** 
Error 30 0.0451 0.558 0.00086 0.0033 0.92 
Total 47      
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 7: Mean squares from analysis of variance (ANOVA) of the data for effect of 
silicon levels on total dry weight (TDW), root shoot ratio (RSR), root length (RL), leaf water 
potential (LWP), leaf osmotic potential (LOP) of maize hybrids under well watered and 
water deficit conditions 
SOV DF TDW RSR RL LWP LOP 
Hybrid (H) 1 1.3940** 0.00013ns 39.876** 0.04083** 0.00908**

Drought (D) 1 32.0460** 0.02708** 489.538** 0.49613** 0.20541**

Silicon (Si) 3 1.2736** 0.00008ns 29.436** 0.01764** 0.00105ns

H x D 1 0.1610** 0.00213** 0.272ns 0.01401** 0.01688**

H x Si 3 0.0020ns 0.00015ns 0.085ns 0.00036ns 0.00053ns

D x Si 3 0.2031** 0.00115** 0.588ns 0.00007ns 0.00194ns

H x D x Si 3 0.0200** 0.00024* 2.930* 0.00125* 0.00033ns

Error 30 0.0036 0.00007 0.880 0.00041 0.00082 

Total 47      
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 8: Mean squares from analysis of variance (ANOVA) of the data for effect of 
silicon levels on leaf turgor potential (LTP), relative water content (RWC), photosynthetic 
rate (PR) and transpiration rate (TR) of maize hybrids under well watered and water deficit 
conditions 
SOV DF LTP RWC PR TR 
Hybrid (H) 1 0.01172** 375.31** 37.701** 2.3056** 
Drought (D) 1 0.06235** 6351.22** 542.035** 30.8802** 
Silicon (Si) 3 0.02727** 310.59** 43.295** 2.8112** 
H x D 1 0.00017ns 9.83ns 0.074ns 0.1776ns 
H x Si 3 0.00029ns 1.25ns 0.007ns 0.0347ns 
D x Si 3 0.00152ns 11.39ns 0.307ns 0.0484ns 
H x D x Si 3 0.00282* 22.53* 1.420* 0.2202* 
Error 30 0.00088 4.90 0.382 0.0756 
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Total 47     
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 9: Mean squares from analysis of variance (ANOVA) of the data for effect of 
silicon levels on shoot silicon content and root silicon content of maize hybrids under well 
watered and water deficit conditions 
Source DF Shoot Si content Root Si content 
Hybrid (H) 1 8.7040** 0.1430* 
Drought (D) 1 44.6602** 0.2791** 
Silicon (Si) 3 68.5077** 18.1908** 
H x D 1 0.3008ns 0.0019ns 
H x Si 3 1.2615* 0.1542** 
D x Si 3 6.0713** 0.0894* 
H x D x Si 3 0.0958ns 0.2555** 
Error 30 0.3835 0.0217 
Total 47   
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

EXPERIMENT 3. 
 

Appendix 10: Mean square values from analysis of variance for effect of silicon on on plant 
height, stem diameter, number of leaves per plant and leaf area per plant of maize hybrids 
grown under normal and water deficit conditions 

S.O.V D.F Plant height Stem diameter Number of 
leaves/plant 

Leaf area 

Hybrid (H) 1 830.72** 0.00882** 0.3504ns 197893** 
Drought (D) 1 13369.90** 0.18375** 12.7022** 3992134** 
Silicon (Si) 1 2993.56** 0.05042** 0.2440ns 574612** 
H x D 1 63.70ns 0.00082ns 0.1262ns 2777ns 
H x Si 1 0.02ns 0.00015ns 0.0008ns 5270ns 
D x Si 1 359.91** 0.00482** 0.3601ns 3013ns 
H x D x Si 1 158.21* 0.00282* 0.0937ns 32406* 
Error 16 28.00 0.00050 0.8547 7159 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 11. Mean square values from analysis of variance for effect of silicon on cobs per 
plant, cob length, cob diameter and grain rows per cob of maize hybrids grown under normal 
and water deficit conditions 

S.O.V D.F Cobs/plant Cob length Cob diameter Grain rows        
per cob 

Hybrid (H) 1 0.00350ns 5.9103** 0.84000** 6.5104** 
Drought (D) 1 0.05320** 66.5001** 6.33454** 73.1504** 
Silicon (Si) 1 0.04250** 14.4615** 0.37250* 8.5204** 
H x D 1 0.00634ns 0.4732* 0.0117ns 0.1837ns 
H x Si 1 0.00844ns 0.0145ns 0.0007ns 0.4004ns 
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D x Si 1 0.00920ns 1.0965** 0.0026ns 0.0204ns 
H x D x Si 1 0.00400ns 0.5251* 0.00094ns 0.0004ns 
Error 16 0.00222 0.0706 0.04949 0.2658 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 12: Mean square values from analysis of variance for effect of silicon on grains 
per cob, 100-grain weight, grain weight per cob and grain yield per plant of maize hybrids 
grown under normal and water deficit conditions 
S.O.V D.F Grains per 

cob 
100-grain 

weight 
Grain weight per 

cob 
Grain yield per 

plant 
Hybrid (H) 1 1706.9** 7.2161** 178.71** 236.88** 
Drought (D) 1 19231.5** 78.9888** 1855.92** 2310.45** 
Silicon (Si) 1 4176.5** 15.7464** 367.31** 474.01** 
H x D 1 138.0* 0.4267* 18.89** 29.93** 
H x Si 1 4.3ns 0.0160ns 1.42ns 0.38ns 
D x Si 1 319.6** 1.1094** 24.02** 36.95** 
H x D x Si 1 153.1* 0.4760* 10.41* 17.92* 
Error 16 20.4 0.0966 2.29 3.15 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 13: Mean square values from analysis of variance for effect of silicon on 
biological yield per plant (BY/P), harvest index (HI), photosynthetic rate (PR) at 45 DAS, 
photosynthetic rate at 70 DAS, transpiration rate (TR) at 45 DAS and transpiration rate at 70 
DAS of maize hybrids grown under normal and water deficit conditions 
S.O.V D.

f 
BY/P HI  PR at 45 

DAS 
PR at 70 
DAS 

TR at 45 
DAS 

TR at 70 
DAS 

Hybrid (H) 1 890.85** 8.1900* 18.727** 10.023** 1.7442** 1.3301** 
Drought (D) 1 8209.56** 76.0416** 293.161** 150.851** 20.1483** 21.3759** 
Silicon (Si) 1 1482.40** 27.5633** 50.055** 26.230** 1.8426** 1.9210** 
H x D 1 124.94** 2.6268ns 0.421ns 0.004ns 0.1650ns 0.1218ns 
H x Si 1 3.04ns 0.7562ns 0.007ns 0.119ns 0.1520ns 0.0630ns 
D x Si 1 74.91* 11.0433* 0.944ns 0.029ns 0.0001ns 0.0145ns 
H x D x Si 1 50.34* 2.2448ns 4.806* 2.633* 0.4293* 0.3725* 
Error 16 10.58 1.0772 0.872 0.571 0.0936 0.0773 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 14: Mean square values from analysis of variance for effect of silicon on relative 
water content (RWC) at 45 DAS, relative water content (RWC) at 45 DAS, leaf water 
potential (LWP) at 45 DAS, leaf water potential (LWP) at 45 DAS of maize hybrids grown 
under normal and water deficit conditions 
S.O.V D.f RWC at 45 DAS RWC at 70 DAS LWP at 45 DAS LWP at 70 DAS 
Hybrid (H) 1 76.72** 104.79** 0.08882** 0.11344** 
Drought (D) 1 1455.33** 1566.07** 0.45375** 0.52510** 
Silicon (Si) 1 168.38** 273.44** 0.07935** 0.06934** 
H x D 1 7.52ns 3.90ns 0.01307* 0.01654* 
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H x Si 1 8.48ns 0.08ns 0.00167ns 0.00034ns 
D x Si 1 19.60ns 7.36ns 0.02940** 0.04084** 
H x D x Si 1 30.71* 28.54* 0.01042* 0.01260* 
Error 16 5.30 4.64 0.00166 0.00254 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 15: Mean square values from analysis of variance for effect of silicon on leaf 
osmotic potential (LOP) at 45 and 70 DAS, leaf turgor potential (LTP) at 45 and 70 DAS, 
shoot and root silicon content of maize hybrids grown under normal and water deficit 
conditions 
Source DF LOP at 45 

DAS 
LOP 
at 70 
DAS 

LTP 
at 45 
DAS 

LTP 
at 70 
DAS 

Shoot Si 
content 

Root Si 
content 

Hybrid (H) 1 0.00107ns 0.00202ns 0.07042** 0.08760** 10.760** 0.2970**
Drought (D) 1 0.10667** 0.16667** 0.12042** 0.09754** 26.104** 0.8550**
Silicon (Si) 1 0.01602** 0.01927** 0.16667** 0.16500** 548.075** 16.2197**
H x D 1 0.00327ns 0.00327ns 0.00327ns 0.00570ns 0.393* 0.0117ns 
H x Si 1 0.00135ns 0.00327ns 0.00602ns 0.00634ns 1.013** 0.0301* 
D x Si 1 0.00375ns 0.00282ns 0.01215* 0.02344* 2.516** 0.0852**
H x D x Si 1 0.00602* 0.00882* 0.00060ns 0.00020ns 0.508* 0.0210* 
Error 16 0.00109 0.00185 0.00189 0.00282 0.073 0.0041 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

EXPERIMENT 4:- 
 
SPRING CROP 
  
Appendix 16: Mean squares from analysis of variance for influence of silicon on plant 
height, number of leaves per plant and leaf area index of maize hybrids under water deficit in 
spring season 

SOV D.f Plant height No. of leaves/plant LAI 
2010 2011 2010 2011 2010 2011 

R 2 3.2 70.4 0.0052 1.3816 0.0237 0.04675 
Hybrid (H) 1 2573.4** 1037.5* 2.4448* 5.5584ns 0.8288* 0.96400* 

Error 2 20.1 44.1 0.0802 2.5426 0.0196 0.03108 
Drought 

(D) 
1 15943.4*

* 
26487.0** 45.2102** 61.7925** 11.3713** 7.85470** 

H x D 1 950.3* 230.5ns 4.6113** 0.7038ns 0.0193ns 0.08760ns 
Error 4 70.4 111.6 0.1848 1.3995 0.0197 0.05314 

Silicon (Si) 1 3008.3** 7155.3** 7.7293** 10.6533** 2.5873** 1.75500** 
H x Si 1 191.4ns 18.1ns 0.0033ns 0.0117ns 0.0067ns 0.00020ns 
D x Si 1 342.3ns 876.8* 0.3267ns 1.4553ns 0.0840ns 0.08760* 

H x D x Si 1 431.8* 346.1* 2.9260** 0.0210ns 0.0888* 0.05704* 
Error 8 65.5 56.4 0.2005 0.3569 0.0164 0.00874 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 
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Appendix 17: Mean squares from analysis of variance for influence of silicon on number of 
cobs per plant, days to 50% tasseling and days to 50% silking of maize hybrids grown under 
water deficit in spring season 

SOV D
.f 

Cobs per plant Days to 50% tasseling Days to 50% silking 
2010 2011 2010 2011 2010 2011 

R 2 0.00721 0.00233 1.0475 0.3765 0.260 0.286 
Hybrid (H) 1 0.01000ns 0.01307* 1.0626ns 0.2360ns 0.375ns 0.725ns 

Error 2 0.00158 0.00018 0.4623 0.5610 0.406 0.485 
Drought (D) 1 0.12760* 0.21660** 36.8280** 12.2123** 150.000** 230.702** 

H x D 1 0.00510ns 0.00107ns 1.8537ns 2.7880* 22.042** 32.457** 
Error 4 0.01165 0.00357 0.7242 0.2618 0.333 0.430 

Silicon (Si) 1 0.00070ns 0.04682** 8.6760** 0.7921ns 6.000** 9.438** 
H x Si 1 0.00570ns 0.00602ns 0.1855ns 0.0060ns 0.042ns 0.038ns 
D x Si 1 0.00260ns 0.00282ns 0.0005ns 0.8971ns 1.500* 2.106* 

H x D x Si 1 0.00510ns 0.00015ns 1.0209* 0.1320ns 1.042* 1.712* 
Error 8 0.00749 0.00251 0.1704 0.3343 0.146 0.232 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 

 

 

 

Appendix 18: Mean squares from analysis of variance for influence of silicon on stem 
diameter per plant, of maize hybrids grown under water deficit in spring season 

SOV D
.f 

Stem diameter Cob length Cob diameter 
2010 2011 2010 2011 2010 2011 

R 2 0.00058 0.00152 0.1365 0.235 0.00982 0.01562 
Hybrid (H) 1 0.01260* 0.02870* 2.7744 * 16.884* 0.57660* 0.1962ns 

Error 2 0.00068 0.00112 0.1281 0.339 0.01715 0.01272 
Drought 

(D) 
1 0.28820** 0.36754** 76.3267** 180.566** 6.5940** 6.2322** 

H x D 1 0.00120ns 0.02470* 0.4267ns 0.825ns 0.04167** 0.0495ns 
Error 4 0.00170 0.00193 0.2122 0.112 0.00399 0.01624 

Silicon (Si) 1 0.07820** 0.10010** 20.2401** 36.383** 1.2696** 1.7985** 
H x Si 1 0.00020ns 0.00150ns 0.0033ns 0.063ns 0.0014ns 0.00034ns 
D x Si 1 0.00770** 0.00010ns 2.0417** 2.325* 0.1014** 0.1426** 

H x D x Si 1 0.00454* 0.01170* 0.8664* 1.220* 0.0400ns 0.09004* 
Error 8 0.00043 0.00137 0.1542 0.211 0.00825 0.00968 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 
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Appendix 19: Mean squares from analysis of variance for influence of silicon on number of 
grain rows per cob, number of grains per cob and 100-grain weight of maize hybrids grown 
under water deficit in spring season 

SOV D
.f 

No. of grain rows/cob No. of grains/cob 100-grain weight 
2010 2011 2010 2011 2010 2011 

R 2 0.0023 0.5953 0.8 23.0 0.096 0.474 
Hybrid (H) 1 15.5043* 15.5848 ** 4758.2* 791.0* 17.170* 13.365* 

Error 2 0.2873 0.0491 109.0 34.9 0.255 0.657 
Drought 

(D) 
1 76.4337** 94.0104 ** 46401.5** 16499.7 ** 268.135** 268.737**

H x D 1 7.7180** 10.7201* 181.9ns 83.8ns 1.084ns 3.338ns 
Error 4 0.1693 1.2861 32.3 85.1 1.511 1.137 

Silicon (Si) 1 3.6582 ** 6.9984 ** 8740.5** 4352.4** 60.674** 70.350** 
H x Si 1 0.0026ns 0.0160ns 1.9ns 5.0ns 0.011ns 0.496ns 
D x Si 1 0.0408ns 0.2522* 1041.1** 450.1** 6.657** 7.227** 

H x D x Si 1 0.1218ns 0.6403 ** 177.8* 254.7* 3.466* 5.051* 
Error 8 0.2020 0.0346 30.4 25.0 0.290 0.555 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 

 

 

 

 

 

Appendix 20: Mean squares from analysis of variance for influence of silicon on grain 
weight per cob, grain yield per hectare and biological yield per hectare of maize hybrids 
grown under water deficit in spring season 

SOV D
.f 

grain weight/cob grain yield/hectare biological yield/hectare 
2010 2011 2010 2011 2010 2011 

R 2 3.49 1.78 0.0262 0.0088 0.0686 0.2133 
Hybrid (H) 1 571.55** 328.78** 2.6004** 3.1465* 3.3078* 5.5584ns 

Error 2 4.44 2.02 0.0054 0.0511 0.1304 0.3067 
Drought 

(D) 
1 5544.96** 5917.96** 43.4704** 48.6495** 87.4398** 61.1523** 

H x D 1 60.17ns 28.58ns 0.0704ns 0.2301ns 1.1660* 0.5310* 
Error 4 10.81 14.56 0.1042 0.0558 0.1350 0.0294 

Silicon (Si) 1 1029.66** 1458.13** 9.7537** 10.9485** 21.9077** 16.8170** 
H x Si 1 3.00ns 12.51ns 0.0704ns 0.0330ns 0.0672ns 0.1218ns 
D x Si 1 51.86** 30.44ns 0.3038* 0.4030* 1.4553** 0.5251ns 

H x D x Si 1 33.42** 66.50* 0.3504* 0.4401* 0.7597* 3.1755** 
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Error 8 2.88 10.75 0.0408 0.0568 0.1018 0.2178 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

Appendix 21: Mean squares from analysis of variance for influence of silicon on harvest 
index (HI) of maize hybrids grown under water deficit in spring season 

SOV D.f                                                   HI 
2010 2011 

R 2 0.679 1.091 
Hybrid (H) 1 61.344** 32.132ns 

Error 2 0.363 2.676 
Drought (D) 1 565.608** 560.377** 

H x D 1 1.944ns 6.752ns 
Error 4 2.418 1.651 

Silicon (Si) 1 136.565** 117.528** 
H x Si 1 0.519ns 0.440ns 
D x Si 1 18.218** 19.064** 

H x D x Si 1 8.108* 0.081ns 
Error 8 0.770 0.431 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
 
 
 
 
 
 
 
 
 
Appendix 22: Mean squares from analysis of variance for influence of silicon on 
photosynthetic rate (PR) of maize hybrids grown under water deficit in spring season 

SOV D.f PR at vegetative stage PR at reproductive stage 
2010 2011 2010 2011 

R 2 1.717 1.960 0.593 0.542 
Hybrid (H) 1 32.783** 39.655ns 11.070ns 13.365** 

Error 2 0.005 3.014 2.128 0.026 
Drought (D) 1 379.454** 485.011** 173.989** 160.529** 

H x D 1 37.027* 28.842* 15.169** 13.969* 
Error 4 1.871 3.157 0.708 1.092 

Silicon (Si) 1 82.177** 52.068** 15.105** 32.830** 
H x Si 1 3.368ns 3.089ns 0.043ns 0.818ns 
D x Si 1 1.046ns 0.275ns 0.094ns 0.271ns 

H x D x Si 1 12.833** 15.601* 2.184* 4.960* 
Error 8 1.056 2.791 0.323 0.741 
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*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

Appendix 23: Mean squares from analysis of variance for influence of silicon on 
transpiration rate (TR) of maize hybrids grown under water deficit in spring season 

SOV D.f TR at vegetative stage TR at reproductive stage 
2010 2011 2010 2011 

R 2 0.5789 0.5205 0.2786 0.2914 
Hybrid (H) 1 2.8291ns 3.2487ns 1.3443ns 1.7985ns 

Error 2 0.3621 0.3168 0.1796 0.1755 
Drought (D) 1 35.1384** 37.3751** 17.9574** 20.8134** 

H x D 1 0.0308ns 0.0287ns 0.0140ns 0.0165ns 
Error 4 0.0908 0.1039 0.0293 0.0587 

Silicon (Si) 1 1.7174** 2.0010** 0.7994** 1.1310** 
H x Si 1 0.1067ns 0.0759ns 0.0771ns 0.0408ns 
D x Si 1 0.0216ns 0.0198ns 0.0096ns 0.0108ns 

H x D x Si 1 0.1837* 0.1890* 0.0888ns 0.1053* 
Error 8 0.0271 0.0341 0.0193 0.0189 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 

 

 

 

 

 

 

Appendix 24: Mean squares from analysis of variance for influence of silicon on relative 
water content (RWC), leaf water potential (LWP) of maize hybrids grown under water deficit 
in spring season 

SOV D
.f 

RWC at vegetative stage RWC at reproductive stage LWP at vegetative stage 
2010 2011 2010 2011 2010 2011 

R 2 0.48 10.33 11.57 4.767 0.00263 0.00162 
Hybrid 

(H) 
1 395.53** 141.81ns 136.14ns 130.014* 0.08520** 0.08520** 

Error 2 3.35 14.84 16.92 6.847 0.00010 0.00027 
Drought 

(D) 
1 2479.65** 1702.19

** 
1477.06** 924.049** 0.48450** 0.47884** 

H x D 1 153.67* 33.70ns 132.92** 82.882** 0.00770ns 0.00010ns 
Error 4 11.42 13.28 5.60 2.768 0.00394 0.00081 

Silicon 1 479.63** 235.63** 177.78** 160.787** 0.08760** 0.10534** 
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(Si) 
H x Si 1 27.89ns 27.31* 59.28** 21.056* 0.00004ns 0.00350ns 
D x Si 1 50.90ns 21.09ns 51.51** 33.182** 0.00400ns 0.01654** 

H x D x Si 1 70.90* 51.45* 17.96* 16.968* 0.00920* 0.00634* 
Error 8 9.78 5.05 2.86 2.058 0.00104 0.00099 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 25: Mean squares from analysis of variance for influence of silicon on leaf water 
potential (LWP) and leaf osmotic potential (LOP) of maize hybrids grown under water 
deficit in spring season 

SOV D.
f 

LWP at reproductive stage LOP at vegetative stage LOP at reproductive stage 
2010 2011 2010 2011 2010 2011 

R 2 0.00039 0.00076 0.00178 0.00102 0.00838 0.01090 
Hybrid 

(H) 
1 0.08402* 0.04860** 0.00220n

s 
0.00167ns 0.03300ns 0.00010ns 

Error 2 0.00178 0.00016 0.00103 0.00047 0.02120 0.00305 
Drought 

(D) 
1 0.61440** 0.24000** 0.14260*

* 
0.12615** 0.18200** 0.37750** 

H x D 1 0.00042ns 0.00082ns 0.00510n
s 

0.00282ns 0.00260ns 0.00350ns 

Error 4 0.00196 0.00185 0.00398 0.00236 0.00344 0.00980 
Silicon 

(Si) 
1 0.07260** 0.05042** 0.01654*

* 
0.01602** 0.02344** 0.08760** 

H x Si 1 0.00015ns 0.00007ns 0.00184n
s 

0.00202ns 0.00304ns 0.00070ns 

D x Si 1 0.01927* 0.02407** 0.00184n
s 

0.00327ns 0.01000* 0.00400ns 

H x D x 
Si 

1 0.02282* 0.00282* 0.00770* 0.00807* 0.01984** 0.02344* 

Error 8 0.00305 0.00035 0.00097 0.00099 0.00119 0.00430 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
 
Appendix 26: Mean squares from analysis of variance for influence of silicon on leaf turgor 
potential (LTP) and shoot silicon content of maize hybrids grown under water deficit in 
spring season 

SOV D
.f 

LTP at vegetative stage LTP at reproductive 
stage 

Shoot silicon content 

2010 2011 2010 2011 2010 2011 
R 2 0.00105 0.00015 0.00830 0.00770 1.312 0.616 

Hybrid 
(H) 

1 0.05802** 0.06000* 0.01084
ns 

0.05042* 0.265ns 6.923* 

Error 2 0.00052 0.00076 0.01074 0.00265 2.448 0.097 
Drought 

(D) 
1 0.10140ns 0.11207** 0.12470

* 
0.01500ns 40.456* 31.994** 
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H x D 1 0.02407ns 0.00427ns 0.00120
ns 

0.00082ns 0.897ns 0.030 

Error 4 0.01318 0.00484 0.00763 0.01552 1.962 0.644 
Silicon 

(Si) 
1 0.18027** 0.21282** 0.17854

** 
0.27307** 235.752** 505.910** 

H x Si 1 0.00167ns 0.00042ns 0.00184
ns 

0.00135** 0.043ns 1.148ns 

D x Si 1 0.00042ns 0.00482ns 0.00150
ns 

0.00807** 4.150ns 3.219** 

H x D x Si 1 0.00002ns 0.00002ns 0.00010
ns 

0.01042** 9.500* 1.733* 

Error 8 0.00092 0.00177 0.00443 0.00448 1.185 0.239 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 27: Mean squares from analysis of variance for influence of silicon on root silicon 
content of maize hybrids grown under water deficit in spring season 

SOV D.f                                  Root silicon content 
2010 2011 

R 2 0.0026 0.0039 
Hybrid (H) 1 0.7526** 0.3553* 

Error 2 0.0052 0.0132 
Drought (D) 1 1.8095** 1.8593* 

H x D 1 0.0590ns 0.2166ns 
Error 4 0.0129 0.1443 

Silicon (Si) 1 33.1585** 22.7760** 
H x Si 1 0.0828* 0.2860* 
D x Si 1 0.2380** 0.0938ns 

H x D x Si 1 0.0630* 0.0254ns 
Error 8 0.0111 0.0439 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
 

 

 

AUTUMN CROP 
 
Appendix 28: Mean squares from analysis of variance for influence of silicon on plant 
height, number of leaves per plant and leaf area index of maize hybrids grown under water 
deficit in autumn season 

SOV D.f Plant height No. of leaves/plant LAI 
2010 2011 2010 2011 2010 2011 

R 2 109.5 28.9722 0.5304 0.1301 0.01809 0.0641 
Hybrid 1 1965.3** 473.038* 0.0017ns 5.9103* 0.44554* 0.8893** 
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(H) 
Error 2 16.3 25.1611 0.3404 0.0880 0.00886 0.0026 

Drought 
(D) 

1 19308.6** 13591.2** 29.0400** 86.2225** 7.11770** 12.3841** 

H x D 1 178.2ns 130.900ns 0.0267ns 0.2072ns 0.01450ns 0.0726ns 
Error 4 56.0 35.9327 1.1121 0.1667 0.00829 0.0478 

Silicon 
(Si) 

1 1329.4** 3880.87** 1.2150ns 20.8134** 1.53520** 0.9520** 

H x Si 1 0.6ns 0.02220ns 0.0017ns 0.0513ns 0.01170ns 0.0228ns 
D x Si 1 70.0ns 286.558** 0.0600ns 0.6767* 0.07150* 0.0523ns 

H x D x Si 1 151.7* 230.454** 0.0067ns 0.7107* 0.06304* 0.2166* 
Error 8 27.3 19.3460 0.2871 0.1164 0.01175 0.0403 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
 
Appendix 29: Mean squares from analysis of variance for influence of silicon on number of 
cobs per plant, days to 50% tasseling and days to 50% silking of maize hybrids grown under 
water deficit in autumn season 

SOV D.f Cobs per plant Days to 50% tasseling Days to 50% silking 
2010 2011 2010 2011 2010 2011 

R 2 0.00802 0.00072 0.29385 0.5417 0.352 1.149 
Hybrid (H) 1 0.00004ns 0.00002ns 2.22042* 10.0621* 0.667ns 3.249ns 

Error 2 0.00065 0.00222 0.06260 0.2523 0.203 0.654 
Drought 
(D) 

1 0.20720** 0.06000** 2.22042ns 48.5073** 105.420** 181.335**

H x D 1 0.01870ns 0.00042ns 1.87042ns 0.0204ns 14.137** 14.493* 
Error 4 0.00394 0.00273 0.50323 1.1129 0.278 1.549 

Silicon (Si) 1 0.01654* 0.02042** 0.96000ns 0.0002ns 3.360** 10.336** 
H x Si 1 0.00034ns 0.00167ns 0.32667ns 0.0267ns 0.010ns 0.018ns 
D x Si 1 0.01550* 0.00015ns 1.92667* 1.0838ns 1.793** 2.919** 

H x D x Si 1 0.00634ns 0.00007ns 0.02667ns 0.4267ns 1.363* 0.932** 
Error 8 0.00233 0.00078 0.32406 0.3176 0.137 0.079 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 

 

Appendix 30: Mean squares from analysis of variance for influence of silicon on stem 
diameter, cob length and cob diameter of maize hybrids grown under water deficit in autumn 
season 

SOV D.f Stem diameter Cob length Cob diameter 
2010 2011 2010 2011 2010 2011 

R 2 0.00258 0.00607 0.066 0.0190 0.0606 0.06207 
Hybrid 1 0.07370ns 0.08760* 1.135ns 8.5085* 1.2150* 0.07260ns 
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(H) 
Error 2 0.00750 0.00472 0.775 0.2248 0.0519 0.10820 

Drought 
(D) 

1 0.56734** 1.01270** 116.072** 95.7202** 15.8113** 6.18135**

H x D 1 0.04770* 0.06510* 0.194ns 0.6902* 1.0837* 0.00135ns 
Error 4 0.00483 0.00754 0.654 0.0518 0.0956 0.02465 

Silicon 
(Si) 

1 0.10534** 0.27520** 3.824* 20.8134** 4.3350** 0.77760**

H x Si 1 0.00004ns 0.00350ns 0.928ns 0.0234ns 0.0794ns 0.04507ns 
D x Si 1 0.00150ns 0.00120ns 0.004ns 1.5862** 0.0104** 0.00015ns 

H x D x Si 1 0.00400ns 0.03604** 0.269ns 0.7597* 0.4483* 0.00082ns 
Error 8 0.00122 0.00312 0.449 0.1163 0.0651 0.02523 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 31: Mean squares from analysis of variance for influence of silicon on number of 
grain rows per cob, number of grains per cob and 100-grain weight of maize hybrids grown 
under water deficit in autumn season 

SOV D.f No. of grain rows/cob No. of grains/cob 100-grain weight 
2010 2011 2010 2011 2010 2011 

R 2 0.3125 0.7963 250.1 137.2 0.429 0.171 
Hybrid 

(H) 
1 8.7604** 0.8817ns 5233.3* 3494.7** 9.425* 30.804* 

Error 2 0.0360 0.4779 170.9 7.9 0.435 0.544 
Drought 

(D) 
1 53.4017** 67.3350** 67373.6** 34624.8** 267.868** 312.121**

H x D 1 6.2833* 4.3350* 340.5ns 953.2ns 0.487ns 3.413** 
Error 4 0.7440 0.3437 245.0 330.1 2.793 0.081 

Silicon 
(Si) 

1 4.1168** 4.3350* 6854.6** 7581.7** 69.837** 64.912** 

H x Si 1 0.00486ns 2.5350ns 204.2ns 40.2ns 0.673ns 0.004ns 
D x Si 1 0.1233* 2.5350ns 537.7ns 17.2ns 5.841* 4.515** 

H x D x Si 1 0.4056** 0.2017ns 947.5* 1036.4* 7.348* 3.219* 
Error 8 0.0223 0.5404 148.2 121.4 1.070 0.334 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant, H = 

hybrids, D = drought levels, Si = silicon  

 

 
 
 
 
 
 
Appendix 32: Mean squares from analysis of variance for influence of silicon on grain 
weight per cob, grain yield per hectare and biological yield per hectare of maize hybrids 
grown under water deficit in autumn season 
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SOV D.f grain weight/cob grain yield/hectare biological yield/hectare 
2010 2011 2010 2011 2010 2011 

R 2 6.60 2.09625 0.0116 0.0365 0.0835 0.5101 
Hybrid 

(H) 
1 64.32ns 289.815* 0.7385* 0.9362* 1.5150ns 3.1974* 

Error 2 7.13 4.50125 0.0098 0.0202 0.1247 0.0578 
Drought 

(D) 
1 3220.86** 2882.04* 13.0095** 15.1051** 37.2255** 59.2204** 

H x D 1 40.64ns 29.0400** 0.0495ns 0.0308ns 0.5370* 0.1837ns 
Error 4 10.73 0.75208 0.0186 0.0169 0.2585 0.2734 

Silicon 
(Si) 

1 660.77** 604.007** 3.2782** 3.2413** 7.5376** 7.3041** 

H x Si 1 3.90ns 0.00167ns 0.0315ns 0.0241ns 0.0063ns 0.1734ns 
D x Si 1 126.36** 39.0150** 0.0630* 0.1504* 0.3675* 0.5704ns 

H x D x Si 1 65.31* 32.6667** 0.1683** 0.1291* 0.6633** 1.5100* 
Error 8 5.99 2.54375 0.0069 0.0233 0.1118 0.1760 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 33: Mean squares from analysis of variance for influence of silicon on harvest 
index (HI) of maize hybrids grown under water deficit in autumn season 

SOV D.f                                                       HI 
2010 2011 

R 2 1.247 13.2111 
Hybrid (H) 1 15.089ns 4.8062* 

Error 2 3.435 0.0880 
Drought (D) 1 157.031** 47.0960* 

H x D 1 0.222ns 0.3128ns 
Error 4 0.813 2.8706 

Silicon (Si) 1 58.500** 38.6081** 
H x Si 1 1.505ns 4.2336ns 
D x Si 1 3.219* 3.4656ns 

H x D x Si 1 1.175ns 0.8067ns 
Error 8 0.437 2.7334 

 
*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 

 

 

 

Appendix 34: Mean squares from analysis of variance for influence of silicon on 
photosynthetic rate (PR) of maize hybrids grown under water deficit in autumn season 
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SOV D.f PR at vegetative stage PR at reproductive stage 
2010 2011 2010 2011 

R 2 1.425 0.046 6.485 0.080 
Hybrid (H) 1 24.624** 32.667** 19.117ns 19.243** 

Error 2 0.014 0.243 2.450 0.156 
Drought (D) 1 271.556** 201.376** 210.515** 261.558** 

H x D 1 25.979* 11.732* 26.502* 2.313* 
Error 4 1.418 0.868 1.367 0.295 

Silicon (Si) 1 58.188** 39.578** 20.167** 55.907** 
H x Si 1 2.166ns 1.972ns 0.070ns 0.002ns 
D x Si 1 0.924ns 3.713ns 2.693** 1.788ns 

H x D x Si 1 9.818** 6.100* 0.829* 3.003* 
Error 8 0.714 0.733 0.135 0.403 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 

 
Appendix 35: Mean squares from analysis of variance for influence of silicon on 
transpiration rate (TR) of maize hybrids grown under water deficit in autumn season 

SOV D.f TR at vegetative stage TR at reproductive stage 
2010 2011 2010 2011 

R 2 0.3238 0.2931 0.3184 0.0857 
Hybrid (H) 1 2.0242ns 1.8095ns 1.0004ns 1.3680ns 

Error 2 0.1968 0.1762 0.2023 0.1190 
Drought (D) 1 23.2263** 20.8134** 14.7267** 15.4401** 

H x D 1 0.0187ns 0.0165 0.0267ns 0.0782ns 
Error 4 0.0652 0.0588ns 0.0745 0.0421 

Silicon (Si) 1 1.2558** 1.1223** 1.1267** 0.5370** 
H x Si 1 0.0459ns 0.0425ns 0.1350* 0.0330ns 
D x Si 1 0.0108ns 0.0108ns 0.0228ns 0.0051ns 

H x D x Si 1 0.1190** 0.1053* 0.0182ns 0.0108ns 
Error 8 0.0216 0.0191 0.0229 0.0275 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 
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Appendix 36: Mean squares from analysis of variance for influence of silicon on relative 
water content (RWC), leaf water potential (LWP) of maize hybrids grown under water deficit 
in autumn season 

SOV D
.f 

RWC at vegetative stage RWC at reproductive 
stage 

LWP at vegetative stage 

2010 2011 2010 2011 2010 2011 
R 2 0.35 0.47 0.068 0.35 0.00082 0.00003 

Hybrid 
(H) 

1 254.61** 351.06** 142.789** 245.31** 0.10270** 0.06615** 

Error 2 1.90 2.62 1.403 1.81 0.00027 0.00004 
Drought 

(D) 
1 1566.71** 2160.87** 866.642** 1504.01** 0.55510** 0.46482** 

H x D 1 91.30* 125.72* 36.211ns 86.45* 0.00094ns 0.00027ns 
Error 4 6.77 9.33 5.163 6.41 0.00263 0.00294 

Silicon 
(Si) 

1 307.95** 424.62** 129.270** 296.60** 0.13650** 0.09127** 

H x Si 1 15.41ns 21.26ns 13.024* 14.43ns 0.00070ns 0.00042ns 
D x Si 1 29.06ns 40.07ns 22.042* 27.37ns 0.02344** 0.01042* 

H x D x Si 1 47.57* 65.51* 12.184* 46.12* 0.01170** 0.00960* 
Error 8 5.70 7.87 2.004 5.41 0.00081 0.00176 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 37: Mean squares from analysis of variance for influence of silicon on leaf water 
potential (LWP) and leaf osmotic potential (LOP) of maize hybrids grown under water 
deficit in autumn season 

SOV D
.f 

LWP at reproductive 
stage 

LOP at vegetative stage LOP at reproductive stage 

2010 2011 2010 2011 2010 2011 
R 2 0.00740 0.00252 0.03760 0.03533 0.03901 0.04655 

Hybrid 
(H) 

1 0.17340** 0.11900* 0.11620n
s 

0.11344ns 0.17854ns 0.11207ns 

Error 2 0.00011 0.00222 0.01145 0.01016 0.02096 0.01518 
Drought 

(D) 
1 0.81402** 0.65670*

* 
0.21850*
* 

0.20350** 0.41870** 0.43740* 

H x D 1 0.00027ns 0.00700n
s 

0.08050*
* 

0.04950* 0.03154ns 0.02042ns 

Error 4 0.00337 0.00394 0.00285 0.00538 0.01220 0.02553 
Silicon 

(Si) 
1 0.16667** 0.14570*

* 
0.00020n
s 

0.00050ns 0.00010ns 0.00015ns 

H x Si 1 0.00042ns 0.00034n
s 

0.00034n
s 

0.00020ns 0.00020ns 0.00327ns 

D x Si 1 0.05607** 0.05900*
* 

0.05900*
* 

0.04594** 0.05134** 0.02160** 

H x D x Si 1 0.00135ns 0.00400* 0.00184n
s 

0.00570* 0.01550* 0.01402* 

Error 8 0.00119 0.00064 0.00106 0.00104 0.00183 0.00126 
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*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

Appendix 38: Mean squares from analysis of variance for influence of silicon on leaf turgor 
potential (LTP) and shoot silicon content of maize hybrids grown under water deficit in 
autumn season 

SOV D
.f 

LTP at vegetative stage LTP at reproductive 
stage 

Shoot silicon content 

2010 2011 2010 2011 2010 2011 
R 2 0.02972 0.03626 0.01262 0.03003 0.024 0.030 

Hybrid 
(H) 

1 0.00060ns 0.00570ns 0.00002ns 0.00002ns 7.549* 9.325* 

Error 2 0.01395 0.01020 0.02047 0.01408 0.132 0.157 
Drought 

(D) 
1 0.07707ns 0.05320ns 0.06407ns 0.02282ns 18.235** 22.504** 

H x D 1 0.10140* 0.04420ns 0.03527ns 0.05415ns 0.286* 0.350* 
Error 4 0.01001 0.01564 0.02407 0.02917 0.015 0.018 

Silicon 
(Si) 

1 0.14415** 0.08050** 0.15682** 0.15360** 380.966** 469.227** 

H x Si 1 0.00202ns 0.00120ns 0.00002ns 0.00540ns 0.721** 0.905** 
D x Si 1 0.00882* 0.01170ns 0.00007ns 0.00807ns 1.782** 2.220** 

H x D x Si 1 0.02535** 0.03010** 0.02667** 0.03527** 0.375* 0.459* 
Error 8 0.00155 0.00253 0.00103 0.00287 0.055 0.069 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 

 
Appendix 39: Mean squares from analysis of variance for influence of silicon on root silicon 
content of maize hybrids grown under water deficit in autumn season 

SOV D.f                                        Root silicon content 
2010 2011 

R 2 0.0015 0.0017 
Hybrid (H) 1 0.4004* 0.4082* 

Error 2 0.0071 0.0073 
Drought (D) 1 1.1008** 1.1223** 

H x D 1 0.0228ns 0.0222ns 
Error 4 0.0051 0.0051 

Silicon (Si) 1 19.8744** 20.2584** 
H x Si 1 0.0486* 0.0513* 
D x Si 1 0.1176** 0.1247** 

H x D x Si 1 0.0384* 0.0376* 
Error 8 0.0053 0.0054 

*, ** = Significant at 0.05 and 0.01 probability level respectively, ns = non-significant 
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