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ABSTRACT 
 

Scarcity of good quality irrigation water is one of the crop limiting factors in Pakistan. 

Information on the relative tolerance of different crop genotypes is necessary for the 

successful management of salt affected land and water. To investigate the effect of saline 

and/or sodic waters on growth, ionic concentration and biochemical changes in 

sunflower, a series of solution culture and pot experiments were conducted. Initially, 10 

sunflower genotypes were grown for 30 days in hydroponics using five levels of saline 

and/or sodic water;T1 (control), T2 (EC 10.0 dS m-1), T3 (SAR 20.0 mmol L-1)1/2, T4 (RSC 

5.4 mmolc L
-1), T5 (EC 10.0 dS m-1) + (SAR 20.0 mmol L-1)1/2 + (RSC 5.4 mmolcL

-1). On 

the basis of biomass accumulation and K+: Na+, ratio SF-187 and Hysun-33 emerged as 

salt tolerant and salt sensitive genotypes respectively. Subsequently, growth and yield 

response of these genotypes was evaluated in soil culture under various saline and/or 

sodic water treatments. Although, growth and yield of both genotypes decreased under 

saline and/or sodic water treatments but SF-187 produced a significantly (P ≤0.05) higher 

yield as compared to Hysun-33. In the next pot studies, Ca and Si were used @100 mg 

kg-1 soil to investigate their mitigating effect using same levels of saline and/or sodic 

water as above. Results revealed that calcium application partially offset the deleterious 

effects of saline and/or sodic waters and improved yield under RSC-water. However, Si 

significantly improved growth and yield of sunflower under saline and/or sodic water 

irrigation. The beneficial effects of Si were more pronounced in salt sensitive genotypes 

than in salt tolerant genotypes. Same sunflower genotypes when grown in solution 

culture, salinized with 100 mM NaCl revealed that 1 mM Si significantly enhanced 

activities of antioxidant enzymes as compared to 5 mM Ca. Finally, both sunflower 

genotypes were grown in pot culture and irrigated with saline sodic water. The results 

confirmed that Si alleviated salt stress and enhanced plant growth by stimulating 

activities of antioxidant enzymes and lowering lipid peroxidation in sunflower. Major 

mechanisms of Si mediated salt tolerance in sunflower include the maintenance of higher 

K+/Na+ ratio, reduced membrane lipid peroxidation and enhanced antioxidative 

mechanism. 

Key words: sunflower, saline and/or sodic water, antioxidant enzymes, calcium, silicon 
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Chapter 1 

INTRODUCTION 

 

In Pakistan, sunflower (Helianthus annuus L.) is grown on an area of 323 

thousand hectares with a production of 407 thousand tonnes achene yield and 1260 kg  

ha-1 yield (GOP, 2007). This per hectare yield is low as compared to major sunflower 

growing countries (Argentina 1698, China 1539 and USA 1339 kg ha-1) and hence it 

cannot meet the oil demands of the country. Consequently, Pakistan has to spend major 

chunk of its foreign exchange reserves on the import of edible oil (GOP, 2007). 

Presently, Pakistan is producing about one third of its edible oil requirements and 

the rest is fulfilled through imports at a cost of about Rs. 40 billion each year (GOP, 

2007). A major share of the domestic production of edible oil comes from cottonseed and 

canola, 67% and 19.6%, respectively. The remaining 13.4% are contributed mainly by 

sunflower. Sunflower is a high yielding, non-conventional oilseed crop and has the 

potential to bridge up the gap between needs and production. Furthermore, it is a short 

growing season crop (90-120 days) and can be grown twice a year. It fits well in existing 

cropping systems and can be sandwiched between two cotton, rice or potato crops 

without replacing any major crop. 

With a tremendous yield potential, coupled with high oil contents, sunflower 

offers great promise to meet the edible oil deficit in the country. Sunflower seed contains 

about 42% high quality edible oil and is gaining popularity among consumers for its good 

cooking quality from health stand point. Additionally, sunflower meal is a rich source of 

crude protein for feeding the livestock. Furthermore, it has better nutritional profile and 

low cost as compared to traditionally used cottonseed cakes (Zahid et al., 2003). 

Adverse factors including soil salinity and low quality irrigation water are a 

menace for plants, dipping average yield each year. Particularly, water demands for 

agriculture production are projected to rise, bringing increased competition between 

agriculture and other users. For this purpose about 0.53 million tube wells are pumping 

about 49.91 million acre feet underground water in Pakistan (GOP, 2002).  Estimates 
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show that about 70-80% of pumped water (67,842 million m3) contains soluble salts 

and/or sodium ion (Na+) levels above the permissible limits for irrigation water (Latif and 

Beg, 2004). Hence irrigated agriculture is exposed to increasing pressure to expand the 

use of saline and/or sodic waters for crop production. Low quality irrigation water is one 

of the factors leading to decline in sunflower productivity in Pakistan over the past many 

years (GOP, 1996).           

Combined evidence of many workers has resulted in consideration that sunflower 

is a species moderately tolerant to salt stress being unaffected by soil salinity up to ECe 

4.8 dSm−1 (Maas and Hoffman, 1977; Ayers and Westcot, 1985; Francois, 1996). More 

recently, Flagella et al. (2004) have found that each unit in ECe above 4.8 dS m−1 resulted 

in yield reduction by 4.5%. Sunflower genotypes exhibit considerable genetic diversity 

for salinity tolerance, which can be exploited for the selection of salt tolerant material 

using optimum selection tools (Ashraf and Tufail, 1995). The capability of sunflower to 

grow on saline soils varies among cultivars and depends on the concentration of salts 

present in the root zone and on various other environmental and cultural conditions. 

In addition to osmotic stress and ionic toxicity, plants are at constant risk from 

reactive oxygen species (ROS) which are inevitably generated naturally via numerous 

cell metabolic pathways (Becana et al., 2000; Kanazawa et al., 2000). These ROS 

include, superoxide radical (O2
•−), hydrogen peroxide (H2O2), hydroxyl radical (OH•), 

and singlet oxygen (1O2). However, to counteract the destructive oxidative damage plants 

are equipped with a complex antioxidative defense system (Prochazkova et al., 2001).  

Adequate supplementation of mineral nutrients may help to improve plant growth 

under saline stress (Akhtar et al., 2003; Doroudi et al., 2006). Of the mineral nutrients, 

Ca and Si have been known for their particular role in enhancing salt tolerance of various 

crops (Mengel and Kirkby, 2001; Liang et al., 2007).When plants are challenged with 

salinity stress, calcium plays an essential role in processes that preserve the structural and 

functional integrity of plant membranes and hence decrease the passive accumulation of 

Na+ in plant tissues (Hu and Schmidhalter, 1997), stabilize cell wall structures, regulate 

ion transport and selectivity, and control ion-exchange behaviour as well as cell wall 

enzyme activities (Rengel, 1992; Marschner, 1995). Calcium is likely to be readily 
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displaced from its membrane binding sites by other cations, therefore reduced calcium 

availability results in the impairment of these functions. This displacement was largely 

counteracted by increasing the external concentration of calcium (Lynch and Lauchli, 

1988). Quite a number of studies indicate that plants are able to adjust to high salt 

environments by activating a signal transduction system involving Ca2+ (Hasegawa et al., 

2000). There are reports indicating the importance of adequate levels of CaSO4 in 

alleviating the deleterious effects of salinity on plant growth, yield and quality of crop 

(Khayyat et al., 2007).  

Silicon (Si) is the second most abundant element on the surface of the earth, but 

its roles in plant biology have been poorly understood (Liang, 1999). Although Si has not 

been listed among the generally essential elements for higher plants, there have been 

reports about a role of Si in mitigating biotic and abiotic stresses (Liang et al., 1996; 

Rodrigues et al., 2003; Gong et al., 2006). Liang (1999), Yeo et al. (1999) and Gong et 

al. (2006) claimed that the addition of Si was found to reduce Na+ in shoots and roots of 

salt-stressed plants. Improvement of salt tolerance by addition of Si has been 

reported in wheat (Ahmad et al., 1992), barley (Liang et al., 1996, 2003), rice 

(Matoh et al., 1986; Yeo et al., 1999), maize (Wang et al., 2004), and cucumber 

(Zhu et al., 2004).  More importantly, Si is the sole element that has no detrimental 

effects even if it is taken up and accumulated excessively in plant tissues (Ma et al.,  

2001a). Various mechanisms have been proposed through which Si may enhance salt 

tolerance in plants. These include restricted Na+ uptake, improved water storage, 

increased photosynthesis and stimulation of antioxidant system (Wang et al., 2004; Zhu 

et al., 2004; Romero-Aranda et al., 2006). 

Keeping the above scenario in view, the present experiments have been planned 

with the following objectives: 

 To evaluate the performance of different sunflower genotypes irrigated with 

saline and/or sodic waters and selection of tolerant and sensitive genotypes. 

 To describe the effects of saline and/or sodic waters on growth, yield and 

biochemical changes in sunflower genotypes.        
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 To study the comparative role of Ca and Si in alleviating saline and/or sodic 

water effects in sunflower genotypes. 

 To investigate the roles of Ca and Si in regulation of antioxidant enzymes and 

lipid peroxidation under saline and/or sodic water in sunflower genotypes.  

 



Chapter 2                                                Review of Literature  
 

 5

Chapter 2 

REVIEW OF LITERATURE 

Pakistan is predominantly an arid and semi arid country, where numerous edaphic 

factors including soil salinity, low soil fertility, low soil organic matter contents, drought 

and poor quality underground water limit crop yields. Although changes in rainfall 

patterns due to climatic changes may increase fresh water resources in some areas; this 

increase cannot be compared to increased future demands for fresh water resources 

(Wallace, 2000). In such a resource poor environment, effective utilization of marginal 

soil and water resources is considered as an important tool for sustaining crop yield.  

Irrigation practices were started about 2500 years ago and during the last 30 years 

these progressed at an enormous rate (Postel, 1989). It is estimated that between the mid-

1960s and the mid-1980s, the area under irrigation in the world expanded substantially, 

resulting more than 50% increase in global food production (El-Ashry and Dudan, 1999). 

Almost one third of food and fiber requirements in the world are fulfilled from irrigated 

area, which occupies only 17% of the world cropland (Hillel, 2000). No doubt, on one 

hand they contributed much to the increase in world agricultural production but on the 

other hand irrigation is also a cause of increasing salinization of agricultural land and 

even destruction of agriculture in some areas (Rhoades, 1974; Van Schilfgraade, 

1984). 

To fulfill the future food and fiber needs, the ever increasing rate of population 

warrants an increase in area under agriculture. This in turn emphasizes the prerequisite of 

additional water resources to meet the requirement of ever expanding population. 

Contrary to this, water is becoming an increasingly scarce resource largely because of 

competition for fresh water among different water use sectors, causing a decreased 

allocation of freshwater for crop production (Tilman et al., 2002). This phenomenon is 

expected to continue and to intensify in arid countries especially Pakistan, which is 

moving from being a water stressed country to a water scarce country (Qadir and Oster, 

2004). 
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 So due to scarcity of good quality water, non-conventional water resources, such 

as saline and/or sodic drainage and ground water are exploited for crop production. The 

shortfall in irrigation water requirement is likely to reach 107 million acre feet by 2013 

(Ghafoor et al., 2002b). Underground water is another supplemental  source of water to 

bridge the gap between existing crop irrigation requirements of fresh water (134 million 

acre feet) and net available at the water course heads (83.87 million acre feet) (GOP, 

2002). This shortage is being fulfilled by exploiting groundwater resources, but a major 

portion of this pumped water is unfit for crop production (Latif and Baig, 2004).  

2.1 WATER QUALITY ASSESSMENT 

Water quality assessment is one of the most important factors concerning 

successful soil plant management. The types and quantities of chemicals that are applied 

to the soil through irrigation water have a dramatic influence on soil chemical/physical 

aspects and crop performance. Adequate supply of good quality irrigation is a 

prerequisite for successful agriculture production. Salinity hazards, sodium hazard, pH, 

alkalinity and presence of some specific ions are frequently described parameters on the 

basis of which different irrigation waters are classified. By far, total soluble salts, sodium 

adsorption ratio (SAR) and residual sodium carbonates (RSC) are mostly used parameters 

for irrigation water classification. These parameters may be considered separately or in 

combination. 

2.1.1 Saline water 

 The most influential water quality guideline on crop productivity is the water 

salinity hazard as measured by electrical conductivity of irrigation water (E.Ciw), which 

quantifies the amount of dissolved “salts” (or ions, charged particles) in a water sample.   

Initially this was the only criterion for water classification regarding salinity control in 

Salinity Control and Reclamation Project (SCARP) (Hameed et al., 1966). The water 

with EC up to 1.5 dS m-1 was considered as marginal and those having EC > 3 dS m-1 as 

unsafe for irrigation purpose. Similarly, in another study Sheikh (1989) developed 

guidelines for irrigation water quality and concluded that hazardous effects are visible 

when EC ≥ 3 dS m-1. Surprisingly, in 1954 EC values of waters in the range of 0.75-2.25 

dS m-1 were considered as highly saline, whereas almost 50 years later in 1992 according 
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to FAO reports water of 10-25 dS m-1 is classified as highly saline. The primary effect of 

high EC irrigation water upon crop productivity is physiological drought where by plants 

are unable to take water even water is physically present in the crop vicinity.  

2.1.2 Sodium Hazard 

Although ECiw gives a good idea about suitability of irrigation water, sodium 

hazard is quantified separately because of sodium’s specific detrimental effects on soil 

physical properties. Regarding Na+, two key water component relationships i.e. sodium 

adsorption ratio and bicarbonate/carbonate levels are frequently described. High sodium 

concentrations, especially in conjunction with high bicarbonates and relatively low 

calcium (Ca2+) and magnesium (Mg2+) levels identified in the water analysis can 

potentially cause a sodium permeability hazard. There is custom to describe sodium 

hazard as the sodium adsorption ratio (SAR). 

 This index is expressed as the proportion of Na+ to Ca2+ and Mg2+ ions in a 

sample. Ca2+ is the primary ion that stabilizes soil structure while Mg2+offers 

secondary structural stability. When excess Na+ is applied through irrigation water, 

the Na+ content builds up over time and eventually displacing Ca2+ ions that are the 

building blocks and that enhance the structural integrity of the clay fraction in the soil 

profile. This "push-and shove" relationship, which is dominated by a larger Na+ ion 

with a weaker force or charge for holding clay particles together, ultimately results in 

soil structure breakdown.  

The Na+ concentration in conjunction with the quantity and type of other salts 

in irrigation water adversely affects soil aeration and its permeability due to surface 

sealing, crusting and clay migration, leading to clogging of pores (Oster, 2004).  

Chaudhry and Rana (1975) reported that water having < 7 SAR and < 1.25 RSC could 

be used without causing any problem to soil and crops. Similarly, Gupta (1990) 

concluded that water having EC 0.2-1.5 dS m-1, SAR 5-10 (mmol L-1)1/2 and RSC up 

to 2.5 mmolc  L
-1 could safely be used on almost all types of  soils, provided that soil 

drainage and rainfall is high (650-750 mm per annum). According to Bauder et al. 

(2006) if SAR values in irrigation water are up to 9 sodium hazard will be low, from 

10 to 17 considered as medium, when SAR value is between 18 to 25 the sodium 
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hazard will be high and still higher at higher SAR values. The extent of sodic water 

effects on soil physical properties is function of many factors like soil texture, organic 

matter contents, crop type, climatic conditions, irrigation system and management 

practices. Moreover, water with low EC has greater dispersion impact than water with 

high EC provided both types of water have the same SAR. 

2.1.3 pH and alkalinity 

Water pH ranging from 6.5 to 8.4 is considered normal for most of the crops. 

High and low pHs from the aforementioned standards are considered hazardous, although 

the occurrence of latter is less frequent in irrigation water. Presence of excessive 

carbonates and bicarbonates in irrigation water render it as alkaline water. High 

carbonates cause formation of insoluble minerals from calcium and magnesium ions, 

leaving sodium as the dominant ion in the solution. So irrigation with this type of water 

could intensify sodic soil conditions. The increased sodium hazard is often calculated by 

adjusted SAR. However, the effect of water pH on altering soil pH is often short term 

because the buffering capacity of most soils is so high that many years of irrigation will 

be required before, a significant change will occur. 

2.1.4 Other Hazards 

Although chloride is an essential element for normal plant growth, it is required in 

very low amounts. High Cl- concentration above permissible level (70 ppm) may have 

detrimental effects on plants, especially in sensitive species (Bauder et al., 2006). Like 

chloride, boron is also another essential element required by plants in very low amounts, 

but toxicity may appear at higher concentrations. Its requirement is so minute that 

toxicity can occur in sensitive crops when its level in irrigation water is 1 ppm (Bauder et 

al., 2006).  

2.2 GROUND WATER QUALITY IN PAKISTAN 

Good quality irrigation water is imperative for successful crop production in a 

country like Pakistan as most of its agriculturally productive areas fall in arid and 

semiarid regions. However, in Pakistan quality of underground water is seldom 

comparable to the irrigation water supplied through canals. As mentioned earlier water 
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quality is dependent upon concentration of total soluble salts, SAR and RSC. Different 

solute concentrations in river water vary between 105-345 mg L-1 while RSC and SAR 

range between 0 to 1.2 mmolc L
-1 and 0 to 4.37 (mmol L-1)1/2 respectively (Ibrahim and 

Hussain, 1988). 

In the canal command area, about 60% of area is underlain by ground water 

having salt concentrations less than 1000 mg L-1 between 100-350 feet depth, whereas 

15% of ground water contained up to 2000 mg L-1 and remaining 25% above 2000 mg L-1 

(Ahmad and Chaudhry, 1987). The quality of groundwater also considerably depends 

upon depth and it becomes even worse with increasing depth (Gupta et al., 1999). 

The ground water is being pumped by 565,000 tube wells in Pakistan but 

unfortunately the quality of these waters varies from useable to hazardous. It is estimated 

that 70-80% of pumped underground water is hazardous for crop production due to high 

EC, SAR and/or RSC (GOP, 2004). According to Azhar et al. (2003) more than 70% 

tube wells pump water of marginal to inferior quality, which is deleterious to soil because 

of high EC, SAR and/or RSC. The majority of water samples tested have more salinity 

hazard than that of SAR and/or RSC, and this trend further intensifies as the depth of tube 

well increases (Nasim et al., 1994). Another study by Shah et al. (1992) revealed that 

ground water was approximately 23.8% fit, 7.6% marginally fit and 68.6% unfit for 

irrigation purpose. 

Average salt concentration of Punjab (well water) is 1252 mg L-1, while SAR and 

RSC are 18.39 (mmol L-1)1/2 and 3.42 mmolc L-1 respectively. According to the US 

Salinity Lab. Staff (1954) classification system, 30% of these waters were categorized as 

C3S1 (high salinity low sodium contents), 20% as C2S1 (medium salinity and low sodium 

contents) while the remaining 50% possessed other classes. Furthermore, quality of water 

deteriorated from upper to lower Sindh and it was worst in Karachi area (Chaudhry, 

1977). Similarly classes of ground water in North Western Frontier Post (NWFP) were 

C2S1, C3S1 and C4S1, thereby indicating only salinity hazard.  

Quality of SCARP tube well waters of the Indus Plain was claimed to be good 

according to WAPDA standards and 63% of waters were declared as usable (Younus, 

1977). A research report about hydro-salinity system of Punjab province revealed that 
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79.5% salts were contributed by the tube wells, while 11.3% by canals and 9.2% due to 

dry period capillary rise (Awan et al., 1992). 

Quality of underground water is also dependent upon specific area and specific 

conditions. Quite a number of researchers have reported different statistics to describe 

water quality. There are reports that 70% of existing tube wells discharge saltish water. 

According to another report, EC and SAR of 1900 tube well waters of SCARP around 

Pindibhattian district Hafizabad were within permissible limits, whereas RSC of these 

waters were fairly high with few exceptions (Lone and Beg, 1992). The Directorate of 

Soil Fertility, Department of Agriculture reported that out of 75737 water samples 

(analysed in the district laboratories of soil and water testing) about 32.4% were fit, 

12.4% marginally fit and the rest of 55.2% were unfit. The maximum values were found 

with high EC, while almost 20% of unfit samples had combined problems of EC-SAR-

RSC (Ali, 2003).  

It is axiomatic that scarcity of good quality water is a major constraint of low 

yield in Pakistan and resultantly, ground water has to be used for supplementing water 

shortage. This problem further aggravated by persistent dry spell during 1999-2000 and 

the alternative sources of irrigation water got prime importance. Unfortunately major part 

of the ground water is not directly usable for crop production and has to be managed on 

scientific basis to ensure its safe usage (Qadir et al., 2001). Therefore, a better under-

standing of the interactions among genetic traits, mechanisms determining salt tolerance, 

climatic conditions and management practices is required in order to maintain 

agricultural production within economically viable levels (Paranychianakis and 

Chartzoulakis, 2005). 

2.3 WATER SALINITY/SODICITY AND SUNFLOWER PRODUCTIVITY 

Sunflower originated in subtropical and temperate zones, but through selective 

breeding has been made highly adaptable, especially to warm temperate regions. The 

crop is adapted to a range of soil conditions, but grows best on well-drained, high water-

holding capacity soils with a near neutral pH (6.5-7.5). Although production on salinity 

stress soils is not exceptional but compares favorably with other commonly grown 
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commercial crops. Francois (1996) described sunflower to be a species moderately 

tolerant to salinity, being unaffected by soil salinity up to 4.8 dS m-1. 

Intra-specific variations for salt tolerance in crops are well documented 

(Marschner, 1995; Wahid et al., 1997; Akhtar, 2000; Ashraf et al., 2007) and sunflower 

is no exception to it. Sunflower genotypes exhibit considerable genetic diversity for 

salinity tolerance, these intra-specific variations in the salt tolerance of plants can be 

exploited successfully to tackle salinity problem along with optimum mineral nutrition 

(Ashraf and Tufail, 1995; Hu and Schmidhalter, 2005). Salinization of soils limits plant 

growth by inducing numerous physiological and biochemical changes in cells. The 

integrity of cellular membranes, the activities of various enzymes, water uptake, mineral 

distribution, sucrose synthesis and storage, photorespiration and the photosynthetic 

efficiency all are known to be prone to the toxic effects of salts (Munns 2002; Sayed, 

2003; Akhtar et al., 2003; Jamil et al., 2007). 

2.3.1    Effect of salinity/sodicity on growth and yield 

Sunflower has been ranked as moderately sensitive to salinity, although Qureshi 

and Barrett-Lennard (1998) reported that some sunflower genotypes had a 50% decrease 

in growth at salinity level (ECiw) of 19 dS m-1. This emphasizes the importance of 

screening of different crop varieties of great demand for their salt tolerance when 

exposing new crop varieties to saline environments. Wahid et al. (1999) reported that 

considerable genotypic variability in sunflower for salinity tolerance using 40, 80 and 

120 mmol NaCl L-1. Salt sensitive genotypes showed considerable reduction in yield, 

head diameter and 100 seed weight at all salinity levels. Meanwhile, there was less 

drastic effect in salt tolerant genotypes. The physiological efficiency of genotypes 

expressed in terms of relative growth rate, leaf area ratio and net assimilation rate 

revealed that the decline of these parameters appeared as a result of salt sensitivity, but 

significant genotypic differences were discernable. Ahmad et al. (2005) conducted a field 

trial on a sandy loam soil (EC 4.85 dS m-1) to evaluate the growth performance of ten 

commercially cultivated sunflower genotypes. Sunflower genotypes were significantly 

different in their biomass production, ionic accumulation and yield attributes when grown 

under saline conditions. 
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Similarly, Sharma et al. (2005) investigated the effects of conjunctive use of 

saline drainage water (ECiw = 7.2–9.8 dS m-1; SAR=8.4–13.5) and non-saline canal water 

(ECiw = 0.3–0.4; SAR= 0.6–0.8) in different modes on soil salinity build-up, growth and 

yield of sunflower. The results of field experiment indicated that pre-plant irrigation with 

saline drainage water decreased the growth and yield of sunflower significantly. 

However, the effect was not significant when non-saline water was used for pre-plant 

irrigation. Considering control yield as potential yield (100%), the mean relative achene 

yield of sunflower irrigated with only saline drainage water was 56.9%. Moreover, 

substitution of non-saline canal water for first two irrigations increased the yield to 87.2% 

while alternate irrigations in different treatments produced 65.8 to 81.9% of the potential. 

Minhas (1999) also reported the salinity limit of irrigation water for sunflower as 3.5 and 

7.2 dS m-1, for 90 and 75% relative yield. Laxman and Chimmad (2003) concluded that 

use of saline water decreased the growth and yield of sunflower. By using two levels of 

saline water 4 and 8 dS m-1 they observed no significant effect on growth parameters like 

plant height, number of leaf and stem girth of sunflower.  However reduction was more at 

juvenile stages while head diameter, dry weight and yields decreased at 8 dS m-1 water 

application.  

The effect of salinity (100 mM NaCl) and different nitrogen sources (NaNO3/ 

(NH4)2SO4) was investigated using sunflower seedlings under greenhouse conditions. 

Salinity affected the growth of leaves more than that of roots, according to the well-

known response of a decrease in shoot/root ratio in plants exposed to environmental 

stress (Rios-Gonzalez et al., 2002). Grattan and Grieve (1999) concluded that reduction 

in dry matter yield under saline environment could be attributed to inadequacy of mineral 

nutrients present in growth media or the decrease in water entry rate into the plants. 

Likewise, Kurdali and Al-Ain (2002) reported the effect of different levels of saline 

irrigation water on dry matter production of sunflower in pot culture during the first two 

weeks irrigated with non-saline water. Thereafter, different saline irrigation treatments 

(EC1=1.1, EC2= 4.03, EC3= 8.03, EC4= 12.3, and EC5=33 dS m-1) were imposed. In EC6 

treatment, plants were irrigated with gradually increased levels of water salinity at 15-day 

intervals throughout the whole experimental period, which lasted for 90 days. The total 
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dry matter production per plant was 18.6, 17.3, 16.1, 12.3, 6.0, and 15.5 g in treatments 

EC1, EC2, EC3, EC4, EC5, and EC6 respectively. 

Sunflower seedlings were grown under controlled conditions and irrigated with ½ 

strength Hoagland Solution containing three different concentrations of NaCl (0, 0.5, 1.0 

and 1.5%). The results showed that plant growth decreased proportionally with increasing 

levels of NaCl (Turhan et al., 2008). Similarly, the effects of 10 and 20% seawater 

studied in nutrient solutions in 30 day-old plants of sunflower revealed that 20% seawater 

treatment reduced shoot and root growth of sunflower significantly, while plants treated 

with 10% seawater did not show significant differences in comparison with the control 

(Baccio et al., 2004). 

Regarding changes in plant growth, relative growth rate (RGR) is an ideal index 

for evaluating seedling growth rather than absolute growth. Sunflower seedlings were 

treated under 30 different conditions of alkalinity and salinity, established by mixing 

NaCl, NaHCO3, Na2SO4, and Na2CO3, at various proportions. The treatments included a 

salt concentration range of 50-250 mM and pH values from 7.12 to 10.72. It was 

concluded that relative growth rate of a treatment with 50 mM NaCl and pH 9.41 was 

83% relative to the control, but the relative growth rate of treatment with salinity level 

equal to 250 mM but elevated pH (9.41) was reduced to 8.03%. On the other hand, the 

inhibitory effects on growth by salinity were also increased with increasing alkalinity. 

For example, at 250 mM NaCl and pH 7.25 the RGR was 51.8% relative to the control, 

whereas at the same salinity but with pH 10.46 RGR was 12.2% (Shi and Sheng, 2005). 

However, biomass production is a function of net photosynthesis which is directly 

dependent upon leaf area of stressed plant. In the salt-sensitive genotypes, which are 

unable to exclude salts effectively from the transpiration stream, salt will build up to 

toxic levels in the leaves, resulting in death and injury of leaves (Munns and James, 

2003). Consequently, leaf area will decline due to a drop in the number of green and 

healthy leaves. Leaf area of sunflower was reduced by 30% when water of 3.6 dSm-1 was 

applied to a clay soil (Katerji et al., 1996). Rawson and Munns (1984) observed a leaf 

area reduction of sunflower plants by about 50% in solution culture having EC level 

equal to 5 dS m-1. Giorio et al. (1996) also noticed the high sensitivity of leaf area 
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expansion to salinity in open fields. The build up of salts in the rhizosphere primarily 

causes injury to plant roots and their gradual accumulation in aerial parts adversely affect 

plant metabolism, synthesis of carbohydrates, proteins, nucleic acid and consequently 

growth and yield of crop is reduced (Wahid, 2004; Wahid and Ghazanfar, 2006). Field 

experimental data (Hebbara et al., 2003) indicated that mean seed yields of different 

sunflower genotypes decreased from 17.41 to15.53 quintals ha-1as salinity increased from 

4.0 to 6.0 dS m-1. The study also revealed large genetic variation amongst the studied 

sunflower genotypes in terms of yield and various physiological attributes. A similar 

negative relationship was also described previously between soil salinity and sunflower 

yield by Hebbara et al. (1992). Flagella et al. (2004) carried out a greenhouse study with 

a high oleic sunflower hybrid under two irrigation regimes (1 and 1.5 ETc) and with five 

levels of saline water (0.6, 3, 6, 9 and 12 dS m-1). Results showed that reduction in seed 

yield per unit increase in ECiw was higher for 1 ETc (7%) than for 1.5 ETc (5.8%). Oil 

yield showed a significant decrease from 38.3 to 3.4 g per head with increasing salt stress 

and a marked increase of about 50% with the higher irrigation volume. In a greenhouse 

study, Khatoon et al. (2000) reported highest seed yield (3.61 g plant-1) at salinity level of 

1.5 dS m-1 (control) while the lowest (1.64 g plant-1) was at ECe 6 dS m-1, with 54.6% 

decrease in seed yield as compared to control. Similarly, the highest 100-seed weight 

(384 g) was recorded in control plants while the lowest was obtained (2.13 g) at ECe 6 dS 

m-1, which showed 44.5% decrease over control. These results were in accordance with 

Francois (1996) who found a seed yield reduction of 5% per unit increase in ECe above 

4.8 dS m-1, in a field trial study.  

Field plot experiment conducted by Mohamedin et al. (2006) representing four 

different soil types (non saline, saline, alkaline and saline alkali) with three different 

profile depths i.e. 110, 100 and 80 cm exhibited similar findings. Results revealed that 

both soil depth and soil quality decreased significantly the growth parameters tested 

(plant height, stem diameter, number of leaves and leaf area index) as well as yield and 

its components (1000 seed weight and head diameter). The highest values of the previous 

parameters were obtained from plants grown on non- saline soil followed by saline, saline 

alkali and alkaline soils in decreasing order. Results indicated that alkalinity has more 

hazardous effects on the studied parameters of sunflower plants than salinity alone or 
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salinity and alkalinity together. The negative effects of salinity and alkalinity on plant 

were due to osmotic potential by salt in the soil solution which reduced cell water 

required from soil solution. Grieve and Poss (2005) described the effect of saline waters 

on two ornamental sunflower varieties in greenhouse sand tanks. Five salinity levels were 

imposed with electrical conductivities of 2.5, 5, 10, 15, and 20 dS m-1.  Flower diameter 

was not reduced by salinity but the length of the flowering stems declined significantly as 

salinity increased. From this greenhouse study, they concluded that moderately saline 

irrigation waters can be used in the production of ornamental sunflower, thus conserving 

significant quantities of high quality waters.  

A long-term field experiment was conducted by Choudhry et al. (2006) on a 

normal sandy loam soil to study the effect of alternating sodic water and good quality 

canal water on sunflower yield. Irrigation treatments included: irrigation with canal water 

(CW), irrigation with sodic water (SW) having residual sodium carbonate of 10 mmolc L
-

1, one or two CW irrigation(s) alternating with one or two SW in different combinations 

(CW:SW, CW:2SW, 2CW:SW, SW:CW, SW:2CW, 2SW:CW). The results proved that 

compared with CW, SW irrigation significantly reduced sunflower yield by 15-32.7% 

during the last 4 years. However, the differences were non significant in the first 2 years. 

Moreover, it was concluded that during most of the years, the sunflower yield did not 

improve significantly over SW alone treatment when irrigation cycle involved two SW 

irrigations with one CW (CW:2SW, 2SW:CW). The authors suggested that alternating 

sodic water with canal water could be considered in moderation as a practical way to 

grow sunflower in areas having sodic ground water. Chauhan et al. (2007) evaluated the 

response of sunflower to the combined use of good quality canal water (CW, ECiw 1.1 dS 

m-1, RSC nil, SAR 1.8) and alkali water (AW, ECiw 3.6 dS m-1, RSC 15.8 me L-1, SAR 

12.4) for 5 years on a well drained sandy loam soil. When averaged for 5 years, the 

relative yields (compared to CW) ranged between 61-94% and 71-81% for cyclic and 

blended waters use in sunflower, respectively. Moreover these authors reported that the 

quality of sunflower produce was also poor with AW producing smaller seeds (lower 

1000-seed weight) and lower oil content. Similarly a pot study was carried out by  Di 

Caterina et al. (2007) over two crop seasons on two sunflower hybrids, submitted to five 

salinity levels of irrigation water (0.6, 3, 6, 9 and 12 dS m-1 ). Seed weight per head, 1000 
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achene weight, and number of seeds per plant significantly decreased under salt stress in 

both hybrids. Consequently, the percent seed yield decrease was 8% per unit increase in 

electrical conductivity of irrigation water.  

2.3.2 Effect of salinity/sodicity on ionic concentration 

Plant acquisition and utilization of necessary nutrients particularly K+ and Ca2+ 

may also impair under saline conditions causing changes in ratios of K+/Na+ and 

Ca2+/Na+, thus further affecting growth and productivity of plants (Greenway and 

Munns, 1980; Zhu, 2001). Elevated Na+ content generally disrupts the nutrient balance, 

thereby causing specific ion toxicity despite disturbing osmotic regulation (Greenway and 

Munns, 1980; Grattan and Grieve, 1999). Preferential accumulation of Na+, Cl-, or both is 

known to account for salt tolerance in crop species, and specific injury due to the 

accumulation of these ions rather than osmotic stress was suggested to be the major factor 

for salt sensitivity (Grattan and Grieve, 1999; Jacoby, 1999). Recently, the significance of 

maintaining high cytosolic K+/Na+ ratio in salinity tolerance has received prime 

importance as the activities of many cytosolic enzymes is regulated by intracellular K+ 

and Na+ homeostasis, for maintaining membrane potential and a suitable osmoticum for 

cell volume regulation (Shabala and Cuin, 2007; Munns and Tester, 2008). 

Anyhow, two distinct mechanisms of salt tolerance are frequently described in 

higher plants (Greenway and Munns, 1980; Wyn Jones et al., 1984; Ashraf, 1994a; 

Flowers et al., 1997; Munns, 2002). In the first mechanism, the growth medium salinity 

causes specific ion effects on plants, and plants in turn respond by excluding toxic ions 

such as Na+ and Cl- from the leaves. Regarding the second mechanism, ions absorbed by 

cells are accumulated in the vacuoles. However, patterns of ion accumulation have been 

successfully used in discriminating between salt tolerant and salt sensitive species or 

cultivars (Wyn Jones et al., 1984; Shannon and Grieve, 1999; Munns, 2002). In 

glycophytes, where most crop plants are included, the main trait is to exclude Na+ from 

the shoot by retaining it in the root and lower stem. Although the mechanisms underlying 

this trait have not been established, shoot Na+ exclusion is well documented in many 

species, including sunflower (Ashraf and O’Leary, 1995), rice (Zhu et al., 2001) and 

wheat (Poustini and Siosemardeh, 2004).  
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The effects of salt stress (50, 100, and 150 mM NaCl) on the levels of K+/Na+ 

were studied by Mutla and Bozcuk (2005) in the leaf tissues of salt-tolerant and salt-

sensitive cultivars of sunflower. These authors reported that Na+ concentration increased 

while K+ concentration and K+/Na+ ratio decreased steadily in both cultivars with 

increasing NaCl concentrations. In the presence of salt, K+/Na+ ratio in salt-tolerant 

cultivar leaves was slightly higher than that in salt-sensitive cultivar leaves. Ashraf 

(1994) has also pointed out that high K+/Na+ ratio might be an indicator of salt-tolerant 

nature of the genotype. Salinity-induced increase in Na+ and Cl- has been previously 

reported in sunflower (Jose et al., 2005) but it seems to be temperature dependent along 

with mineral nutrients in the medium. Quintero et al. (2007) reported that high 

temperature increases the Na+ accumulation in the shoot of K starved plants, but not in 

plants with normal K status. In addition, the Na+ accumulation in the shoot was 

dependent on the water uptake in K starved plants, but not in plants with normal K status. 

Results for ion concentrations in sunflower as described by Akram et al. (2009) showed 

that salt stress increased the accumulation of Na+ with a substantial decrease in K+ and 

Ca2+. These findings suggest that plants growing under saline conditions suffer ionic 

imbalance, nutrient deficiency and specific ion toxicity (Ashraf, 1994, 2004; Munns, 

2002, 2005). 

2.3.3 Effect of salinity/sodicity on physiological aspects  

Growth of green plants is dependent on photosynthesis as it is a primary process 

in plant productivity and increasing its efficiency has long been a goal of plant research. 

However, the rate of photosynthesis varies with the changes in environmental factors, 

thereby affecting plant growth (Taiz and Zeiger, 2002). Plant performance is adversely 

affected through root zone salts accumulation as a result of water deficit and the 

disruption of ion homeostasis (Zhu, 2001; Munns, 2002). These stresses change the 

hormonal status and impair basic metabolic processes especially photosynthesis (Munns, 

2002; Loreto et al., 2003) resulting in growth and yield inhibition (Prior et al., 1992; 

Maas, 1993; Paranychianakis et al., 2004a). Suppression of the photosynthetic capacity 

of different plant species by salinity stress reported in a number of studies (Makela et al., 

1999) is attributed to lower stomatal conductance, depression in specific metabolic 
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processes in carbon uptake, inhibition in photochemical capacity, or a combination of 

these (Dubey, 1997). 

The permeability of the plasma membrane is an evident index that reflects the 

degree of stress-induced injury to plants (Surjus and Durand, 1996). Generally, plasma 

membranes are injured more seriously with intensifying stress, leading to an increase in 

the electrolyte leakage rate. Using mixed salt alkali stress, Shi and Sheng (2005) showed 

that increasing salinity in sunflower seedlings caused more serious injury on membranes 

and furthermore, given the same salinity values, the injury is more serious with 

increasing alkalinity.  

The most observable indirect effect of excessive salts on plant growth is that of 

reduced soil water availability or physiological drought. In that situation, salinity arrests 

plant growth and decreases leaf water potential because osmotic stress mechanisms 

restrain water availability at the soil level (Munns, 2002; Bartels and Sunkar, 2005). 

Sohan et al. (1999) examined the initial effects of NaCl salinity on the plant water 

relations of sunflower by treating plants with 0, 50, 100, or 150 mM of NaCl in a 

controlled-environment. Water potential decreased throughout the entire test period for 

the 50, 100, and 150 mM NaCl treatments, however, only the 100 and 150 mM 

treatments were significantly different from the control. In another study, sunflower was 

grown in tanks filled with loam and clay, and irrigated with water of three different 

salinity levels (0.9, 2.3 and 3.6 dS m-1). The predawn leaf-water potential of sunflower 

was maximum the in case of control while minimum when ECiw was 3.6 dS m-1 (Katerji 

et al., 1996). Reduced leaf water contents disrupt the normal bilayer structure and results 

in the membrane becoming exceptionally porous when desiccated. Excessive dehydration 

also results in displacement of membrane proteins, loss of membrane integrity, and 

enhanced leakage of cellular electrolytes. 

2.3.4 Effect of salinity/sodicity on biochemical aspects  

Indeed, the loss of intracellular water is a major consequence of salt stress. To 

prevent this water loss from the cell and protect the cellular proteins, plants accumulate 

many metabolites that are also known as “compatible solutes.” Moreover, salt stress 

affects plant physiology at both whole plant and cellular levels through osmotic and ionic 
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stress (Murphy and Durako, 2003). Osmotic stress is primarily due to a deficit of water 

without a direct role of sodium ions (Munns, 2002). One of the main mechanisms that 

plants use to adapt to osmotic stress is the osmotic adjustment or osmoregulation; a 

mechanism by which cells accumulate ions in the vacuole and synthesize compatible 

solutes such as sugars and amino acids in the cytoplasm (Munns, 2002; Bartels and 

Sunkar, 2005).  

In general, the accumulation of organic and inorganic solutes in the cell is one of 

main physiological responses of plants to salt stress. Proline accumulation under salt or 

drought stress is usually considered as an organic compatible osmolyte and even at supra-

optimal levels; proline does not suppress enzyme activity (Dubey, 1997). Studies indicate 

that proline has a protecting role in plant growth and productivity by reducing the 

production of free radicals and/or scavenging the free radicals (Jain et al., 2001). In 

addition, proline also regulates the accumulation of useable N, contributes to membrane 

stability (Ashraf, 1994) and mitigates the effect of NaCl on cell membrane disruption 

(Mansour, 1998). 

In view of the above, Mutla and Buzck (2005) studied the effects of salt stress 

(50, 100, and 150 mM NaCl) on proline accumulation in the leaf tissues of salt-tolerant 

and salt-sensitive sunflower cultivars. High salt concentrations (100 and 150 mM NaCl) 

caused an immediate increase in proline levels. Under these stress conditions, the proline 

level of sensitive and tolerant cultivars after 25 days was 10 and 12 times higher than that 

of control. Furthermore, it was also concluded that the salt-sensitive cultivar had a 

tendency to accumulate more proline, in contrast to the salt-tolerant cultivar at various 

salt concentrations. This finding is similar to that of Guerrier et al. (1997). Mohamedin et 

al. (2006) subsequently verified that proline contents of sunflower plants grown on 

saline, saline alkaline and alkaline soils significantly increased as compared with those 

plants grown on non-saline soil. This means that proline contents increased with rising 

salinity, the degree of increase also tended to be higher with upsurges in salinity. The 

previous results of proline contents in sunflower plants are in line with those obtained by 

Nuran and Cakirlar (2002) and Shi and Sheng (2005). So it is reasonable to believe that 

proline improves the salt tolerance by protecting the protein turnover machinery against 

stress-damage and up-regulating stress protective proteins (Mohamedin et al., 2006). 
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The decrease in chlorophyll content under salt stress is a commonly reported 

phenomenon by many researchers (Al-Sobhi et al., 2006; Turan et al., 2007). However, 

contrarily to these findings, Mohamedin et al. (2006) reported a significant increase in 

chlorophyll a and chlorophyll b when sunflower was grown on saline, saline alkaline and 

alkaline soils as compared to non-saline soils. The highest values of both chlorophyll a 

and b were found in plants grown on saline soil followed by saline alkaline, alkaline and 

non-saline soils in decreasing order. Contrary to it, Netondo et al. (2004) found that the 

chlorophyll content reduction of leaves started to occur in plants grown at 100 mM NaCl 

and higher concentrations. Robert and Robyn (1982) were also of the view that changes 

in parameters of chlorophyll fluorescence in response to salinity stress are less specific in 

case of sunflower leaves. In fact the degree of total chlorophyll reduction is dependent 

upon salt tolerance of plant species and salt concentrations. In salt-tolerant species, 

chlorophyll content increased, while in salt-sensitive species it decreased (Ashraf and 

McNeilly, 1988; Velegaleti et al., 1990). 

2.3.5   Oxidative stress 

In addition to the known osmotic stress and ion toxicity, plants face a constant 

risk from reactive oxygen species (ROS) which are inevitably generated naturally via 

numerous cell metabolic pathways (Becana et al., 2000; Kanazawa et al., 2000) including 

photosynthesis, photorespiration (Foyer and Noctor, 2000), fatty acid oxidation and 

senescence (Vitoria et al., 2001). The most important forms of ROS such as superoxide 

radical (O2
-), hydrogen peroxide (H2O2), hydroxyl radical (OH•), and singlet oxygen (1O2) 

are produced during normal aerobic metabolism when electrons from the electron 

transport chains in mitochondria and chloroplasts are leaked and react with O2 in the 

absence of other acceptors (Thompson et al., 1987). However, chloroplasts are the main 

sites responsible for the production of ROS, during photosynthesis (Asada, 2000) and 

their production is enhanced transiently or permanently under several environmental 

stresses such as drought, chilling, nutrient deficiency, and salinity (Foyer et al., 1994; 

Asada, 2000; Vranova et al., 2002).  
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2.3.5.1 Generation of reactive oxygen species 

The first step during reduction of molecular oxygen leads to the formation of 

superoxide radical (O2
-), which has an extremely short half life of about 2 to 4 μs. By 

virtue of their strong negative electrochemical potential ferridoxin and the electron 

carriers on the reducing side of photosystem I (PS-I) are the sites where formation of 

superoxide is accomplished. Superoxide radical can inactivate important metabolic 

enzymes containing Fe-S clusters and alter their catalytic activities (Halliwell, 2006). 

The next step is the dismutation of superoxide through an enzyme superoxide 

dismutase (SOD) that leads to the formation of hydrogen peroxide (H2O2), which is a 

relatively stable molecule with a 1ms half life. Because of their longer half life H2O2 is 

capable of migrating from sub cellular synthesis sites to the adjacent compartments as 

well as neighboring cells. H2O2 can inactivate enzymes by oxidizing their thiol groups but 

their real destructive properties are prominent when they interact in the presence of metal 

ions to form highly reactive hydroxyl radicals (•OH)  during Haber-Weiss reaction 

(Kehrer, 2000; Bienert et al. 2006; Halliwell, 2006). 

Hydroxyl radicals are the most reactive oxidants in the cells and interact non-

specifically with many cellular components, thereby stimulating a series of peroxidative 

reactions and causing significant damage to membranes and other essential macro-

molecules such as photosynthetic pigments, protein, nucleic acids and lipids (Lin and 

Kao, 2000; Sharma et al., 2005). 

Singlet oxygen (a non-radical ROS) is produced by spin reversal of one electron 

of the ground state triplet oxygen (3O2). Highly energized triplet-state chlorophyll 

pigments associated with electron transport chain are the primary source of singlet 

oxygen (Laloi et al., 2006). Like the hydroxyl radical, singlet oxygen is also a highly 

destructive species that can transfer its energy to other biological molecules and damage 

them, like the rapid peroxidation of polyunsaturated fatty acids (Halliwell, 2006).  
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Figure 2.1: Schematic representation of a generalized plant cell depicting major sources of ROS generation and   
    scavenging enzymes. 

2.3.5.2  Antioxidative system of plants 

A complex antioxidative defense system comprising of enzymatic and 

nonenzymatic components is present in plants to counteract the destructive oxidative 

damage of reactive oxygen species (Prochazkova et al., 2001).  Superoxide dismutases 

are the plant metalloenzymes responsible for the detoxification of the superoxide radical 

and its conversion to H2O2 (Mittler et al., 2004). Although H2O2 by itself is less 

damaging, it can form even more toxic species so its level must be monitored. In leaf 

peroxisomes at relatively higher concentrations H2O2 is scavenged by catalase (CAT) 

without any reducing power and thus provides plants with an energy efficient way. 

However, lower levels of H2O2 are eliminated from chloroplasts by ascorbate peroxidase 

(APX) along with other peroxidases (POD) with the help of various reductants like 

ascorbate and glutathione (Asada, 2006). APX, dehydroascorbate reductase (DHAR) and 

glutathione reductase (GR) are the main enzymes involved in the ascorbate-glutathione 

cycle. In the ascorbate-glutathione cycle (Halliwell-Foyer cycle) (Noctor and Foyer, 

1998) APX uses ascorbate as an electron donor to reduce H2O2 to water. The 

monodehydroascorbate (MDHA) disproportionates spontaneously to ascorbate and 
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dehydroascorbate or is regenerated to ascorbate by the NADPH dependent MDHA 

respectively. The re-reduction of dehydroascorbate to ascorbate is coupled to oxidation of 

glutathione by DHAR, which is regenerated by the NADPH dependent GR. The enzymes 

of this cycle are present in the cytosol, mitochondria, peroxisomes and in the stroma and 

thylakoid lumen of chloroplasts (Shigeoka et al., 2002). 

Regarding defense against singlet oxygen in the thylakoid membranes plants have 

evolved two strategies. The first is the regulation of the light-harvesting apparatus to 

diminish triplet chlorophyll production. The second is the rapid quenching of either 

singlet oxygen directly or indirectly preventing its formation by quenching the triplet 

chlorophyll production by membrane bound quenchers like carotenoids and tocopherols 

(Asada, 2006). Unfortunately cells do not possess any enzymatic mechanisms for the 

detoxification of highly active hydroxyl radicals and only rely on mechanisms that 

prevent their formation. These mechanisms include the preceding elimination of 

superoxide radical and H2O2 and/or sequestering metal ions that catalyze the Haber- 

Weiss reaction with specific metal binding proteins (Hintze and Theil, 2006). 

Therefore, salt-tolerant plants, in addition to being able to regulate water and ionic 

relations, should also have an efficient antioxidative system for effective removal of the 

ROS (Rout and Shaw, 2001). Several works have provided evidence for an effective 

protector role of antioxidant enzymes against oxidative stress in diverse plant species 

(Mittler, 2002; Vaidyanathan et al., 2003; Jung, 2004). The effect of salinity (100 mM 

NaCl) and different nitrogen sources (NaNO3/ (NH4)2SO4) on the activity and spatial 

distribution of antioxidative enzymes (such as SOD, GPX, and CAT) was investigated in 

sunflower seedlings by Rios-Gonzalez et al. (2002). Their results indicated that salinity-

treated plants exhibited increased antioxidant enzyme activities. Moreover, these 

activities were comparatively higher in roots than in leaves as roots are the first to sense 

salinity and constitute the first line of adaptation reactions. Contrary to these findings, the 

effects of 10 and 20% sea water studied in nutrient solutions in 30 day-old sunflower 

plants revealed that both APX and GR activities were significantly depressed at higher 

percentage of sea water. Moreover a substantial increase in GR activity was exhibited in 

the leaves of plants grown in 10% sea water (Baccio et al., 2004). However, long term 

soil salinity (ECe 5.4 and 10.6 dS m-1) imposed on salt tolerant and moderately tolerant 



Chapter 2                                                Review of Literature  
 

 24

wheat cultivars significantly increased thiobarbituric acid reactive substances (TBARS), 

SOD, CAT and GR activity in both genotypes and at all stages (Sairam et al., 2002). 

Moreover, a higher activity of SOD, CAT and GR was recorded in the tolerant cultivar 

compared with the less tolerant cultivar. Results indicated that salinity tolerance of 

tolerant cultivar as manifested by lower decrease in biomass and grain yield was 

associated with higher antioxidant activity, and lower TBARS contents. Similar findings 

were reported again by Sairum et al. (2005) by using salt tolerant and susceptible wheat 

cultivars under higher salt stress.  

Later on, Mandhania et al. (2006) investigated the effect of salt stress on 

cell membrane damage, ion content and antioxidant enzymes in wheat seedlings of 

two cultivars; salt-tolerant and salt-sensitive. Four day old seedlings were irrigated 

with 0, 50 and 100 mM NaCl. Observations recorded on the 3rd and 6th day after 

salt treatment revealed that the activities of CAT, APX and GR increased with 

increase in salt stress in both the cultivars, however, SOD activity declined. MDA 

contents were significantly increased indicating a high degree of membrane 

damage by salt stress. Similarly, the effects of salt stress on the activity of SOD, 

APX and GR enzymes studied by Stepein and Klobus, (2005) in two wheat and 

two maize varieties cleared the role of these enzymes in defense mechanism. In the 

non-saline control plants, the antioxidant enzymes activities were significantly 

higher for maize crop as compared to wheat crop. Adding salt to the nutrient 

solution significantly increased the level of SOD, APX, and GR in leaves of both 

maize and wheat. In addition, lipid peroxidation analyses indicated an increase in 

thiobarbituric acid reactive substances (TBARS) contents in both plant species 

grown under salinity that corresponded to the damage that occurred in secondary 

oxidative stress. However, as a result of greater efficiency of antioxidant defense 

in maize, the TBARS quantities remained lower as compared to wheat plants.  

 The activity of antioxidant enzymes was also reported to increase under saline 

conditions in the case of cotton (Flowers et al., 1997), shoot cultures of rice (Fadzilla et 

al., 1997), cucumber (Lechno et al., 1997), wheat shoot (Meneguzzo et al., 1999) and pea 

(Hernandez et al., 1999). In cotton, salinity led to significant increases in SOD, POD and 

GR activities in a salt tolerant cultivar but the activities remained unchanged in a salt 
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sensitive cultivar (Meloni et al., 2003). In tolerant plant species, elevated POD activity 

was found to be enabling plants to protect themselves against the oxidative stress (Scalet 

et al., 1995). Similar increases in the activities of these enzymes have been reported in 

other cotton cultivars subjected to salt stress (Rajguru et al., 1999). Effects of salt stress 

on the activity of antioxidative enzymes and lipid peroxidation were also investigated 

in the leaves of two maize cultivars by Azevedo Neto et al. (2006). They reported that 

in leaves of salt stressed plants, SOD, APX, GPX and GR activities increased with 

time when compared to the controls. The increase in enzyme activities was more 

pronounced in the salt tolerant than in the salt sensitive genotypes. Salt stress had no 

significant effect on CAT activity in the salt tolerant, but it was reduced significantly 

in the salt sensitive genotypes.    

It is thus apparent from forth going discussion that a combination of characters 

like higher antioxidant activity leading to lower oxidative stress, higher osmotic 

concentration and selective uptake of useful ions and prevention of over accumulation of 

toxic ions contribute to salinity tolerance in diverse crop species. 

2.4 STRATEGIES TO IMPROVE SALT TOLERANCE 

To improve salt tolerance in plants different approaches such as introduction of 

genes for salt tolerance into adopted genotypes, screening of large international 

collections, detailed field trials of selected genotypes, conventional and non-conventional 

breeding methods and adequate regulation of mineral nutrients have been employed 

(Munns et al., 2006). Intra-specific variations for salt tolerance in crops are frequently 

described (Marschner, 1995, Wahid et al., 1997, Akhtar, 2000; Ashraf et al., 2007) and 

have been proposed as a possible tool to tackle the problem of salinity. Greenway and 

Munns (1980) have reviewed the information in detail on the subject of intra-specific 

variations for salt tolerance in crops. Accordingly, these variations could be grouped into 

two classes: differences in relation to salt uptake and distribution and compartmentation 

within plants. Different plant types tolerate salinity to varying degrees. Interestingly, one 

group of plants, the halophytes, actually prefers salt and grows better in saline conditions. 

However, most crop species react badly to salt and grow less well in its presence. Yet 
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there are indications that a range of plants can make profitable use of saline resources that 

would otherwise be unused. 

The quantity and quality of water as well as the prevailing socio-economic 

circumstances are the prime determinants of its direct use for plant production. However, 

production of crops is an option that could be especially promising for direct use of saline 

water in water-scarce environments. The indiscriminate use of poor quality water in the 

absence of proper soil-water-crop management strategies poses severe risks to soil health 

and environment. It is therefore in the interests of water-scarce countries to stimulate the 

introduction of saline irrigated agriculture through appropriate water and soil-nutrient 

management, coupled with agronomic practices. So there is a dire need to exploit saline 

sodic waters by using appropriate amendments. There are two major approaches to 

improving and sustaining the productivity in a saline environment: modifying the 

environment to suit the plant and modifying the plant to suit the environment. Both these 

approaches have been used singly or in combination (Tyagi and Sharma, 2000). 

Regarding the first approach, optimizing the application of mineral nutrients to salinity 

challenged plants has been proposed as a possible tool to tackle this problem (Hu and 

Schmidhalter, 2005). 

2.4.1     Salinity and calcium nutrition 

The deleterious effects of salinity can be partially alleviated by external Ca2+ 

supplementation (Martinez and Lauchli, 1993; Reid and Smith, 2000; Cramer, 2002; 

Shabala et al., 2003). It is well known that calcium plays a pivotal role in regulating 

many physiological processes that influence both growth and responses to environmental 

stresses. Included among these key plant functions are water and solute movement, cell 

division and cell-wall synthesis, direct or signaling roles in systems involved in plant 

defense and repair of damage from biotic and abiotic stresses, and rates of respiratory 

metabolism and translocation (McLaughlin and Wimmer, 1999). Instead, the ameliorative 

effects of Ca2+ on sodium toxicity in plants have received considerable attention since as 

far back as 1902 (Kearney and Cameron,1902), the research on Na+/Ca2+ interactions 

under salinity stress from a physiological perspective have gained prime importance 

recently (Cramer, 2002).  
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Physiologically, growth is considered as interplay of different kinds and levels of 

salts applied in the root medium. No doubt, the excess of Ca ion in the medium causes 

retardation in the growth whereas in the saline medium when sodium ion is in excess, the 

abundance of Ca ion is required to check the toxic activities of Na ion. Ebert et al. (2002) 

also concluded that cation relations in the shoot tissue such as Ca2+/Na+ have possessed a 

strong influence on salt tolerance than absolute sodium levels. The presence of higher 

level of Ca2+ induced signals and the concentration difference across the plasma 

membrane results in a very steep electrochemical gradient in favor of Ca2+ influx. Salt 

tolerance is also associated with preferential accumulation of K+ against high Na+ (Zaman 

et al., 2002a), and Ca2+ is known to improve K+ selectivity (Cramer et al., 1985). 

 Calcium deficiency, in general, can impair the selectivity and the integrity of the 

cell membrane and permit the passive accumulation of Na+ in plant tissues thus inhibiting 

plant growth as well as causing significant changes in morphology and anatomy (Cramer, 

1992). Ca2+ availability could be seriously hampered under salinity, especially at low 

Ca2+/Na+ ratios, because Na+ readily displaces Ca2+ from its extracellular binding sites 

(Cramer et al., 1988). 

For instance, supplemental Ca2+ in the growth medium increased the relative 

growth rate of barley under saline conditions (Cramer et al., 1990). Similarly, a study by 

Hu and Schmidhalter (1997) showed that although salinity significantly reduced the Ca2+ 

accumulation in wheat leaves, an increase in the Ca2+ concentration in the nutrient 

solution enhanced Ca2+ accumulation. Supplemental Ca2+ has also been reported to 

alleviate the adverse effects of salt stress on the germination and vegetative growth of 

bean (Awada et al., 1995). The relationship between salt resistance and Ca2+ 

accumulation among different plant species was investigated by Unno et al. (2002) using 

salt-tolerant maize and squash and salt sensitive reed canarygrass and cucumber. The 

distribution of Ca2+ in the shoots decreased greatly in the salt-sensitive plants under salt 

stress, suggesting that the ability of plants to retain Ca2+ is associated with their salt 

resistance. Ashraf and Naqvi (1992) reported that supplemental Ca2+ in the presence of 

salinity improved the growth of Brassica juncea and Brassica napus, but not of Brassica 

carinata and Brassica rapa, thereby demonstrating genotypic differences to the addition 

of Ca2+ in plant-growth responses. Calcium was also the only ion for which the change in 
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concentration was highly correlated with the relative salt resistance of six Brassica 

species (He and Cramer, 1992). In recent years, intracellular Ca2+ has been found to 

regulate the responses of the plant to drought and salinity and has also been implicated in 

the transduction of drought and salt stress signals in plants, which play an essential role in 

osmoregulation under these conditions (Bartels and Sunkar, 2005).  

In order to investigate the effect of calcium sulfate, three vegetative rootstocks of 

plum plants were grown under salt stress by Ibrahim et al. (2006). Treatments were 0 

mM NaCl (control), 40 mM NaCl; 40 mM NaCl +2.5 mM Ca and 40 mM NaCl + 5 mM 

Ca. Plants grown under 40 mM NaCl produced less dry matter and had lower chlorophyll 

content than those without NaCl. Supplementary CaSO4 at both 2.5 and 5 mM 

concentrations ameliorated the negative effects of salinity on plant dry matter and 

chlorophyll contents. Moreover, the addition of calcium sulfate partially maintained 

membrane permeability, impaired by salt stress.  A study was conducted by Zaman et al. 

(2005) to investigate the response of wheat plants to sodium and calcium interaction 

under saline environment. Under saline conditions shoot showed positive response to 

sodium ion in the presence of higher calcium. In the presence of 50 mM NaCl, fresh 

weight decreased by 2% with the application of 3 mM Ca while it increased by 102 % 

with 6 mM Ca. Similarly, in the presence of 50 mM NaCl, fresh weight of roots increased 

by 73 and 125% with application of 3 mM and 6 mM Ca respectively. In an other study 

by Safdar et al. (2003), twenty-days old rice seedlings were subjected to 0, 100 and 150 

mol m-3 NaCl concentration with or without supplemental Ca (5 mol m-3). Additional Ca 

significantly enhanced growth of stressed plants, particularly at high salinity levels. 

Furthermore, supplemental Ca decreased the detrimental effects of NaCl not only by 

reducing Na+ uptake and its translocation to shoots but also by the enhancement of 

proline accumulation in root tissues. It is well known that under salt stress supplemental 

calcium maintains the stability, integrity and function of plasma membrane and tonoplast 

to internally distribute ions at the level compatible with the requirements of plant 

metabolic processes (Nakamura et al., 1992; Colmer et al., 1994; Ballesteros et al., 1997 

and Lin et al., 1997).  

Growth and ionic concentration of alfalfa seedlings in response to interactive 

effects of different concentrations of Na+ (10, 50, 100 and 200 mol m-3) and Ca2+ (0, 5 
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and 10 mM) in growth media were studied by Al-Khatib (2006). Dried weights of roots, 

stems and leaves were significantly declined with increasing NaCl concentration; 

however, Ca2+ supplementation to the growth media alleviated the deteriorative effects of 

salinity. Moreover, K/Na and Ca/Na ratios were substantially decreased with increasing 

NaCl, but Ca nutrition had clearly altered the ratios to a positive increasing trend. These 

findings were consistent with the results obtained by other researchers (Reid and Smith, 

2000; Bonilla et al., 2004). Shabala et al. (2003) reported that supplemental Ca2+ 

significantly ameliorated the detrimental effects of salinity on the growth and root 

nutrient acquisition of hydroponically grown barley plants. The shoot length of plants 

grown in a saline environment (100 mM NaCl) at a high (10 mM) Ca2+ level was not 

significantly different from control plants. However, it was unclear whether the 

ameliorative effect of Ca2+ on shoot growth was merely a consequence of better root 

performance, or whether there is a specific effect of Ca2+ on the physiological processes 

in the leaf tissues, in particular on photosynthesis. By contrast, Sohan et al. (1999) 

examined the initial effects of NaCl salinity on the plant-water relations of sunflower 

(Helianthus annuus L.) and the potential of calcium supplements to ameliorate those 

effects. It was reported that short-term NaCl stress decreased stomatal conductance, root 

hydraulic conductance and produced more negative water potential in sunflower plants 

and calcium supplements of 10 mM do not ameliorate these short term effects. 

2.4.2   Salinity Stress and silicon nutrition 

Silicon is the second most prevalent element in the soil and is accumulated in 

plants at a level equivalent to that of macronutrient elements such as calcium, magnesium 

and phosphorus (Epstein, 1999). All plants growing in soils take up Si, but plants differ in 

their ability to accumulate Si, ranging from 10 g kg-1 to 100 g kg-1 Si on a dry weight 

basis (Ma and Takahashi, 2002). On the basis of Si content of the plant tops, plants are 

classified into Si accumulator, intermediate-type and excluder species (Jones and 

Handreck, 1967; Takahashi et al., 1990). The difference in Si content in plants is 

attributed to the different mechanisms involved in Si uptake by the roots. Three modes of 

Si uptake (active, passive and rejective) have been suggested for the corresponding Si 

accumulator, intermediate-type and excluder plants, respectively (Takahashi et al., 1990). 

In sunflower both active and passive Si-uptake components co-exist with their relative 
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contribution being dependent much upon external Si concentrations (Liang et al., 2006). 

 Despite its higher accumulation in plants, Si has not been listed among the 

essential elements for higher plants according to Arnon and Stout (1939) criteria and also 

direct evidence is still lacking that it is a part of plant constituents or enzymes (Epstein, 

1999; Liang, 1999). However, beneficial effects of Si in enhancing the tolerance of plants 

to biotic and abiotic stresses in several crops are numerous, and its relevance to 

agriculture have been widely described (Datnoff et al., 2001; Ma, 2004).Plants absorb Si 

from the soil solution in the form of monosilicic acid also called orthosilicic acid 

[Si(OH)4], an uncharged monomeric molecule, when the solution pH is below 9 (Ma et 

al., 2006). Therefore, although silicon is plentiful in soil, most sources of silicon are 

insoluble and are not in a plant-available form (Richmond and Sussman, 2003). 

Matoh et al. (1986) demonstrated that shoot and root growth was severely 

repressed in rice grown at 100 mM NaCl but addition of Si at 0.89 mM significantly 

ameliorated plant growth. Ahmad et al. (1992) and Bradbury and Ahmad (1990) 

concluded that salt tolerance of wheat and mesquite could be markedly enhanced by the 

addition of small amounts of soluble silicon. According to Liang et al. (1996), salinity 

tolerance of hydroponically grown barley was significantly increased by added silicon. 

the permeability of the plasma membrane in leaf cells was decreased upon Si addition 

(Liang et al., 1996; Liang, 1999), and Si supplementation significantly improved the 

ultra-structure of chloroplasts which were badly damaged by the added NaCl with the 

double membranes disappearing and the grannae being disintegrated in the absence of Si 

(Liang, 1998). 

Durum wheat and bread wheat were grown by Tuna et al. (2008) in a complete 

nutrient solution to investigate effect of silicon under salt stress. There were two levels of 

NaCl in nutrient solution, 0 and 100 mM, and two levels of silicon (Si) in nutrient 

solution, 0.25 and 0.50 mM, as Na2SiO3. The plants grown at 100 mM NaCl produced 

less dry matter and chlorophyll content than those without NaCl. Supplementary Si at 

both 0.25 and 0.5 mM ameliorated the negative effects of salinity on plant dry matter and 

chlorophyll content. Membrane permeability and proline content in leaves increased with 

addition of 100 mM NaCl and these increases were decreased with Si treatments. 
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Moreover, sodium concentration in plant tissues increased in both leaves and roots of 

plants in the high NaCl treatment and Si treatments lowered significantly the 

concentrations of Na in both leaves and roots. The inclusion of 1 mM of Si in the 

salinized nutrient solution mitigated the salinity-associated inhibition of both growth and 

yield of zucchini squash (Savvas et al., 2009). Similar findings were reported by 

Kamenidou et al. (2009) that Si application significantly improved growth of salt stress 

zinnia plants. Likewise, Reezi et al. (2009) demonstrated that application of silicon under 

salt stress indicated beneficial effects on growth and quality of hydroponically-produced 

roses at least by partially decreasing MDA contents.  

As discussed earlier, plants possess antioxidant defense systems, comprised of 

enzymatic and non-enzymatic components, to optimize ROS balance within the cell. For 

this purpose, they use a diverse array of enzymes like SOD, CAT and POD as well as low 

molecular mass antioxidants like ascorbate and reduced glutathione (GSH) to scavenge 

different types of ROS. Silicon is also known to increase leaf and root SOD, POD, CAT 

and GR activities and the GSH concentration. Moreover, it suppressed the MDA 

concentration in barley under salt stress and stimulated root Hþ-ATPase and Hþ- PPase 

activity in the plasma membranes and tonoplasts and mediated membrane fluidity. So it is 

reasonable to suggest that Si may affect the structure, integrity and functions of plasma 

membranes by influencing the stress-dependent peroxidation of membrane lipids (Liang 

et al., 1996, 2003, 2005c, 2006; Liang, 1999). The hypothesis formulated by Liang et al. 

(2003) that Si decreased lipid peroxidation in salt-stressed plants via enhancing 

antioxidant enzyme activity and non-enzymatic antioxidants was also supported in further 

experiments with cucumber (Zhu et al., 2004) and tomato (Al-Aghabary et al., 2004). 

They concluded that compared with the plants treated with salt alone, added Si significantly 

decreased TBARS content, and significantly enhanced the activities of SOD, GPX, APX, 

DHAR and GR in salt-stressed plants. Moreover Si effect was time-dependent and became 

stronger after 10 days as compared to 5 days.  

Contents of MDA can serve as an indicator of the rate of oxidative processes in cells 

under salt stress (Shakirova, 2007). MDA concentration was significantly decreased with 

Si application in spinach subjected to combined salinity and boron toxicity presumably 

due to the increase in CAT activity (Gunes et al., 2007a). Gunes et al. (2008a) also 
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described the possible role of Si in sunflower cultivars subjected to drought stress. It was 

reported that in general, H2O2, proline, and MDA content were increased in all the 

cultivars under drought stress. However, application of Si decreased their levels and 

alleviated membrane damage significantly by increasing leaf relative water contents. The 

CAT activity was significantly decreased by drought stress, but supplemental Si 

increased it. However, SOD and APX activities of the cultivars were increased by 

drought and decreased by Si application. The nonenzymatic antioxidant activity of the 

cultivars also increased significantly by Si application under drought stress. Over all, it 

was concluded that applied Si alleviates drought stress in sunflower cultivars by 

preventing membrane damage, although the cultivars showed genotypic variation in 

response to applied Si. 

In conclusion, scarcity of good quality water resources is compelling farmers to 

use water of marginal quality and even saline groundwater, causing considerable yield 

reduction. However, yield losses can be minimized by selection of crop/genotype along 

with adequate mineral nutrition particularly, Ca and Si. Oxidative damage initiated by 

ROS is mitigated by Si supplementation in different crop species under various abiotic 

stresses, including salinity stress. To our knowledge, there is currently no information 

available about antioxidant mechanisms and membrane damage in terms of lipid 

peroxidation level in sunflower in response to exogenous Ca and Si application under the 

individual and combined saline and sodic water conditions. Hence, in the present research 

work combined and individual effects of saline and sodic water were investigated in the 

presence or absence of Si and Ca on growth and yield responses, antioxidative enzymes 

activities, proline accumulation, lipid peroxidation and ionic concentration of sunflower 

genotypes differing in salinity tolerance. The ultimate objective was to provide a basis for 

developing strategies for reducing the risks associated with saline and/or sodic irrigation 

and improving sunflower yield. 
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Chapter 3 

MATERIALS AND METHODS 

 The research work presented in this manuscript was conducted to evaluate the 

performance of sunflower genotypes using different saline and/or sodic waters in the wire 

house and glass house. 

3.1 GROWTH CONDITIONS AND EXPERIMENTAL TECHNIQUES 

3.1.1 EXPERIMENTAL SITES 

 Solution and pot culture studies regarding physiological and yield attributes were 

conducted in the wire house of Saline Agriculture Research Centre, Institute of Soil and 

Environmental Sciences, University of Agriculture, Faisalabad under natural conditions 

during the period 2006-2008. The wire house has a glass roof with no control over 

temperature, humidity and light as the sides are open having only a wire net to control 

birds. During the experimental period, day and night temperatures in the wire house were 

30±5 oC and 20±5 oC, respectively and average relative humidity was 40±7%. For 

biochemical determinations and enzymatic essays, experiments were conducted in a 

glasshouse at Zhejiang Forestry University, China in 2009. Day and night temperatures in 

the glasshouse (Zhejiang Forestry University, China) were 20±3 oC and 15±3 oC, 

respectively and average relative humidity was 60±5%. Light intensity varied between 

600 and 1400 µmol photon m2s-1 depending upon day and cloud conditions during the 

growth period. 

3.2 SEED SOURCE 

 Sunflower genotype seeds (FH-259, FH-333, FH-106, FH-332, FH-260, FH-37, 

SF-187, S-278, Hysun-38 and Hysun-33) were collected from Punjab Oil Development 

Board, Ayub Agricultural Research Institute, Faisalabad. Genotypes SF-187 and S-278 

were hybrid and belonged to seed company Monsanto, USA while Hysun-38 and 

Hysun-33 were the hybrid products of Imperial Chemical Industries, Pakistan.  

3.3       EXPERIMETAL DETAILS  

To investigate the effect of saline and/or sodic waters on growth, ionic 

concentration and biochemical changes in sunflower, a series of solution culture and pot 
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experiments were conducted. Initially, 10 sunflower genotypes were grown for 30 days in 

hydroponics using five levels of saline and/or sodic water. The objective of first study 

was to evaluate relative salt tolerance of various sunflower genotypes under saline and/or 

sodic water application. Subsequently, two genotypes (one tolerant and other sensitive) 

were selected for pot culture study. The objective of this study was to evaluate growth 

and yield responses of salt tolerant and salt sensitive genotypes under saline and/or sodic 

water irrigation in soil culture. In the next two pot studies, Ca and Si were applied to 

investigate the influence of supplemental Ca and Si on physiological and ionic 

parameters along with yield and yield components in the selected sunflower genotypes 

under saline and/or sodic water irrigation. In order to investigate the roles of Ca and Si in 

regulating antioxidant defense mechanism under salt stress, 5th study was conducted at 

Zhejiang Forestry University, China. Same sunflower genotypes were grown in solution 

culture, salinized with 100 mM NaCl and using 1 mM Si and 5 mM Ca. Finally, these 

genotypes were grown in a pot culture and irrigated with saline sodic water to verify the 

roles Ca and Si in regulation of antioxidant enzymes and lipid peroxiation level.  

Table 3.1:    A brief description of all experiments and the parameters monitored in 
each experiment. 

 
       Experiments conducted         Parameters monitored 

Study 1 Solution culture study 

This study was carried out in a wire house 

during spring season. Ten sunflower 

genotypes were grown in nutrient solution 

using saline and/or sodic water for the 

selection of salt sensitive and salt tolerant 

genotypes.   

Root/shoot length, root/shoot fresh weight 

and K+/Na+ in plant samples were 

determined by the described methods. 

Plants were harvested after 30 days of 

transplantation.  

 

Study 2 Pot culture study 

This study was also carried out in a wire 

house in soil culture with three replications. 

Two selected genotypes (one tolerant and 

other sensitive) from the 1st study on the basis 

 

Shoot fresh and dry weights, relative growth 

rate, leaf area, leaf ionic concentrations like 

Na+, K+, K+:Na+ ratio, relative water content 

and membrane stability index were taken at 
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of plant growth parameters and leaf ionic 

concentrations were used in this study.  The 

objective was to verify the response of 

selected genotypes in soil culture under saline 

and/or sodic irrigation.  

the onset of flowering (50 days after treatment 

application). At maturity (90 days after 

treatment application) plants were harvested 

for achene yield determination.   

Studies 3 and 4 Pot culture studies 

These studies were also carried out in a wire 

house in order to determine ameliorating 

effect of Ca and Si under saline and/or sodic 

water irrigation. Irrigation water treatments 

and genotypes were same as in study 2.  

 

 

Shoot dry weight, relative growth rate, leaf 

area, leaf ionic concentrations like Na+, K+, 

K+:Na+ ratio, water potential, relative water 

contents, membrane stability index, proline 

contents at the onset of flowering (50 days 

after treatment application). While yield and 

yield attributes were determined at maturity 

(90 days after treatment application). 

Study 5 Solution culture study 

This experiment was conducted at Zhejiang 

forestry university, China to investigate the 

effects of Ca (5 mM) and Si (1 mM) on 

antioxidant enzymes in selected genotypes 

under 100 mM NaCl stress in hydroponics 

with three replications.  

 

The youngest fully expanded leaves were 

sampled after 7 and 14 days of the treatment 

to determine lipid peroxidation level (TBARS 

content) and activities of antioxidant enzymes. 

The plants were harvested after two weeks of 

salt treatment for dry mass production and 

ionic analysis.  

Study 6 Pot culture study 

This pot experiment was also conducted at 

Zhejiang forestry university, China to 

investigate the effect of Ca and Si on 

antioxidant enzymes in selected sunflower 

genotypes under saline sodic water, with three 

replications.  

 
The youngest fully expanded leaves were also 

sampled after 3 weeks of the treatment to 

determine lipid peroxidation level (TBARS 

content) and activities of antioxidant enzymes. 

The plants were subsequently harvested for 

dry mass production and ionic analysis.  
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3.3.1  Solution culture experiments (Studies 1 and 5) 

3.3.1.1  Raising of nursery and experimental procedure 

  Healthy seeds were sown in trays (60 cm × 45 cm × 5 cm) having 5 cm layer of 

pre washed river sand. Distilled water was used to maintain optimum moisture for 

germination and seedling establishment. At the two leaf stage, the seedlings were 

transplanted in foam plugged holes in polystyrene sheets floating on half strength 

Hoagland's nutrient solution (Hoagland and Arnon, 1950) in 200 L capacity iron tubs 

lined with polyethylene sheet. Five levels of synthetic saline and/or sodic water were 

developed in nutrient solution. Aeration was given with air pump for 8 hours a day. 

Seedlings were arranged according to Completely Randomized Design (CRD) factorial 

arrangement with four replications. Nutrient solution pH was monitored and maintained 

daily at 6 to 6.5 by using NaOH and/or HCl and nutrient solution was changed after 15 

days. After 30 days plants were harvested manually and different parameters were 

recorded while plant leaves were stored in Eppendorf tubes in the freezer for the 

determination of Na+ and K+.  

 Study 5 was conducted in a glasshouse at Zhejiang Forestry University, China. 

Sunflower seeds were sown in vermiculite and distilled water was used to maintain 

optimum moisture for germination and seedling establishment. At the two leaf stage, the 

seedlings (three replication per treatment) were transplanted into foam plugged holes in 

polystyrene sheets floating on 10 L plastic tubs containing aerated half strength 

Hoagland's nutrient solution. Salinity (100 mM NaCl) was developed in selected tubs 

by adding NaCl in three splits, starting two days after seedling transplanting. The 

nutrient solutions were changed every 5 days. Calcium and silicon treatments were started 

by adding calcium sulphate (CaSO4.2H2O) and potassium silicate (K2 SiO3 ) immediately 

after seedlings were transplanted to the culture solution. Extra potassium was balanced by 

adding potassium sulphate to respective tubs. The youngest fully expanded leaves were 

sampled after 7 and 14 days of salt application to determine lipid peroxidation level and 

activities of antioxidant enzymes. The plants were harvested after two weeks of salt 

treatment for dry mass production and ionic analysis. For ionic determination the dried 

samples were digested in a mixture of 38.1 % H2SO4 (m/v) and 3 % H2O2 (v/v), and the 
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concentrations of K+ and Na+ were determined with atomic absorption spectrometry 

(Shimadzu AA-6300, Tokyo, Japan). 

3.3.1.2 Preparation of saline and/or sodic waters 

1.         Control  

2. EC-SAR-RSC (10.0 dS m-1,8.0 (mmol L-1)1/2, nil) 

3. EC-SAR-RSC (1.5 dS m-1, 20.0 (mmol L-1)1/2, nil)  

4. EC-SAR-RSC (1.5 dS m-1, 8.0 (mmol L-1)1/2, 5.4 mmolc L
-1)  

5. EC-SAR-RSC (10.0 dS m-1, 20.0 (mmol L-1)1/2, 5.4 mmolc L
-1)  

3.3.1.3 Salts used for saline and/or sodic waters 

 The following salts were used to develop saline and/or sodic water in laboratory 

for use in solution culture experiments.  

1. Na2SO4 

2. CaCl2.2H2O 

3. MgSO4.7H2O 

4. NaHCO3 

3.3.1.4  Methodology for saline and/or sodic waters  

 Quantity of different salts was calculated using a quadratic equation (Abid, 2002) 

for developing the required levels of EC, SAR and RSC in distilled water. The quadratic 

formula uses the "a", "b" and "c" from "ax2 + bx + c", where "a", "b" and "c" are the 

"numerical coefficients". The equation is derived from the process of completing the 

square, and is formally stated as: ax2 + bx + c = 0, the value of x is given by:                                                     

              

Concentration of cations and anions in different waters is summarized in Table 3.2, while 

in Table 3.3 the amounts of used salts are given. 
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Table 3.2: Quality of different waters used for solution culture study. 

Characteristic Unit 
T1 
(Distilled 
water) 

T2 
(Saline 
water) 

T3 
(Sodic 
water) 

T4 
(Alkaline 
water) 

T5 
(Saline –
sodic water) 

EC 
dS m-1 
 

- 10.00 1.50 1.50 10.00 

Ca2+ + Mg2+ 
mmolc L

-1 
 

- 57.21 0.98 3.87 26.79 

Na+ 
mmolc L

-1 
 

- 42.79 14.02 11.13 73.21 

HCO3- 
mmolc L

-1 
 

- 42.79 0.98 9.27 32.19 

Cl- 
mmolc L

-1 
 

- 45.76 0.78 3.10 21.43 

SO4
2- 

mmolc L
-1 

 
- 11.45 13.24 2.63 46.38 

SAR 
(mmol L-1)1/2 
 

- 8.00 20.00 8.00 20.00 

RSC 
mmolc L

-1 
 

- - - 5.40 5.40 

 
Table 3.3: Amount of different salts (g L-1) for saline and/or sodic water treatments. 

 

3.4      POT CULTURE EXPERIMENTS (2, 3, 4 and 6) 

  Surface soil (0-15 cm) in bulk was collected from an agricultural field and 

analysed for textural class, ECe, pH, SAR and Si contents (Table 3.4). The soil 

was air dried, ground, passed through 5 mm sieve and thoroughly mixed. Glazed 

pots, with 45 cm height and 28 cm diameters were filled with this soil @ 12 kg per 

pot. Recommended dose of NPK (100-75-50 kg ha-1) was applied for sunflower in 

each pot. Urea, diammonium phosphate and sulphate of potash (SOP) were used as 

the sources of the N, P and K respectively. Half of the N and all P and K were 

applied at the time of sowing while the remaining N was added in two equal doses 

Treatments NaHCO3 Na2SO4 CaCl2.2H2O MgSO4.7H2O             

T1 - - - - 

T2 3.59 - 3.36 1.40 

T3 0.08 0.92 0.05 0.02 

T4 0.77 0.13 0.22 0.09 

T5 2.70 2.91 1.57 0.65 
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subsequently. Based on the results of the solution culture experiment, two sunflower 

genotypes; Hysun-33 (salt sensitive) and SF-187 (salt tolerant) were selected for the pot 

study. Six seeds of each genotype were sown per pot and after germination thinning was 

done and three plants of each genotype were kept for further observations. All pots were 

irrigated with distilled water for two weeks, after which saline and/or sodic 

irrigation was initiated. Experiment was laid out in a Completely Randomized 

Design (CRD) in factorial arrangements with three replications. Pots were 

irrigated according to crop requirement with respective saline and/or sodic water 

while control plants were irrigated with distilled water throughout growth period. 

Readings regarding area of green leaves, membrane stability index, water 

potential, relative water contents, proline, and ionic analysis were recorded at flower 

initiation while head size, 100 seed weight and yield per plant were taken at harvest. Leaf 

area meter was used for measuring the leaf area while K+ and Na+ concentrations were 

determined by flame photometer (Sherwood Flame Photometer, Model-410, Sherwood 

Scientific, Ltd. Cambridge, UK) from the first fully expanded leaf sap.  

 For study 6 (conducted at Zhejiang Forestry University, China), Panda Peat was 

used instead of soil. Calcium and silicon treatments were applied by adding calcium 

sulphate (CaSO4.2H2O) and potassium silicate (K2 SiO3 ) to the respective pots. The 

youngest fully expanded leaves were sampled after 3 weeks of saline sodic water 

application to determine lipid peroxidation level and activities of antioxidant enzymes. 

Experiment was laid out in a Completely Randomized Design (CRD) in factorial 

arrangements with three replications. The plants were harvested after 3 weeks of salt 

treatment for dry mass production and ionic analysis. For ionic determination, the dried 

samples were digested in a mixture of 38.1 % H2SO4 (m/v) and 3 % H2O2 (v/v), and the 

concentrations of K+ and Na+, were determined with atomic absorption spectrometry 

(Shimadzu AA-6300, Tokyo, Japan). 
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Table 3.4: Properties of soil used in the pot culture studies. 

Property Unit Values 

Sand  (%) 53.15 

Silt     ~ 25.21 

Clay    ~ 21.64 

Textural Class   Sandy Clay Loam 

Soil Paste pH   7.74 

ECe  dS m-1 1.13 

Organic matter % 0.80 

Available Si  (mg/kg soil) 29.00 

Total Si  (mg/kg soil) 221.00 

3.4.1   Treatments for pot experiments  

 In soil culture experiments, the treatments used are presented in Table 3.5. The 

amounts of different salts per liter were calculated with the help of a quadratic equation 

(Table 3.6). 

Table 3.5: Quality of different waters used for pot culture studies. 

Characteristic 
 

Unit 
Treatments 

T1 

(Distilled water) 
T2 

(Saline water) 
T3 

(Sodic water) 
T4 

(Alkaline water) 
T5 

(Saline –sodic water) 

EC dS m-1 - 8.00 1.50 1.50 8.00 

Ca2+ + Mg2+ mmolc L
-1 - 43.00 1.43 3.87 24.25 

Na+ mmolc L
-1 - 37.00 13.57 11.13 55.75 

HCO3
- mmolc L

-1 - 37.00 1.44 7.87 28.25 

Cl- mmolc L
-1 - 34.40 1.15 3.10 19.40 

SO4
-2 mmolc L

-1 - 8.60 12.41 4.03 32.35 

SAR (mmol L-1)1/2 - 8.00 16.00 8.00 16.00 

RSC mmolc L
-1 - - - 4.00 4.00 
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Table 3.6: Amount of different salts (g L-1) for saline and/or sodic water treatment. 
Treatments NaHCO3 Na2SO4 CaCl2.2H2O MgSO4.7H2O 

T1 - - - - 

T2 3.10 - 2.52 1.05 

T3 0.12 0.86 0.08 0.03 

T4 0.66 0.23 0.23 0.09 

T5 2.37 1.95 1.42 0.60 

 

3.5    PLANT ANALYSIS  

3.5.1 Plant sample collection 

 In solution culture experiment (Study 1), the youngest fully expanded leaves of 

sunflower plants were detached at harvesting, quickly rinsed in distilled water, blotted 

with tissue paper and stored in separate Eppendorf tubes at freezing temperature for leaf 

sap extraction to determine Na+ and K+. In soil culture experiments, the representative 

leaves were collected just before flowering, and stored in the same way as described 

above for determination of Na+ and K+ (Gorham et al., 1984).  

3.5.2  Leaf sap extraction 

 Frozen leaf samples were thawed and crushed using a stainless steel rod with 

tapered end. The sap was collected in eppendorf tubes by Gilson pipette and centrifuged 

at 6500 rpm for 8-10 minutes. The supernatant sap was taken in new eppendorf tubes and 

was stored in the refrigerator for the determination of Na+ and K+ (Gorham et al., 1984). 

3.5.3    Determination of Na+ and K+ 

 The leaf sap was diluted as required by adding distilled water and sodium and 

potassium was determined using Sherwood 410 Flame photometer with the help of self 

prepared standard solutions using reagent grade salts of NaCl and KCl.  

3.6       DETERMINATION OF Ca2+ 

 A 0.5 g portion of ground shoot samples was digested with di-acid mixture of 

HNO3 and HClO4 (3:1) for Ca2+ analysis (Yoshida et al., 1976) using atomic absorption 

spectroscopy (PERKIN ELMER, AAnalyst 100).  

3.7 DETERMINATION OF Si4+ 

 For Si estimation, 0.1 g ground shoot samples were digested with 2 ml 50% H2O2 

and 4 ml 50% NaOH for 2 hours at 150 ºC. Silicon was estimated by molybdatevanadate 
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blue color method using UV spectrophotometer (Spectron 100, Shimadzu, Japan) at 650 

nm (Elliott and Snyder, 1991). 

3.8      PHYSIOLOGICAL ATTRIBUTES   

3.8.1   Measurement of water potential 

The first fully expanded leaf was excised to determine the leaf water potential 

(studies 3 and 4) with Scholander type pressure chamber (Scholander et al., 1965).  

3.8.2 Measurement of relative water content 

For relative water content (RWC) determination, leaf samples were weighed (0.4-

0.6 g) as fresh weight (FW) immediately after harvesting. The samples were then floated 

on distilled water for 4 hours. The turgid leaves were blotted rapidly to remove surface 

adhered water drops and then weighed to obtain turgid weight (TW). The leaves were 

then dried at 65±5 ºC for 48 hours and dried weight was obtained. The RWC were 

calculated on the basis of formula described by Weatherley (1950). 

RWC = [(FW-DW)/(TW-DW)] x 100 

3.8.3 Measurement of membrane stability index 

Leaf membrane stability index (MSI) was determined according to the method of 

Premechandra et al. (1990), as modified by Sairam (1994). Leaf pieces weighing 0.2-0.3 

g were taken in test tubes containing distilled water in two sets. Test tubes in one set were 

kept in water at 40ºC for 30 minutes and electrical conductivity of the water containing 

samples were measured (C1) using a conductivity meter. Test tubes in the other set were 

incubated at 100ºC in the boiling water for 15 minutes and their electrical conductivity 

was also measured as above (C2). MSI was calculated by using the formula as given 

below: 

MSI = [1-C1/C2] x 100 

 3.9     GROWTH PARAMETERS 

 The following morphological and growth parameters were recorded from 

different studies that are usually affected by salinity. 

1. Plant height      (cm) 
2. Root length      (cm) 
3. Shoot fresh weight    (g plant-1) 
4. Root fresh weight      (g plant-1) 
5. Shoot dry weight        (g plant-1) 
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6. Root dry weight        (g plant-1) 
7. Leaf area                      (cm2 plant-1)  
8. 100 achene weight         (g) 
9.  Head diameter         (cm) 
10.  Achene yield                (g plant-1) 

 
3.10 ENZYME ASSAYS AND OTHER BIOCHEMICAL PARAMETERS 

For extraction of antioxidative enzymes (Studies 5 and 6), 0.3 g leaves were 

homogenized in 3 ml of ice cold 0.05 M sodium phosphate buffer (pH 7.8) including 1 

mM EDTA and 2% (w/v) PVP. The homogenate was centrifuged at 12,000×g for 20 min 

at 4 ºC. Supernatant was used for enzyme activity and protein content assays. All steps 

involved in the preparation of the enzyme extract were carried out at 4 ºC. An aliquot of 

the extract was used to determine its protein content according to method of Bradford 

(1976) utilizing bovine serum albumin as the standard. All spectrophotometric analyses 

were conducted on a Shimadzu, UV-2401 PC spectrophotometer. 

3.10.1 Measurement of catalase activity 

CAT activity was estimated according to Cakmak and Marschner (1992).The 

reaction mixture in a total volume of 2 ml contained 25 mM sodium phosphate buffer 

(pH 7.0), 10 mM H2O2. The reaction was initiated by the addition of 100 μl of enzyme 

extract and activity was determined by measuring the initial rate of disappearance of 

H2O2  at 240 nm (E = 39.4 mM-1 cm-1) for 30 s. 

3.10.2 Measurement of ascorbate peroxidase activity 

APX activity was determined according to Nakano and Asada (1981). The 

reaction mixture in a total volume of 2 ml consisted of 25 mM (pH 7.0) sodium 

phosphate buffer, 0.1 mM EDTA, 0.25 mM ascorbate, 1.0 mM H2O2 and 100 μl enzymes 

extract. H2O2-dependent oxidation of ascorbate was followed by a decrease in the 

absorbance at 290 nm (E = 2.8 mM-1 cm-1). 

3.10.3 Measurement of guaiacol peroxidase activity 

GPX activity was measured using modification of the procedure of Egley et al. 

(1983). The reaction mixture in a total volume of 2 ml contained 25 mM (pH 7.0) sodium 

phosphate buffer, 0.1 mM EDTA, 0.05% guaiacol (2-ethoxyphenol), 1.0 mM H2O2 and 

100 μl enzymes extract. The increase of absorbance due to oxidation of guaiacol was 

measured at 470 nm (E = 26.6 mM-1 cm-1). 
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3.10.4 Measurement of dehydroascorbate reductase activity 

DHAR activity was measured based on method of Cakmak and Marschner 

(1992). The reaction mixture in a total volume of 2 ml contained 25 mM (pH 7.0) sodium 

phosphate buffer, 0.1 mM EDTA, 3.5 mM GSH, 0.4 mM dehydroascorbate (DHAR) and 

100 μl enzymes ex-tract. DHAR activity was measured by the formation of ascorbate at 

265 nm (E = 14 mM-1 cm-1). 

3.10.5 Measurement of glutathione reductase activity 

GR activity was determined by the method described by Foyer and Halliwell 

(1976). The reaction mixture in a total volume of 2 ml consisted of 25 mM (pH 7.0) 

sodium phosphate buffer, 0.1 mM EDTA, 0.5 mM oxidized glutathione, 0.12mM 

NADPH and 100 μl enzymes extract. GR activity was measured by following the 

decrease in absorbance at 340 nm (E = 6.2 mM-1 cm-1) due to NADPH oxidation. 

3.10.6 Measurement of superoxide dismutase activity 

SOD activity was determined by the photochemical method described by 

Giannopotitis and Ries (1977). One unit of the enzyme activity was defined as the 

amount of enzyme required to result in a 50% inhibition of the rate of nitro blue 

tetrazolium reduction measured at 560 nm. 

3.10.7 Measurement of thiobarbituric acid reactive substances 

Lipid peroxidation level was estimated by measuring the concentration of 

thiobarbituric acid reactive substances (TBARS) (Shalata and Tal, 1998). The reaction 

mixture in a total volume of 4 ml containing 1 ml of extracts, 3 ml of 2% (w/v) TBA (2-

thiobarbituric acid) made in 20% trichloroacetic acid (TCA). The mixture was heated at 

95 ºC for 30 min and then quickly cooled on ice. After centrifugation at 10,000 ×g for 10 

min, the absorbance of the supernatant was measured at 532 nm. A correction of non-

specific turbidity was made by subtracting the absorbance value taken at 600 nm. The 

lipid peroxides was expressed as nmol TBARS g-1 FW by using an extinction coefficient 

of 155 mM-1 cm-1. 

3.10.8 Measurement of chlorophyll content 

Chlorophyll a and b were estimated spectrophotometrically after extraction with 

80% acetone at 663.6 and 646.6 nm respectively. The chlorophyll content results are 
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expressed in mg per gram fresh weight (mg g-1 FW) and calculated by using the 

extinction coefficients and the equations given by Porra et al. (1989). 

3.10.9 Measurement of proline content 

Extraction and determination of proline were performed according to the 

method of Bates et al. (1973).  

3.11  SOIL AND WATER ANALYSIS  

 The irrigation water and soil samples were analyzed chemically by using following 

methods, described by U.S. Salinity Lab. Staff (1954) except otherwise mentioned. 

3.11.1  pH of saturated soil paste (pHs) 

  With the help of pH meter, pHs of the soil paste and pH of water was recorded 

after standardizing the instrument with buffer solutions of pH 4.00, 7.01 and 9.20 

(Method 2).  

3.11.2  Electrical conductivity of saturation extract (ECe) 

            After calibrating with 0.01 N KCl solutions, the ECe was measured with the help 

of conductivity meter for standardization (Method 4b).  

3.11.3  Calcium + Magnesium (Ca2+ + Mg2+)   

             These were determined by titrating the sample against 0.01 N EDTA (Ethylene 

Diamine Tetra Acetic Acid) solution in the presence of NH4OH + NH4Cl buffer solution 

using Eriochrome black T indicator to a bluish green end point (Method 7). 

3.11.4  Calcium (Ca2+)   

            Calcium was determined by titrating the sample against 0.01 N EDTA solution in 

the presence of 4 N NaOH using ammonium purpurate indicator to a purple end point 

(Method 7). 

3.11.5  Magnesium (Mg2+)  

 Magnesium was determined by subtracting Ca2+ from Ca2++Mg2 when all cations 

expressed in equivalent units of concentration (mmolc L
-1). 

 Mg2+ = (Ca2+ + Mg2+) - Ca2+ 

3.11.6  Sodium and potassium 

            Sodium and potassium were determined by Jenway PFP-7 flame photometer 

having Na+ or K+ filters in place, respectively. The instrument was standardized with a 
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series of Na+ or K+ standard solutions (Method 13-4.3.3 for Na+ and Method 13-3.3.2 for 

K+) having concentration of 0-30 and 0-10 ppm, respectively. 

3.11.7  Carbonate (CO3
2-) 

 Carbonate was determined by titrating the saturation extract against 0.01 N H2SO4 

to a colorless end point using phenolphthalein indicator (Method 12). 

3.11.8  Bicarbonate (HCO3
-) 

 Bicarbonate was determined by titrating the aliquot after CO3
2-   determination 

against standard 0.01 N H2SO4 to a pinkish yellow end point using methyl orange 

indicator (Method 12). 

3.11.9  Sodium adsorption ratio (SAR) 

            SAR was calculated by using the formula: 

                                                         Na+ 
    SAR =  -------------------------         
                                 [(Ca+2   + Mg+2)/2] 1/2 

Where the concentration of soluble cations is expressed in mmolc L
-1 (Method 20b). 

3.11.10  Residual sodium carbonate (RSC) 

 Calculated by the following formula, all ions are expressed in mmolc L
-1 (Eaton, 

1950). 

 RSC = (CO3
2- + HCO3

-) - (Ca2+ + Mg2+) 

3.12 STATISTICAL ANALYSIS 

 The data were subjected to statistical analysis using computer software MSTAT-C 

(Russell and Eisensmith, 1983) and the following methods described by Gomez and 

Gomez (1984). Completely randomized design was employed for analysis of variance 

and Duncan’s multiple range test was used to separate treatment means at P ≤0.05. 
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Chapter 4 

RESULTS 

4.1 GROWTH RESPONSE AND IONIC CONCENTRATION OF 
SUNFLOWER GENOTYPES UNDER SALINE AND/OR 
SODIC WATER APPLICATION 

 
The objective of the study was to evaluate relative salt tolerance of various 

sunflower genotypes under saline and/or sodic water application. Ten sunflower 

genotypes were grown in nutrient solution. Five treatments of irrigation water viz. T1 

(control), T2 (EC 10 dS m-1), T3 (SAR 20 mmol L-1)1/2, T4 (RSC 5.4 mmolc L
-1), T5 (EC 

10 dS m-1) + (SAR 20 mmol L-1)1/2 + (RSC 5.4 mmolc L
-1), having different ECiw, SAR 

and RSC were used.  For the determination of growth parameters and ionic analysis, 

plants were harvested after 30 days of transplantation. 

4.1.1   Growth parameters 

4.1.1.1 Shoot Fresh weight  

 With increasing salinity and/or sodicity of water all genotypes exhibited a trend of 

declining biomass regarding shoot fresh weight (SFW) (Fig. 4.1). However, the 

magnitude of decline in SFW varied significantly (Appendix 1) among various 

genotypes. Data revealed that the highest SFW was produced in case of T1 (Fit water) 

while the lowest was recorded in T5 [EC-SAR-RSC water]. The performance of different 

genotypes under same and various levels of saline and/or sodic waters was also 

significantly different. Comparison of genotypes indicated that SF-187 performed best in 

all stress treatments, closely followed by S-278.  At T2 [EC (10.0 dS m-1) Water] SF-187, 

S-278 and FH-106 produced the highest SFW, whereas Hysun-33 and Hysun-38 

produced the lowest SFW. A similar trend was observed in T3, T4 and T5 where 

performance of SF-187 and S-278 was better as compared to other genotypes while 

Hysun-33 and Hysun-38 were severely affected genotypes and produced the lowest SFW. 

Under nonsaline treatment FH-206 and FH-37 produced the greatest and the lowest SFW 

respectively while under saline and/or sodic treatments, SF-187 and Hysun-33 proved to 

be the most efficient and least efficient genotypes respectively. For instance, in T5 
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treatment [EC-SAR-RSC water], SF-187 produced the highest SFW of 24.1 g plant-1 

(40%) while the lowest SFW of 13.9 g plant-1 (21%) was produced by Hysun-38.  
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 Figure 4.1: Effect of saline and/or sodic waters on shoot fresh weight of sunflower genotypes. Plants were 
        harvested 30 days after transplantation. Each bar is an average of four replications ± S.E. 
 
4.1.1.2   Root fresh weight  

   Data pertaining root fresh weight (RFW) are presented in Fig 4.2. RFW of all 

genotypes decreased consistently with increasing salinity and/or sodicity in rooting 

medium. Root fresh weight was highest in fit water treatment and lowest was observed in 

T5 (EC-SAR- RSC water). Over all comparison of genotypes revealed that SF-187 

produced the highest RFW in all stress treatments, followed by FH-106 and S-278. On 

the other hand, the lowest RFW was observed in Hysun-33. In T5 (mixed stress) the 

performance of SF-187 was least affected while Hysun-38 was the most affected 

genotype and produced only 18% of the control.  

4.1.1.3 Shoot length  

Data presented in Fig. 4.3 indicated that saline and/or sodic water significantly 

decreased the shoot length of all sunflower genotypes and the magnitude of decrease was 

highest in T5 (EC-SAR- RSC water) compared to other treatments. Sunflower genotypes 

also showed different responses in term of shoot length (cm) under different saline and/or 

sodic water application. Overall comparison of genotypes revealed that mean highest 
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plant height was attained by FH-332 followed by SF-187 and FH-260, while the lowest 

shoot length was found in FH-106. Comparison of genotypes at different stress 

treatments (excluding control), revealed that the highest average plant height was 

observed in treatment T2 (EC water) and the lowest was in treatment T5 (EC-SAR-RSC 

water). Under treatment T5 (EC-SAR-RSC water), shoot length of FH-332 was 74% of 

control while in case of SF-187 it was 69% of respective control. 
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 Figure 4.2: Effect of saline and/or sodic waters on root fresh weight of sunflower genotypes. Plants were                   
                  harvested 30 days after transplantation. Each bar is an average of four replications ± S.E. 
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Figure 4.3: Effect of saline and/or sodic waters on shoot length of sunflower genotypes. Plants were    
      harvested 30 days after transplantation. Each bar is an average of four replications ± S.E. 
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4.1.1.4 Root length  

 The adverse effects of different levels of saline and/or sodic water were also 

statistically significant on root length in all sunflower genotypes (Fig. 4.4). Although all 

saline and/or sodic water treatments reduced mean root length significantly (Appendix 3) 

compared with control (fit water), the reduction was more severe in T5 (EC-SAR-RSC 

water). On an over all basis, the statistical analysis indicated that the highest root length 

was observed in FH-332 and it was at par with SF-187, FH-106, FH-259 and Hysun-38. 
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Figure 4.4: Effect of saline and/or sodic waters on root length of sunflower genotypes. Plants were                   
                  harvested 30 days after transplantation. Each bar is an average of four replications ± S.E. 
 

4.1.2 Ionic relations 

4.1.2.1 Sodium concentration in leaf sap 

Sodium concentration in leaf sap of sunflower genotypes increased differently 

with varying levels of saline and/or sodic waters (Fig. 4.5). Saline and/or sodic waters 

treatments significantly increased Na+ concentration with respect to control, and T5 (EC-

SAR-RSC water) had the highest Na+ concentration in leaf sap compared to other water 

treatments. However, genotypes differed significantly in salt concentration under saline 

and/or sodic water treatments. The highest leaf sap Na+ concentration in Hysun-38 was 

followed by Hysun-33 in T5 (EC-SAR-RSC water) where high salinity was coupled with 

high sodicity and alkalinity. The lowest leaf sap Na+ concentration was found in SF-187 
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and S-278, which also produced the greatest shoot fresh weight under same stress. 

Overall, in all stress treatments Hysun-33 and Hysun-38 proved to be the least efficient in 

avoiding Na+ uptake and showed the highest Na+ concentrations.  
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 Figure 4.5: Effect of saline and/or sodic waters on sodium concentration in leaf sap of sunflower    
                  genotypes. Leaves were sampled 30 days after transplantation. Each bar is an average of four   
                  replications ± S.E. 
 

4.1.2.2 Potassium: sodium ratio in leaf sap  

Data regarding K+: Na+ ratio showed a wide variation in K+: Na+ ratio in different 

sunflower genotypes under different saline and/or sodic water treatments (Fig. 4.6). The 

K+: Na+ ratio in plants grown in control (fit water) was highest and ranged between 8.2-

12.1. However, it dropped consistently with increasing salinity and/or sodicity in growing 

medium. The lowest K+: Na+ ratio observed with the application of T5 (EC-SAR-RSC 

water) was between 0.4-2.3. A consistent behaviour with highest K+: Na+ ratio was 

evident by SF-187 under all stresses; however it was at par with S-278. The lowest K+: 

Na+ ratio was observed by Hysun-33 in case of T5. 
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Figure 4.6: Effect of saline and/or sodic waters on K: Na ratio in leaf sap of sunflower genotypes. Leaves    
      were sampled 30 days after transplantation. Each bar is an average of four replications ± S.E.  
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4.1.3    DISCUSSION 

 In this study, ten sunflower genotypes were investigated in solution culture 

screening experiments to select the most salt tolerant genotypes. Five treatments of 

irrigation water having different ECiw, SAR and RSC were used to assess salt tolerance 

on the basis of growth behaviour and ionic distribution. Growth parameters and ionic 

analysis showed a differential response to varying levels of salinity and/or sodicity of 

irrigation water. A significant decrease in root/shoot length and suppression in root/shoot 

fresh weight along with differential ionic accumulation was observed under all saline 

and/or sodic water treatments. It is reasonable to believe that single salt or extreme ionic 

ratio is likely to cause specific ion effect viz ionic toxicity or nutrient imbalance which 

cause yield reductions as described by Chinnusamy (2005). Contrary to it, adverse effects 

of saline and/or sodic water due to involvement of different salts may be attributed to 

either induced water stress (Munns, 2002; Hu et al., 2005) or ionic toxicity (Marschner, 

1995; Serrano et al., 1999) or nutritional imbalance (Martinez and Lauchli, 1991; Aslam, 

1992)  

These results confirm the greater salt tolerance of SF-187 in relation to the 

salt-sensitive genotype, Hysun-33, as was already observed in a previous study which 

involved screening of sunflower genotypes using NaCl stress (Riaz et al. 2008). 

Reduced SFW of plant tissues under salt stress is attributed to accumulation of salts 

in root zone that affected plant performance through the development of a water 

deficit and the disruption of ion homeostasis (Zhu, 2001; Munns, 2002). These 

stresses changed hormonal status and impaired basic metabolic processes resulting 

in growth inhibition (Paranychianakis et al., 2004a). 

Regarding ionic contents, plants absorbed more Na+ under all saline and/or sodic 

water treatments. The highest Na+ values were obtained in T5 (EC-SAR-RSC water) 

followed by T4, T3, T2 and T1 in decreasing order. The differential increase in Na+ 

accumulation in shoots of sunflower genotypes might be related to their capabilities to 

absorb Na+ by roots and further transport it to shoots. Qadir and Schubert (2002) reported 

that plant species/genotypes varied not only in their rates at which they absorbed Na+ but 

also in a manner by which they transported Na+ to their shoots. Sodium in higher 

amounts in leaf sap significantly reduced growth which was evident from our results 
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where the genotypes Hysun-33 and Hysun-38 had the highest Na+ concentration in their 

shoots and produced least SFW, characteristics of salt sensitive genotypes. In contrast, 

the genotypes SF-187 and S-278 had lower shoot Na+ concentration and produced the 

greatest SFW. These results were in line with Munns et al. (2006) who reported that the 

salt tolerance in wheat was associated with low shoot Na+ concentration. The enhanced 

plant growth in control (low external sodium) might be due to quick response to K+, 

resulting in high K+: Na+ ratio (Shirazi et al., 2005). Protection of metabolic process and 

maintenance of high growth rate is frequently associated with restricted Na+ transport 

into shoot and its low accumulation in shoot, a characteristic of salt tolerance genotypes 

(Eker et al., 2006). So, there is clear indication that salinity tolerance is associated with 

low uptake of Na+ (Guillermo et al., 2001). As Na+ is the key ion impairing plant growth 

under salt stress and most of the researchers used shoot dry weight as growth indicator in 

solution culture experiments along with ionic analysis for salt tolerance assessments, salt 

tolerance (% reduction at salinity with respect to control) was therefore, calculated on the 

basis of shoot dry weight and its correlation was drawn (Figure 4.7) with leaf Na+ 

concentration at T5 (EC 10.0 dS m-1, SAR (20 mmol L-1) 1/2, RSC 5.4 mmolc L-1). A 

significant negative relationship was observed between salt tolerance (%) and shoot dry 

weight (r2 = 0.7). This relationship of Na+ accumulation with salt tolerance was 

previously described by many researchers (Schachtman and Munns, 1992; Saqib et al., 

2006). 

Generally, our data indicated that K+ concentration in sunflower genotypes grown 

under saline and/or sodic water treatments, significantly decreased when compared with 

fit water. The highest K+ values were attained in all sunflower genotypes in T1 [fit water] 

followed by T2, T3, T4 and T5, respectively. These results agree with the previous findings 

of Grattan and Grieve (1999) who reported that under saline-sodic or sodic conditions, 

high levels of external Na+ not only interfere with K+ acquisition by the roots, but also 

may disrupt the integrity of root membranes and alter selectivity. Furthermore, K+/Na+ 

ratio in plants is also considered as a good tool to determine plant resistance to salinity 

(Santa-Maria and Epstein, 2001).  Reduction in K+/Na+ ratio of sunflower genotypes in 

the presence of salinity could be due to the antagonism of Na+ and K+ (Suhayda et al., 

1990). Wide differences among sunflower genotypes for K+/Na+ ratio could be attributed 
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to their restriction ability for both the uptake of Na+ by root cells and also the movement 

of Na+ to shoots by controlling their influx into the root xylem from root cells (Hu and 

Schmidhalter, 1997). The previous results are in agreement with de Lacerda et al. (2003) 

and Mohamedin et al. (2006) who reported that Na+ increased and K+ decreased in plants 

stressed by salt and they added that high levels of Na+ inhibited the K+ concentration in 

sunflower plants and as a result of this it caused a decrease in the K+: Na+ ratio. In fact, it 

is possible that a high K+/Na+ ratio is more important for many species than simply 

maintaining a low concentration of Na+ (Cuin et al., 2003; Mark and Romola, 2003). 

Many workers have already demonstrated high K+: Na+ as a reliable parameter for 

determination of salt tolerance in different crops (Aslam et al., 2003; Ibrahim et al., 

2007). Thus the ratio of K+: Na+ is an important factor to be considered as selection 

criteria. 
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Figure 4.7: Correlation between Na+ concentration in leaf and salt tolerance % with respect to shoot dry weight. 

The genotypes SF-187 and S-287 exhibited lower shoot Na+ concentration 

produced greater biomass and maintained higher K+: Na+ ratio under salinity stress. 

These genotypes appeared to possess highest potential of making better growth under salt 

stress among the ten sunflower genotypes. On the other hand, Hysun-33 and Hysun-38 

were recognized as salt sensitive genotypes on the basis of lower biomass production 

primarily due to lower Na+: K+ ratio in leaf sap.  
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STUDY-2 

4.2 COMPARATIVE PERFORMANCE OF TWO SUNFLOWER 
GENOTYPES UNDER SALINE AND/OR SODIC WATERS 
APPLICATION IN SOIL CULTURE 

 
The objective of the study was to evaluate growth and yield responses of salt 

tolerant and salt sensitive genotypes under saline and/or sodic water irrigation under soil 

culture. Two selected genotypes (one tolerant and other sensitive) from the 1st study on 

the basis of plant growth parameters and leaf ionic concentrations were used in this study. 

Five treatments of irrigation water viz. T1 (control), T2 (EC 8 dS m-1), T3 (SAR 16 mmol 

L-1)1/2, T4 (RSC 4 mmolc L
-1), T5 (EC 8 dS m-1) + (SAR 16 mmol L-1)1/2 + (RSC 4 mmolc 

L-1) were used for irrigation. For the determination of growth, physiological, ionic and 

biochemical parameters sampling was done after 50 days of treatment application. 

However, for yield and yield related parameters plants were harvested at maturity (after 

90 days of treatment application).   

4.2.1 Growth parameters  

4.2.1.1 Shoot fresh weight 

The data regarding fresh biomass of sunflower as affected by saline and/or sodic 

water application are presented graphically in Fig. 4.8. The highest shoot fresh weight of 

plants was observed in the control treatment while the lowest was observed in case of 

EC-SAR-RSC water application (T5) in both genotypes. It was markedly reduced by 

saline and/or sodic water application and decreased from 197.9 to 102.1 g plant-1 under 

EC-SAR-RSC water irrigation. The magnitude of reduction in SFW by T2 and T5 

treatments varied significantly among both sunflower genotypes. The salt sensitive 

genotype (Hysun-33) displayed 29 and 49% reduction in SFW under application of EC 

water (T2) and EC-SAR-RSC water (T5), respectively. However, in the case of salt 

tolerant genotype (SF-187) the reduction in SFW ranged from 18 to 33% in T2 and T5, 

respectively.  

4.2.1.2 Shoot dry weight  

Shoot dry weight of both genotypes was also significantly reduced under different 

saline and/or sodic water irrigations (Fig. 4.9). The maximum reduction was recorded in 

the case of EC-SAR-RSC water (T5) while minimum reduction was observed under SAR 
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water (T3) and RSC water (T4) in both genotypes. In Hysun-33 it reduced from 14.3 to 

9.3 g plant-1 (35% reduction) and from 14.3 to 7.3 g plant-1 (49% reduction) in case of T2 

and T5 respectively. In SF-187 it reduced from 13.8 to 10.7 g plant-1 (20% reduction) and 

from 13.8 to 8.7 g plant-1 (37% reduction) in the case of T2 and T5, respectively. 

50

70

90

110

130

150

170

190

210

230

T1 T2 T3 T4 T5

S
h

o
o

t 
fr

es
h

 w
ei

g
h

t 
(g

 p
la

n
t

-1
)

Hysun-33

SF-187

 
Figure 4.8: Effect of saline and/or sodic waters on shoot fresh weight of sunflower genotypes. Plants were harvested   
     50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit Water]; T2    
     [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water]; T5 [EC (8 dS      
     m-1) + SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
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Figure 4.9: Effect of saline and/or sodic waters on shoot dry weight of sunflower genotypes. Plants were harvested   
     50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit Water]; T2    
     [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water]; T5 [EC (8 dS    
     m-1) + SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
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4.2.1.3 Leaf area 

 Application of saline and/or sodic water adversely affected leaf area in both 

sunflower genotypes as compared to control (fit water). The data regarding the leaf area 

reduction with application of saline and/or sodic water are presented in Fig. 4.10. On an 

overall average basis, the lowest leaf area was recorded when EC-SAR-RSC water was 

applied and highest was observed under fit water application in both genotypes. 

However, a differential response with respect to leaf area in both genotypes was observed 

especially under EC-SAR-RSC water. In Hysun-33 the reduction in leaf area compared to 

control under T2, T3, T4 and T5 was 32, 27, 24 and 44%, respectively. In SF-187 leaf area 

reduction under T2, T3, T4 and T5 was 21, 18, 19 and 29%, respectively as compared to 

control. 
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Figure 4.10: Effect of saline and/or sodic waters on leaf area of sunflower genotypes. Plants were harvested  50 days   
        after treatment application. Each value is an average of three replications ± S.E. T1 [Fit Water]; T2 [EC (8 
        dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water]; T5 [EC (8 dS m-1) +    
        SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
 

4.2.2 Physiological and biochemical parameters 

4.2.2.1 Membrane stability index 

 There was a significant effect of different saline and/or sodic water treatments 

on membrane stability index in both sunflower genotypes (Fig.4.11). Maximum values 

recorded for membrane stability index under control were 90 and 92% in Hysun-33 and 
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SF-287, respectively. Application of saline and/or sodic water treatments significantly 

reduced membrane stability index in both genotypes but in Hysun-33, significantly lower 

values were observed under all stress treatments. Membrane stability index in Hysun-33 

decreased by 26, 18, 21 and 36% as compared to control in T2, T3, T4 and T5 treatments, 

respectively. In SF-187 the percentage reduction in membrane stability index compared 

to control was 21, 8, 10 and 26% respectively in T2, T3, T4 and T5, respectively. 
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Figure 4.11: Effect of saline and/or sodic waters on membrane stability index of sunflower genotypes. Leaves were    
        sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit     
        Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L- 1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water];   
         T5 [EC (8 dS m-1) + SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 

4.2.2.2 Relative water content 

 Saline and/or sodic water irrigation caused a significant reduction in RWC in 

both sunflower genotypes differing in salinity tolerance (Fig. 4.12). On an overall basis, 

the magnitude of reduction was more in Hysun-33 where RWC decreased from 83.1 to 

54.9%, whereas in the case of SF-187 this reduction was from 65.3 to 81.5%. Hysun-33 

exhibited 28, 19, 19 and 34% reduction in leaf RWC compared to control under T2, T3, T4 

and T5, respectively. In SF-187 the percentage reduction in RWC as compared to control 

under T2, T3, T4 and T5 was 15, 8, 4 and 20%, respectively. 
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 Figure 4.12: Effect of saline and/or sodic waters on relative water content of sunflower genotypes. Leaves were        

sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit 
Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L- 1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water]; 
T5 [EC (8 dS m-1) + SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
 

4.2.2.3 Chlorophyll content 

    Data regarding the effect of saline and/or sodic waters on chlorophyll content 

are presented in Fig.4.13. The results revealed that content of chlorophyll a and b were 

not affected significantly under various saline and/or sodic water treatments. Moreover, 

no differences were found between the two genotypes regarding their chlorophyll content 

under various treatments. In both genotypes chlorophyll a content ranged between 1.6-1.9 

mg g-1 under various treatments. Likewise, the content of Chlorophyll b in SF-187 and 

Hysun-33 ranged between 0.5-0.7 and 0.5-0.8 mg g-1, respectively in different treatments. 

4.2.3     Ionic relations 

4.2.3.1   Leaf Na+ concentration 

   There was a significant effect of saline and/or sodic water application on Na+ 

concentration in leaf sap for both sunflower genotypes (Fig 4.14). A differential response 

with respect to Na+ uptake was exhibited by salt sensitive and tolerant genotypes, 

however, the effect was more pronounced in Hysun-33. Concentration of Na+ in leaf sap 

of Hysun-33 increased from 58.0 to 156.3 mol m-3 and from 46.3 to 89.3 mol m-3 in SF-

187 under various levels of saline and/or sodic water application. The results revealed 
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that Na+ concentration in Hysun-33 increased by 115, 48, 67 and 169% as compared to 

control in T2, T3, T4 and T5 treatments, respectively. In SF-187, the percentage increase in 

Na+ concentration compared to control was 76, 67, 61 and 93% in T2, T3, T4 and T5, 

respectively. 
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Figure 4.13: Effect of saline and/or sodic waters on chlorophyll content of sunflower genotypes. Leaves were    
 sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit        
 Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L- 1)1/2) Water]; T4 [R SC (4 mmolc L

-1) Water]; 
 T5 [EC (8 dS m-1) + SAR (16 (m mol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
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Figure 4.14: Effect of saline and/or sodic waters on Na+ concentration in leaf sap of sunflower genotypes. Leaves were 

sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit 
Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [RSC (4 mmolc L

-1) Water]; T5 

[EC (8 dS m-1) + SAR (16 (mmol L-1)1/2) + RSC (4 mmolc L
-1) Water]. 
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4.2.3.2 Leaf K+ concentration 

 The potassium concentration in leaf sap of both sunflower genotypes (Hysun-33 

and SF-187), as affected by saline and/or sodic water application are presented in Fig 

4.15. Applications of different saline and/or sodic irrigation treatments have a significant 

effect on K+ concentration. On an overall average basis, the highest K+ concentration was 

found in leaf sap of sunflower genotypes under fit water (control) treatment and the 

lowest in EC-SAR-RSC (T5) water treatment.  

 There was a significant variation in K+ concentration between salt tolerant and 

sensitive sunflower genotypes. SF-187 accumulated more K+ as compared to Hysun-33, 

under all treatments. In SF-187 the percentage reduction in K+ concentration as compared 

to control under T2, T3, T4 and T5 was 14, 6, 10 and 36%, respectively. In Hysun-33 the 

percentage reduction in K+ concentration as compared to control under T2, T3, T4 and T5 

was 14, 3, 5 and 50%, respectively.  
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Figure 4.15: Effect of saline and/or sodic waters on K+ concentration in leaf sap of sunflower genotypes. Leaves were 

sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit 
Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [RSC (4 mmolc L

-1) Water]; T5 

[EC (8 dS m-1) + SAR (16 (mmol L-1)1/2) + RSC (4 mmolc L
-1) Water]. 

 

4.2.3.3 K+: Na+ ratio in leaf sap  

 Application of saline and/or sodic water significantly increased Na+ concentration 

and consequently reduced K+: Na+ ratio; however, it varied widely between sensitive and 
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tolerant genotypes. Maximum K+: Na+ ratio was observed in plants under control (fit 

water) and maximum reduction in K+: Na+ was observed in case of EC-SAR-RSC water 

in both genotypes. Comparison of genotypes indicated a significant variation in K+: Na+ 

ratio under all treatments (Fig.4.16). SF-187 has the ability to maintain high level of K+: 

Na+ ratio in all treatments as compared to Hysun-33.  
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 Figure 4.16: Effect of saline and/or sodic waters on K: Na+ ratio in leaf sap of sunflower genotypes. Leaves were 

sampled 50 days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit 
Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [RSC (4 mmolc L

-1) Water]; T5 

[EC (8 dS m-1) + SAR (16 (mmol L-1)1/2) + RSC (4 mmolc L
-1) Water]. 

 

4.2.4 Yield parameters 

4.2.4.1 Achene yield 

 Results regarding achene yield are graphically depicted in Fig. 4.17. On an overall 

average basis, the lowest yield was found when high EC-SAR-RSC water was applied 

while the highest yield was observed in fit water, followed by SAR water in both 

genotypes. Achene yield was markedly reduced in both sunflower genotypes by 

incrementing irrigation water salinity and sodicity. However, the extent of reduction was 

greater in Hysun-33 than in SF-187 under various saline and/or sodic treatments. In 

Hysun-33 achene yield was reduced by 37% with the application of EC water, 23% with 

SAR water, 24% with RSC water and 51% with the application of EC-SAR-RSC water 

as compared to control. In SF-187, achene yield was reduced by 19% with the application 
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of EC water, 17% with SAR water, 18% with RSC water and 35% with the application of 

EC-SAR-RSC water as compared to control. 
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Figure 4.17: Effect of saline and/or sodic waters on achene yield of sunflower genotypes. Plants were harvested 90    
         days after treatment application. Each value is an average of three replications ± S.E. T1 [Fit Water]; T2   
         [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [RSC (4 mmolc L

-1) Water]; T5 [EC (8 dS    
         m-1) + SAR (16 (mmol L-1)1/2) + RSC (4 mmolc L

-1) Water]. 
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4.2.5    DISCUSSION 

The primary objective of this experiment was to evaluate growth and yield 

response of salt tolerant and sensitive genotypes (on the basis of a previous experiment) 

under saline and/or sodic irrigation in soil culture. In addition, the relationships between 

growth and ion accumulation in these genotypes were also investigated. Saline and/or 

sodic water irrigation significantly reduced shoot dry weight, leaf area and yield in 

both genotypes, although the magnitude of reduction was much dependent upon 

genotypes and salt concentrations. Shoot dry weight is one of the most important traits 

for salt stress and for this reason it is considered a good criterion to assess the response of 

plants to salt stress (Jamil and Rha, 2004). Salinity reduced shoot dry matter of both 

sunflower genotypes; however the decrease was more pronounced in the salt sensitive 

genotype (Hysun-33) than in the salt tolerant genotype (SF-187). It can be seen in Fig. 

4.2 that the growth inhibition effect of saline and/or sodic water was stronger than that of 

saline or sodic water alone in both genotypes. Kurdali and Al-Ain (2002) also reported a 

significant reduction in dry matter production of sunflower while using different levels of 

saline irrigation water in pot culture. The reason for the reduction in shoot dry matter 

under salinity stress was chiefly because of Na+ toxicity and its imbalances with other 

mineral nutrients like K+ (Marschner, 1995) among other factors (Ghoulam et al., 2002; 

De Lacerda et al., 2003). Our results confirm the findings of Grattan and Grieve (1999) 

who concluded that the reduction in dry matter yield under saline environments could be 

attributed to inadequacy of mineral nutrients present in growth media or the decrease in 

water entry rate into the plants.  Application of saline and saline sodic waters also caused 

a significant reduction in leaf area as previously reported by other authors (Stedu et al., 

2000). The observed reduction in leaf area could be due to accumulation of high 

amounts of toxic salts like Na+ in the leaf apoplasm; leading to dehydration and 

turgor loss, and eventually death of leaf cells and tissues (Marschner, 1995). This 

view is further supported by the observation that under salt stress, generally plants 

have higher concentrations of Na+ and lower concentration of K+ in their tissues (Wahid, 

2004).  

In this study, accumulation of Na+ and reduction in K+ occurred under all saline 

sodic conditions, but with a substantial difference between genotypes. Sunflower 
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genotypes performed differentially under saline and/or sodic water irrigation depending 

upon their ability to selectively absorb K+ over Na+, salt exclusion or 

compartmentalization of salts within their bodies (Clomer et al., 2005). These results are 

in line with the previous findings of Ahmad et al. (2005) who also reported that 

sunflower genotypes were significantly different in their biomass production, ionic 

accumulation and yield attributes when grown under saline conditions. Although the 

mechanisms underlying maintenance of high K+/Na+ in salt tolerant genotypes is not 

clear, shoot Na+ exclusion is well documented in many species, including sunflower 

(Ashraf and O’Leary, 1995), rice (Zhu et al., 2001) and wheat (Schachtman et al., 1989; 

Poustini and Siosemardeh, 2004).  The obtained results of Na+ concentration in sunflower 

genotypes are in good agreement with those obtained by other researchers (Barrett-

Lennard, 2003; Shi and Sheng, 2005). 

The permeability of the plasma membrane is an evident index that reflects the 

degree of stress-induced injury to plants (Surjus and Durand, 1996). In general, plasma 

membranes are exposed to severe injury with intensifying stress, leading to an increase in 

the electrolyte leakage rate. Our results also demonstrated that under saline sodic water 

irrigation membranes were injured more seriously as compared to saline or sodic 

irrigation alone. These results also support by previous findings of Shi and Sheng (2005) 

who reported that increasing salinity in sunflower seedling caused more serious injury on 

membranes and furthermore, given the same salinity values, the injury is more serious 

with increasing alkalinity. 

Saline and/or sodic water irrigation had pronounced effects on crop yield in both 

sunflower genotypes. Achene yield per plant progressively decreased with increasing 

salinity/sodicity levels in irrigation water for both genotypes. However, Hysun-33 was 

rigorously affected by salt stress thus exhibiting more reduction under all stress 

conditions compared to SF-187. The variability in achene yield decline in both genotypes 

could be attributed to differential rate of transport of Na+ to shoot and selectivity for K+ 

over Na+ (Gorham, 1990), as higher accumulation of Na+ might have damaged membrane 

integrity, disturbed water absorption, nutrient uptake and activities of various enzymes 

(Wahid, 2004; Wahid and Ghazanfar, 2006). The obtained results in the current 

experiment are in line with previous findings of Wahid et al. (1999) who reported that 
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salinity at various concentration ranges caused a significant decrease in plant height, leaf 

area, and dry weight of leaves as well as decreased achene yield of sunflower genotypes. 

Our findings are also in line with the results reported by Hebbara et al. (2003) who 

concluded that mean seed yields of different sunflower genotypes decreased from 17.4 

to15.5 q/ha as salinity increased from 4.0 to 6.0 dS m-1. Munns (1993) pointed out that 

under moderate soil salinity, inhibition in growth patterns is primarily associated with 

a reduction in photosynthetic area. 

           Sensitive and tolerant behaviour of selected genotypes was confirmed in pot 

culture under saline and/or sodic water application. Reduction in growth and yield of 

sunflower genotypes under saline and/or sodic water irrigation was due to toxicity of Na+ 

and its imbalance with K+. Maximum yield reduction was observed in case of T5 (EC-

SAR-RSC water) followed by T2 (EC water) in both genotypes. SF-187 exhibited strong 

affinity for K+ over Na+ and showed less decline in dry matter production, leaf area, 

K+/Na+ ratio and achene yield. Under mild stress (T3 and T4) both genotypes 

demonstrated almost similar response in terms of ionic relations and yield where no clear 

differences were discernable between genotypes. 
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STUDY-3 

4.3 AMELIORATING EFFECT OF CALCIUM ON SELECTED 
SUNFLOWER GENOTYPES GROWN IN SOIL CULTURE 
UNDER SALINE AND/OR SODIC WATER CONDITIONS 

 
The objective of this study was to investigate the influence of supplemental Ca on 

physiological and ionic parameters along with yield and yield components in two 

sunflower genotypes under saline and/or sodic water irrigation. For the determination of 

growth, physiological, ionic and biochemical parameters sampling was done after 50 

days of treatment application. However, for yield and yield related parameters plants 

were harvested at maturity. 

4.3.1 Growth parameters 

4.3.1.1  Shoot dry weight 

 The data regarding shoot dry weight (SDW) reduction under saline and/or sodic 

water application with and without calcium addition are presented in Table 4.1. 

Application of saline and/or sodic water significantly reduced shoot dry weight as 

compared to control (fit water). On an overall average basis, the lowest SDW was found 

when EC-SAR-RSC water was applied and the highest SDW was observed in fit water 

application with supplemental Ca followed by fit water application without Ca 

application. The addition of EC water (T2) decreased SDW weight significantly 

compared to respective control, while significantly higher reduction in plant height was 

observed with use of EC-SAR-RSC water application (T5) in both genotypes. Application 

of Ca along with saline and/or sodic water partially lowered the adverse effect and 

improved SDW in RSC-water treatment. 

 Comparison of genotypes revealed that the decrease was more pronounced in salt 

sensitive genotype (Hysun-33) than in salt tolerant genotype (SF-187).  In Hysun-33, 

SDW decreased by 40, 29, 27 and 65.1 % under T2, T3, T4 and T5, respectively as 

compared to control. On the other hand in SF-187, SDW decreased by 24, 11, 14, and 

46% under T2, T3, T4 and T5, respectively as compared to control. Calcium application 

did not affect shoot dry matter in EC-water (T2) in any genotype while shoot dry matter 

was improved by 13% in Hysun-33 under RSC-water application. 
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4.3.1.2 Leaf area 

Application of saline and/or sodic water adversely affected leaf area in both 

sunflower genotypes as compared to control (fit water). The data regarding the leaf area 

reduction with and with out supplemental calcium as affected by saline and/or sodic 

water are presented in Table 4.1. On an overall average basis, the lowest leaf area was 

recorded when EC-SAR-RSC water was applied and the highest was observed in fit 

water application with supplemental calcium in both genotypes. However, a differential 

response with respect to leaf area in both genotypes was observed under stress conditions 

especially under EC-SAR-RSC water. Overall results indicate that reduction in leaf area 

compared to control under T2, T3, T4 and T5 was 30 and 22%, 20 and 14%, 21 and 16%, 

and 55 and 38% Hysun-33 and SF-187, respectively. Application of calcium was more 

beneficial in case of RSC-water in both genotypes whereby it significantly improved leaf 

area as compared to other treatments. 

Table 4.1: Effect of Ca on shoot dry weight and leaf area on sunflower genotypes under saline and/or sodic 
water irrigation. Plants were sampled 50 days after treatment application (Figures are means of 3 
replications+ S.E). Values in () are % of respective control. 

Treatments Shoot dry weight (g plant-1) Leaf area (cm2 plant-1) 

 Hysun-33 
(Salt sensitive) 

SF187 
(Salt tolerant) 

Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

T1    14.6+0.58    13.9+0.38    891.0+35.52 
 

   771.0+44.53  

T1+Ca* 15.1+0.63 (103) 14.5+0.92 (104) 903.0+21.11 (101) 775.0+13.54 (101) 

T2 8.8+0.85 (60) 10.6+0.62 (76) 623.0+32.82 (70) 598.0+34.54 (78) 

T2+Ca* 8.9+0.72 (61) 10.9+0.47 (78) 645.0+27.13 (72) 612.0+37.45 (79) 

T3 10.4+1.67 (71) 12.3+1.11 (88) 711.0+14.24 (80)  659.0+25.53 (85) 

T3+Ca* 11.1+0.47 (76) 13.1+0.27 (94) 781.0+23.93 (78) 697.0+11.62 (90) 

T4 10.6+0.47 (73) 11.9+0.57 (86) 704.0+31.34 (79) 646.0+13.64 (84) 

T4+Ca* 11.9+0.47 (82) 12.7+0.23 (91) 769.0+24.93 (86) 691.0+27.92 (90) 

T5 5.1+0.56 (35) 7.5+0.79 (54) 398.0+13.54 (45) 479.0+23.93 (62) 

T5+Ca* 5.9+0.31 (40) 8.8+0.62 (49) 456.0+21.13 (51) 513.0+21.31 (67) 

T1 [Fit Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L
-1) Water]; T5 [EC (8 

dS m-1) + SAR (16(mmol L-1)1/2) +RSC (4 mmolc L
-1) Water];  Ca* = Ca as CaSO4.2H2O @ 100 mg kg-1 on soil basis. 
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4.3.2 Ionic characteristics 

4.3.2.1 Na+ concentration 

 There was a significant effect of applied saline and/or sodic water on Na+ 

concentration of leaf sap for both sunflower genotypes (Table 4.2). A differential 

response with respect to Na+ concentration in leaf sap was exhibited by Hysun-33 and 

SF-187; however, Hysun-33 exhibited significantly higher Na+ accumulation as 

compared to SF-187 under all stress treatments. Concentration of Na+ in leaf sap of 

Hysun-33 increased from 52.3 to 151.3 mol m-3 and from 48.7 to 81.3 mol m-3 in SF-187, 

under various levels of saline and/or sodic water irrigation. Our results revealed that in 

Hysun-33, Na+ concentration increased by 2.2 and 2.9 fold, under EC water and EC-

SAR-RSC water, respectively as compared to the control. On the other hand, in SF-187 

Na+ concentration in leaf sap increased by 1.7 and 1.6 fold, under EC water and EC-

SAR-RSC water, respectively as compared to the control.  Calcium application reduced 

leaf sap Na+ concentration in T3 and T4 treatments by 14 and15 and 13 and 17% in 

Hysun-33 and SF-187, respectively, while for other treatments the differences were non 

significant. 

4.3.2.2   K+:Na+ ratio 

   Data regarding K:Na as affected by various saline and/or sodic water treatments  

are presented in Table 4.2. Application of saline and/or sodic water significantly 

increased Na+ concentration and consequently reduced K+:Na+ ratio, however, it varied 

widely between genotypes. The highest K+:Na+ ratio was observed in plants under control 

(fit water) and the maximum reduction in  K+:Na+  was in case of EC-SAR-RSC water in 

both genotypes. Comparison of genotypes indicated a significant variation in K+:Na+ ratio 

under all treatments (Table 4.2). SF-187 has the ability to maintain higher level of K+:Na+ 

ratio in all saline and/or sodic treatments as compared Hysun-33. K+:Na+ ratio in leaf sap 

of Hysun-33 ranged between 3.1-0.5 as compared to SF-187, where it ranged between 

3.3-1.5 under different treatments. Added Ca significantly increased K+:Na+ ratio in leaf 

sap of both genotypes under SAR water (T3) and RSC water (T4).  

4.3.2.3   Ca2+ Concentration  

  Application of saline and/or sodic water significantly reduced Ca2+ contents in 

leaf of both sunflower genotypes, however the magnitude of reduction was more 
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pronounced in Hysun-33, especially under T2 and T5  (Table 4.2).  In Hysun-33, Ca2+ 

contents under T2, T3, T4 and T5 were 73, 84, 91 and 65% of control, respectively. 

Similarly, in case of SF-187, Ca2+ contents under T2, T3, T4 and T5 were 78, 95, 91 and 

70% of control treatment, respectively. Added Ca increased Ca2+ contents by 30, 6, 26, 

27 and 22% in T1, T2, T3, T4 and T5, respectively in Hysun-33. On the other hand in SF-

187, Ca application increased Ca2+ contents by 25, 6, 10, 24 and 27% in T1, T2, T3, T4 

and T5, respectively as compared to plants with out added Ca. 

Table 4.2:  Effect of Ca on Na+, K+: Na+ ratio and Ca2+ in sunflower genotypes under saline and/or sodic 
water irrigation. Leaves were sampled 50 days after treatment application. (Figures are means of 
3 replications+ S.E). Values in () are % of respective control. 

Treatments Na+ (mol m-3) K+: Na+ ratio Ca2+ (mg g-1 d.m) 

 
Hysun-33 

(Salt 
sensitive) 

SF187 
(Salt 

tolerant) 

Hysun-33 
(Salt 

sensitive) 

SF-187 
(Salt 

tolerant) 

Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

T1 52.3+4.92 49.3+4.92 3.1+0.21 3.4+0.20 12.7+ 0.54 13.9+0.52 

T1+Ca* 
51.3+3.73 

(98) 
46.7+5.23 

(96) 
3.2+0.23 

(105) 
3.5+0.24 

(105) 
16.5+0.83 

(129) 
17.4+0.81 

(125) 

T2 
117.0+9.82 

(223) 
81.7+4.44 

(169) 
1.1+0.13 

(36) 
1.7+0.12 

(51) 
9.3+0.64 

(73) 
10.8+0.55 

(78) 

T2+Ca* 
108.0+6.72 

(206) 
76.3+2.71 

(157) 
1.3+0.09 

(41) 
1.9+0.13 

(57) 
9.9+0.52 

(78) 
11.5+0.65 

(83) 

T3 
90.7+6.39 

(175) 
72.3+5.53 

(148) 
1.5+0.16 

(53) 
1.9+0.15 

(60) 
10.7+0.46 

(84) 
13.2+0.82 

(95) 

T3+Ca* 
78.3+2.72 

(150) 
63.3+2.63 

(129) 
1.9+0.14 

(66) 
2.5+0.12 

(61) 
13.5+0.65 

(106) 
14.5+0.65 

(104) 

T4 
88.7+6.61 

(172) 
73.7+2.11 

(153) 
1.6+0.12 

(53) 
1.9+0.11 

(57) 
11.5+0.66 

(91) 
12.6+0.55 

(91) 

T4+Ca* 
76.3+2.42 

(146) 
61.3+2.42 

(126) 
1.9+0.13 

(66) 
2.4+0.12 

(72) 
14.6+0.61 

(115) 
15.6+0.52 

(112) 

T5 
151.1+8.23 

(289) 
80.7+7.85 

(167) 
0.5+0.03 

(16) 
1.5+0.07 

(44) 
7.2+0.81 

(56) 
9.8+0.58 

(70) 

T5+Ca* 
138.2+7.35 

(263) 
80.3+6.11 

(164) 
0.6+0.13 

(18) 
1.5+0.13 

(45) 
8.8+0.73 

(69) 
12.5+0.78 

(90) 

T1 [Fit Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L
-1) Water]; T5 [EC (8 

dS m-1) + SAR (16(mmol L-1)1/2) +RSC (4 mmolc L
-1) Water];  Ca* = Ca as CaSO4.2H2O @ 100 mg kg-1 on soil basis. 

 
4.3.3 Water relations 

4.3.3.1 Relative water content   

The highest RWC (Table 4.3) were recorded in case of fit water and the values 

were 80 and 82% in Hysun-33 and SF-187, respectively. RWC of both genotypes 

decreased under saline environment and the lowest values were recorded in case of EC-
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SAR-RSC water (T5), which were 51 and 64% in Hysun-33 and SF-187, respectively. 

Inclusion of Ca did not cause significant increases in RWC under T1, T2, T3 and T5 

treatments; however, addition of Ca in RSC water (T4) treatments significantly elevated 

RWC in both genotypes. 

4.3.3.2 Water potential 

The highest leaf water potential of -0.7 MPa was achieved in both genotypes 

under control treatment while it decreased progressively by increasing salinity/sodicity in 

irrigation water (Table 4.3). In Hysun-33, mean Ψs values ranged between -0.7 and -2.1 

MPa. While in SF-187, these values ranged between -0.7 and -1.7 MPa. Supplemental Ca 

@100 mg kg-1 did not improve leaf water potential in any genotype.  

 
Table 4.3: Effect of Ca on relative water contents and water potential of sunflower genotypes under saline 

and/or sodic water irrigation. Data were recorded 50 days after treatment application. (Figures 
are means of 3 replications+ S.E).Values in () are % of respective control. 

Treatments Relative water contents (%) Water potential (MPa) 

 Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

T1 80.5+1.93 82.1+2.14  -0.7+0.06 
 

-0.7+0.06 

T1+Ca* 79.7+1.83  
(99) 

83.2+1.13  
(101) 

-0.8+0.12 
(114)  

-0.7+0.06  
(100) 

T2 57.6+2.66  
(72) 

69.7+3.56  
(85) 

-1.9+0.12  
(271) 

-1.5+0.11 
(214)  

T2+Ca* 58.1+1.95  
(72) 

74.9+2.56  
(91) 

-1.8+0.11  
(225) 

-1.3+0.12 
(186)  

T3 65.7+2.19  
(82) 

75.4+1.83  
(92) 

-1.5+0.09 
(214)  

-1.1+0.12 
 (157) 

T3+Ca* 69.3+1.87  
(86) 

78.2+1.43  
(95) 

-1.4+0.11  
(175) 

-1+0.15 
 (143) 

T4 64.3+3.28  
(80) 

75.4+1.35 
(92) 

-1.4+0.12  
(200) 

-1.2+0.15  
(171) 

T4+Ca* 73.2+1.33  
(91) 

79.8+1.53  
(97) 

-1.3+0.06  
(163) 

-1+0.08 
(143)  

T5 51.1+1.14  
(63) 

63.8+3.48 
(78) 

-2.1+0.12  
(300) 

-1.7+0.15 
 (243) 

T5+Ca* 55.4+2.29  
(69) 

67.1+1.98  
(82) 

-1.9+0.11  
(238) 

-1.5+0.10 
 (214) 

T1 [Fit Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L
-1) Water]; T5 [EC (8 

dS m-1) + SAR (16(mmol L-1)1/2) +RSC (4 mmolc L
-1) Water];  Ca* = Ca as CaSO4.2H2O @ 100 mg kg-1 on soil basis. 
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4.3.4 Biochemical parameters 
4.3.4.1 Membrane stability index 

There was a significant effect of applied saline and/or sodic water on membrane 

stability index of both sunflower genotypes (Table 4.4). It is evident from our results that 

plasma membranes are damaged more seriously in Hysun-33 as compared SF-187 and 

furthermore, saline sodic irrigation (T5) has more intensifying impact on maintenance of 

membrane integrity in both genotypes. The values of membrane stability index in Hysun-

33 decreased from 88 (in control) to 54% (in T5). However, these values in SF-187 

decreased from 89 (in control) to 62% (in T5).  

Addition of 100 mg kg-1 calcium in soil significantly improved membrane 

stability index in both genotypes in T3, T4 and T5 treatments. In Hysun-33, added Ca 

improved membrane stability index by 4, 8, 15 and 10%, under T2, T3, T4 and T5 

treatments, respectively as compared to Ca deprived treatments. Similarly, Ca improved 

membrane stability index in SF-187 under T2, T3, T4 and T5 by 3, 5, 9 and 10%, 

respectively. 

4.3.4.2  Proline content 

Data regarding proline accumulation as affected by various saline and/or sodic 

water treatments are presented in Table 4.4. In both genotypes salt stress stimulated 

proline accumulation and the results demonstrate that the degree of increase also tended 

to be higher with upsurges in salinity and sodicity of irrigation water (T5). Similarly, the 

extent of proline accumulation was significantly higher in SF-187 under all stress 

treatments and it increased most steeply under EC-SAR-RSC water (T5). Proline content 

in Hysun-33 ranged between 4.2 μmol g-1 fresh weight to 8.6 μmol g-1 fresh weight. In 

the case of SF-187 proline contents increased from 5.1 (control) to 10.2 (T5) μmol g-1 

fresh weight. Furthermore, addition of Ca significantly reduced proline accumulation 

only under T4 treatment in both genotypes. 
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Table 4.4:  Effect of Ca on membrane stability index and proline contents in sunflower genotypes under saline 

and/or sodic water irrigation. Data were recorded 50 days after treatment application. (Figures are means of 3 

replications+ S.E).Values in () are % of respective control. 

Treatments Membrane stability index (%) Proline (µmol  g-1 fresh weight) 

 Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

Hysun-33 
(Salt sensitive) 

SF-187 
(Salt tolerant) 

T1 87.7+1.51 89.3+0.54 4.2+0.24 5.1+0.31 

T1+Ca* 88.3+1.54  
(101) 

90.2+0.92  
(101) 

3.9+0.34 
 (95) 

4.9+0.46 
(96) 

 T2 66.7+2.82  
(76) 

71.1+4.31  
(80) 

6.3+0.52  
(150) 

8.4+0.78 
 (163) 

T2+Ca* 69.4+2.79  
(79) 

73.1+2.86  
(82) 

6.3+0.33  
(151) 

7.9+0.35  
(156) 

 T3 74.6+2.85  
(85) 

81.3+2.97  
(91) 

4.3+0.28  
(103) 

5.3+0.33  
(103) 

T3+Ca* 80.6+1.38 
 (92) 

85.1+2.86 
 (95) 

4.2+0.22  
(101) 

4.3+0.19  
(84) 

T4 67.3+3.52 
 (77) 

80.3+2.40  
(90) 

4.7+0.12  
(112) 

5.3+0.26  
(105) 

T4+Ca* 77.6+2.87  
(88) 

87.4+2.17  
(98) 

4.4+0.14  
(104) 

4.5+0.17  
(89) 

T5 54.3+2.74  
(62) 

61.6+3.75  
(69) 

8.6+0.59  
(205) 

10.2+0.23  
(200) 

T5+Ca* 59.7+1.55  
(68) 

67.9+2.27  
(76) 

7.8+0.40  
(186) 

9.8+0.35  
(193) 

T1 [Fit Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L
-1) Water]; T5 [EC (8 

dS m-1) + SAR (16(mmol L-1)1/2) +RSC (4 mmolc L
-1) Water];  Ca* = Ca as CaSO4.2H2O @ 100 mg kg-1 on soil basis. 

 

4.3.5 Yield and yield attributes 

4.3.5.1 Head diameter 

Head diameter was significantly reduced in both sunflower genotypes by 

increasing salinity and/or sodicity in irrigation water (Table. 4.5). However, the extent of 

reduction was greater in Hysun-33 than in SF-187, under all stress conditions. In Hysun-

33 head diameter was reduced by 36% with the application of EC water (T2), 23% with 

SAR water (T3), 25% with RSC water (T4) and 58% with the application of EC-SAR-

RSC water (T5) as compared to the control. In SF-187 head diameter was reduced by 

19% with the application of EC water (T2), 15% with SAR water (T3), 14% with RSC 

water (T4) and 38% with the application of EC-SAR-RSC water (T5) as compared to the 

control. Supplemental Ca @100 mg kg-1 in soil significantly improved head diameter in 

RSC water (T4) in Hysun-33 genotype. 
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4.3.5.2 100 achene weight 

Results regarding 100 achene weight reduction with and with out supplemental 

calcium as affected by saline and/or sodic water are presented in Table 4.5. Application 

of saline and/or sodic water adversely affected 100 seed weight in both sunflower 

genotypes as compared to the control (fit water). However, a differential response with 

respect to 100 achene weight in both genotypes was observed especially under EC water 

and EC-SAR-RSC water. The comparison of sunflower genotypes indicated that the 

greatest 100 achene weight was obtained from SF-187 which differed significantly from 

Hysun-33 in all treatments. Overall results indicated that reduction in 100 achene weight 

compared to control under T2, T3, T4 and T5 was 37 and 18%, 26 and 14%, 23 and 12% 

and 48 and 32% in Hysun-33 and SF-187, respectively. Application of calcium was only 

beneficial under RSC water application (T4) in improving 100 achene weight in both 

sunflower genotypes.  

4.3.5.3 Achene yield 

Data regarding achene yield as effected by saline and/or sodic water application 

with and without calcium amendment are presented in Table 4.5. On an overall average 

basis, the lowest yield was found when high EC-SAR-RSC water was applied and the 

highest yield was observed in fit water. Saline and/or sodic water application 

significantly decreased achene yield of both sunflower genotypes as compared to the 

control (fit water). However, a differential response was exhibited by both genotypes in 

this regard and the extent of reduction was greater Hysun-33 than in SF-187, under all 

stress treatments. In Hysun-33 achene yield reduction was 36% with the application of 

EC water (T2), 26% with SAR water (T3), 27% with RSC water (T4) and 57% with the 

application of EC-SAR-RSC water (T5) as compared to the control. In SF-187, achene 

yield was reduced by 17% with the application of EC water (T2), 13% with SAR water 

(T3), 12% with RSC water (T4) and 36% with the application of EC-SAR-RSC water (T5) 

as compared to the control. Supplemental Ca @100 mg kg-1 in soil ameliorated negative 

effects of high RSC water (T4) and improved achene yield in both sunflower genotypes. 
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Table 4.5:  Effect of Ca on yield and yield attributes in sunflower genotypes under saline and/or sodic water 
irrigation. Plants were harvested 90 days after treatment application. (Figures are means of 3 
replications+ S.E). Values in () are % of respective control. 

Treatments Head diameter (cm) 100 achene weight (g) Achene yield (g-1 plant) 

 Hysun-33 
(Salt 

sensitive) 

SF-187 
(Salt tolerant) 

Hysun-33 
(Salt 

sensitive) 

SF-187 
(Salt tolerant) 

Hysun-33 
(Salt 

sensitive) 

SF-187 
(Salt tolerant) 

T1 8.3+0.23 7.9+0.43 3.8+0.24 3.6+0.23 5.2+0.56 4.9+0.39 

T1+Ca* 8.5+0.47 
 (102) 

8.1+0.24 
(102) 

3.8+0.21 
(101) 

3.7+0.31 
(101) 

5.2+0.22  
(101) 

5.1+0.40 
(103) 

T2 5.3+0.21 
(64) 

6.4+0.29  
(81) 

2.4+0.12 
(62) 

2.9+0.11  
(81) 

3.3+0.26  
(63) 

 4.1+0.17 
(83) 

T2+Ca* 5.4+0.32 
 (65) 

6.5+0.31 
 (81) 

2.3+0.13 
(63) 

3.1+0.21  
(85) 

3.4+0.37  
(66) 

 4.5+0.13 
(90) 

T3 6.4+0.27  
(77) 

6.8+0.22  
(85) 

2.8+0.16 
(74) 

3.1+0.25  
(86) 

3.8+0.22  
(73) 

 4.3+0.34 
(87) 

T3+Ca* 6.9+0.21  
84) 

6.9+0.24 
 (87) 

2.9+0.14 
(76) 

3.2+0.19  
(88) 

3.9+0.38  
(76) 

 4.4+0.29 
(89) 

T4 6.2+0.39 
 (75) 

6.8+0.35  
(86) 

2.8+0.14 
(75) 

3.2+0.17  
(88) 

3.7+0.21  
(72) 

 4.3+0.19 
(88) 

T4+Ca* 6.8+0.19  
(83) 

6.8+0.41 
 (86) 

3.2+0.13 
(85) 

3.6+0.16  
(98) 

4.1+0.12  
(80) 

 4.7+0.11 
(96) 

T5 3.5+0.12  
(42) 

4.9+0.16  
(62) 

1.9+0.09 
(51) 

2.5+0.14  
(67) 

2.2+0.08  
(43) 

 3.1+0.12 
(64) 

T5+Ca* 3.5+0.17  
(43) 

5.1+0.21  
(64) 

2.1+0.11 
(56) 

2.6+0.16 
 (71) 

2.3+0.12 
 (45) 

 3.2+0.20 
(65) 

 T1 [Fit Water]; T2 [EC (8 dS m-1) Water]; T3 [SAR (16 (mmol L-1)1/2) Water]; T4 [R SC (4 mmolc L
-1) Water]; T5 [EC 

(8 dS m-1) + SAR (16(mmol L-1)1/2) +RSC (4 mmolc L
-1) Water];  Ca* = Ca as CaSO4.2H2O @ 100 mg kg-1 on soil basis. 
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4.3.6    DISCUSSION 

It is clear from the data in Table 4.1 that growth inhibition in terms of shoot dry 

mass and leaf area was more for Hysun-33 as compared to SF-187, under saline and/or 

sodic water application. Calcium application did not affect shoot dry matter and leaf area 

in EC-water (T2) in any genotype; however, Ca was beneficial in case of RSC-water in 

both genotypes whereby it markedly improved shoot dry matter and leaf area as 

compared to Ca untreated plants. The observed decline in growth parameters might be 

due to the accumulation of salts in the root zone under saline and/or sodic application. 

Salt accumulation in the root zone might have affected plant performance through the 

development of water deficit and the disruption of ion homoeostasis (Zhu, 2001; Munns, 

2002). Consequently, salt stress changed hormonal status and impaired basic metabolic 

process that caused growth inhibition in terms of biomass and leaf area (Maas, 1993; 

Paranychianakis et al., 2004a). These findings are in agreement with the previously 

decribed results of Zeng and Shannon, (2000) and Turhan and Ayaz, (2004) for 

sunflower cultivars.  

Calcium application as CaSO4 slightly increased the growth of shoots under RSC-

water application and its effect was more obvious in Hysun-33; however, Ca application 

did not affect shoot dry matter in EC-water (T2) in any genotype. Similarly, Ca 

application was more beneficial in case of RSC-water in both genotypes whereby it 

significantly improved leaf area as compared to other treatments. In the saline medium 

when Na+ is available, the abundance of Ca2+ is required to check the toxic activities of 

Na+. Availability of Ca2+ in the external environment ameliorates NaCl stress in order to 

check the toxic activities of Na+ ion (Zhong and Lauchli, 1994). As the presence of an 

adequate level of Ca2+, induces signals and the concentration difference across the plasma 

membrane results in a steep electrochemical gradient in favour of Ca2+ influx. Hence, 

amount of available Ca2+ is very important for mitigating Na+ toxicity under particular 

stress. There are controversial reports about role of Ca, for example Cramer et al. (1990) 

reported that supplemental Ca+2 in the growth medium increased the relative growth rate 

of barley under saline conditions but Wright et al. (1993) found that calcium supplements 

were unable to ameliorate NaCl damage in blueberry (Vaccinium ashei L.). 
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There was a significant effect of applied saline and/or sodic water on Na+ 

concentration and K+/Na+ ratio of leaf sap for both sunflower genotypes. A high 

concentration of Na+ in the external medium by saline and/or sodic water application 

caused a decrease in both K+ concentration and K+/Na+ ratios in plant tissues. This 

decrease could be due to the antagonism of Na+ and K+ at sites of uptake in roots (Lynch 

and Lauchli, 1998). A differential response with respect to K+/Na+ selectivity as 

exhibited by Hysun-33 and SF-187 might be due to genetic factor (Greenway and Munns, 

1980). Ebert et al. (2002) pointed out that cation relations in the shoot tissue such as 

Ca2+/Na+ have possessed a strong influence on salt tolerance than absolute sodium levels. 

 Data in Table.4.2 indicated that calcium application partially reduced Na+ uptake 

and results were significant in T3 and T4 treatments only, in both genotypes. Similarly, 

added Ca significantly increased K+: Na+ ratio in leaf sap of both genotypes under SAR 

water (T3) and RSC water (T4). Cramer et al. (1985) pointed out that selectivity of 

K+/Na+ is improved by the presence of Ca2+ in saline environment. Our results also 

showed that preference for K+ over Na+ is also dependent on Ca2+ in the growth medium 

at least for SAR water (T3) and RSC water (T4). However, added Ca @ 100 mg kg-1was 

unable to significantly affect the selectivity of K+ over Na+ in case of EC water and EC-

SAR-RSC water in our experiment. The reason might be the inadequacy of Ca 

concentration in external media to mitigate the adverse effects and the particular nature 

and intensity of stress being imposed.  

Results in Table 4.3 revealed that the highest leaf water potential was achieved in 

both genotypes under control treatment while it decreased progressively by increasing 

salinity/sodicity in irrigation water. It is reasonable to believe that under high salt 

concentrations, sunflower sequestered more salts in the leaf tissue than normal 

conditions. As a result of this increased salt uptake and storage within the leaf tissue 

would result in lower osmotic potentials and more negative water potentials. 

 Application of Ca did not cause significant increase in RWC under T1, T2, T3 and 

T5 treatments; however, addition of Ca in RSC water (T4) treatments significantly 

elevated RWC in both genotypes. Similarly, decreased water potential by saline and/or 

sodic water application was not improved by supplemental Ca @100 mg kg-1 in 

sunflower genotypes. These results are in excellent agreement with the previous findings 
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of Sohan et al. (1999) who concluded that calcium supplements of 10 mM did not 

ameliorate the adverse effects of NaCl on the water relations of sunflower. However, it is 

conceivable that greater concentrations of added Ca would have displayed a better 

response in elevating water potential. 

Under poor leaf water status plasma membranes were damaged more seriously in 

Hysun-33 as compared to SF-187. In addition, saline sodic irrigation (T5) has more 

intensifying impact on the maintenance of membrane integrity in both genotypes. It is 

proposed that the primary effect of salt stress on membranes is disruption of membrane 

integrity caused by the displacement of Ca2+ from the cell surface by Na+ (Cramer et al., 

1985; Lynch et al., 1987). While working on the root hairs of salinized cotton 

(Gossypium hirsutum L.) seedlings Cramer et al. (1987) demonstrated displacement of 

membrane associated Ca2+ by Na+. Addition of 100 mg kg-1 calcium in soil significantly 

improved membrane stability index in both genotypes in T3, T4 and T5 treatments. These 

results suggest that under salt stress, supplemental calcium maintains the stability, 

integrity and function of plasma membrane and tonoplast. This helps in internal 

distribution of ions at the level compatible with the requirements of plant metabolic 

processes (Nakamura et al., 1992; Colmer et al., 1994; Lin et al., 1997 and Ballesteros., 

1997). 

Data in Table 4.4 also indicated that salt stress stimulated the proline 

accumulation in both genotypes and the degree of increase also tended to be higher with 

upsurge in salinity and sodicity of irrigation water (T5).  Moreover, the extent of proline 

accumulation was markedly higher in SF-187 as compared to Hysun-33, under all stress 

treatments.  Proline accumulation is usually considered as an organic compatible 

osmolyte under salt or drought stress because its accumulation even at supra-optimal 

levels; does not suppress enzyme activity (Dubey, 1997). The findings regarding proline 

accumulation are in line with the results of Mutla and Buzcuk (2005), Shi and Sheng 

(2005) and Mohamedin et al. (2006). These researchers also suggested that proline may 

be involved in improving the salt tolerance by protecting the protein turnover machinery 

against stress-damage and up-regulating stress protective proteins. 

 Saline and/or sodic water application significantly decreased achene yield and its 

attributes; although genotypic variations were quite conspicuous under all stress 
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treatments. Yield reduction may be attributed to a nutrient imbalance caused by disturbed 

uptake or distribution of essential mineral nutrients, due to salinity (Del Amor et al., 1999; 

Navarro et al., 2000; Sivritepe et al., 2003). Our results confirmed the early findings of 

Chaudhry et al. (2006) who reported that irrigation with sodic water having residual 

sodium carbonate of 10 mmolc L
-1 reduced sunflower yield by 15–32.7% during the last 

year in a 4 year experiment. Similar findings were described by Caterina et al. (2007) 

who reported that seed yield of sunflower decreased by 8% per unit increase in electrical 

conductivity of irrigation water. Moreover, seed weight per head, 1000 achene weight, 

and number of seeds per plant significantly decreased under saline irrigation. These 

results are in agreement with the earlier findings of Khatoon et al. (2000), who concluded 

that sunflower yield was drastically decreased under saline soil. Applied Ca @100 mg kg-

1 in soil ameliorated negative effects of high RSC water (T4) and improved head 

diameter, 100 seed weight and achene yield in both sunflower genotypes, but results for 

other treatments were non significant. Although increasing the supply of Ca to the growth 

medium under saline conditions can alleviate the adverse effects of stress on plant 

growth, it is generally accepted that such increases will not improve plant growth when 

the nutrition level is below an optimum level or stress is severe. This might also be due to 

the fact that the adverse effect on plant growth could be attributed to an osmotic stress, as 

described by Reid and Smith (2000).  

Results concluded that application of saline and saline sodic water caused a significant 

reduction in plant growth and yield of sunflower genotypes but the magnitude of 

reduction was more pronounced in Hysun-33. Under saline and saline sodic irrigation, 

proline contents increased markedly and a severe decline in RWC and water potential 

was observed. Ca application improved growth and yield only under T4 (RSC-water) 

application and its effect was more obvious in salt sensitive genotype. The beneficial 

effect of applied Ca under T4 was by virtue of enhanced RWC and strengthening the 

membranes prone to oxidative damage. 
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STUDY-4 

4.4 AMELIORATING EFFECT OF SILICON ON TWO 
SUNFLOWER GENOTYPES IN SOIL CULTURE GROWN 
UNDER SALINE AND/OR SODIC WATER CONDIIONS 
 

This pot culture study was also performed in a wire house. The objective of the 

study was to investigate the role of supplemental Si on physiological and ionic 

parameters along with yield and yield components in two sunflower genotypes under 

saline and/or sodic water irrigation. Sampling was done after 50 days of treatment 

application for all determinations, except yield and yield attributes for which plants were 

harvested at maturity (90 days after treatment application). 

4.4.1 Growth parameters 

4.4.1.1 Shoot dry weight 

 The data regarding shoot dry weight under saline and/or sodic water 

application with and without silicon addition are presented in Fig. 4.18. Application of 

saline and/or sodic water significantly reduced shoot dry weight as compared to the 

control (fit water). On an overall average basis, the lowest shoot dry weight was found 

when EC-SAR-RSC water was applied and the highest was observed in fit water 

application. Addition of Si to the root medium, significantly improved shoot dry weight 

in both sunflower genotypes under non-saline and saline conditions. However, the 

complementary effect of added Si was more pronounced in the salt sensitive genotype 

(Hysun-33) as compared to the salt tolerant genotype (SF-187), especially under T5. 

 Comparison of genotypes revealed that the decrease was more pronounced in salt 

Hysun-33 than in SF-187. Reduction in shoot dry weight in case of Hysun-33 was 29, 16, 

18 and 54% under T2, T3, T4 and T5 respectively. Likewise, in the case of SF-187, shoot 

dry weight reduction was 19, 10, 13, and 38%, under T2, T3, T4 and T5, respectively. In 

Hysun-33, the increase in shoot dry matter under Si addition was 20% with the 

application of EC (T2) water, 12% in case of SAR (T3) water, 10% under RSC (T4) water, 

and 40% under EC-SAR-RSC (T5) water as compared to Si untreated plants. Likewise, in 

SF-187, shoot dry weight was increased by 12, 9, 9 and 25% in T2, T3, T4 and T5, 

respectively with Si application as compared to salt stressed plants without Si application. 
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Figure 4.18: Effect of Si (100 mg kg-1) on shoot dry weight in sunflower genotypes under saline                
          and/or sodic irrigation. Plants were harvested 50 days after treatment application. (Each bar     
          is an average of 3 replications+ S.E.). 
 

4.4.1.2 Leaf area 

Application of saline and/or sodic water adversely affected leaf area in both 

sunflower genotypes as compared to the control (fit water). The data regarding the leaf 

area reduction with and with out supplemental Si as affected by saline and/or sodic water 

are presented in Fig. 4.19. On an overall average basis, the lowest leaf area was recorded 

when EC-SAR-RSC (T5) water was applied and the highest was observed in fit water 

application in both genotypes. However, a differential response with respect to leaf area 

in both genotypes was evident especially under EC-SAR-RSC water application. Overall 

results revealed that reduction in leaf area under T2, T3, T4 and T5 compared to the control 

was 29 and 19%, 16 and 11%, 19 and 13% and 57 and 38% in Hysun-33 and SF-187, 

respectively. 

Inclusion of Si in the salt stressed medium significantly improved leaf area of 

both sunflower genotypes; although Hysun-33 was more responsive to added Si, 

especially under T5. Si application to Hysun-33 increased leaf area by 26% under T2, 7% 

under T3, 8% under T4 and 38% under T5 as compared to Si untreated plants. On the 

other hand, in SF-187 leaf area was increased by 16, 8, 4 and 25% under treatments T2, 
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T3, T4 and T5, respectively with Si application as compared to salt stressed plants without 

Si. 
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  Figure 4.19: Effect of Si (100 mg kg-1) on leaf area in sunflower genotypes under saline and/or sodic    
          irrigation. Plants were harvested 50 days after treatment application. (Each bar is an average    
          of 3 replications+ S.E.). 
 
4.4.2 Ionic characteristics 

4.4.2.1    Na+ Concentration 

 The data regarding sodium concentration in the leaf sap of sunflower 

genotypes grown under different levels of saline and/or sodic water with and without Si 

supplementation are presented in Fig 4.20. Sunflower genotypes significantly differed 

regarding Na+ concentration in their youngest fully expanded leaf among the treatments; 

however, Hysun-33 exhibited more Na+ concentration when compared to SF-187. 

Concentration of Na+ in leaf sap of Hysun-33 increased from 51.3 to 149.3 mol m-3 and in 

SF-187, these values increased from 50.7 to 84.3 mol m-3 under various levels of saline 

and/or sodic water irrigation. The highest values were observed in T5 (EC-AR-RSC 

water), in both genotypes.  

Si application to Hysun-33 decreased leaf Na+ concentration by  24% under T2, 

13% under T3, 16% under T4 and 32% under T5 as compared to Si untreated plants. On 

the other hand, in SF-187, observed reduction in leaf Na+ concentration was by 14, 12, 
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13 and 18% under treatments T2, T3, T4 and T5, respectively with Si application as 

compared to salt stressed plants without Si. 
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 Figure 4.20: Effect of Si (100 mg kg-1) on leaf sap Na+ concentration in sunflower genotypes under         
          saline and/or sodic irrigation. Leaves were sampled 50 days after treatment application.   
          (Each bar is an average of 3 replications+ S.E.). 
 

4.4.2.2 K+: Na+ ratio 

Data regarding K+: Na+ as affected by various saline and/or sodic water 

treatments are presented in Fig. 4.21. Saline and/or sodic water application significantly 

increased Na+ concentration and consequently reduced K+: Na+ ratio, however it varied 

widely between sensitive and tolerant genotypes. The highest K+: Na+ ratio was observed 

in plants under control (fit water) and the lowest reduction in K+: Na+ was in the case of 

EC-SAR-RSC water in both genotypes. Comparison of genotypes indicated a significant 

variation in K+: Na+ ratio under all treatments. The results revealed that SF-187 had the 

ability to maintain higher level of K+: Na+ ratio in all treatments as compared to Hysun-

33. In Hysun-33, 64% reduction of K+: Na+ in T2 and 84% reduction in T5 was observed. 

On the other hand in SF-187, 42% reduction in T2 and 54% reduction in T5 was observed. 

Si application to Hysun-33 increased leaf K+: Na+ ratio by 35% under T2, 17% 

under T3, 22% under T4 and 55% under T5 as compared to Si untreated plants. On the 

other hand, in SF-187 increase in leaf K+: Na+ ratio was by 15, 16, 20 and 23% under 
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treatments T2, T3, T4 and T5, respectively with Si application as compared to salt stressed 

plants without Si. 
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Figure 4.21: Effect of Si (100 mg kg-1) on leaf sap K+: Na+ ratio in sunflower genotypes under saline    
       and/or sodic irrigation. Leaves were sampled 50 days after treatment application. (Each bar is    
       an average of 3 replications+ S.E.).            
 
4.4.2.3   Si4+ Concentration 
  Data regarding shoot Si4+ concentration under various saline and/or sodic water 

treatments as affected by Si application are presented in Fig. 4.22. Application of saline 

and/or sodic water significantly reduced Si4+ content in shoot of both sunflower 

genotypes, however the magnitude of reduction was more pronounced in Hysun-33, 

especially under T2 and T5.  In Hysun-33 Si4+ contents decreased from 2.2 mg g-1 (T1) to 

0.9 mg g-1 (T5) as a result of salinity stress. Similarly, in the case of SF-187 Si4+ content 

decreased from 2.9 mg g-1 (T1) to 1.9 mg g-1 (T5). In Hysun-33, added Si increased Si4+ 

content by 277%, 253%, 158%, 183% and 477% in T1, T2, T3, T4 and T5, respectively as 

compared to Si deprived plants. On the other hand in SF-187, added Si increased Si4+ 

content by 172%, 68%, 112%, 115% and 116% in T1, T2, T3, T4 and T5, respectively.  
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 Figure 4.22: Effect of Si (100 mg kg-1) on Si4+ concentration in sunflower genotypes under saline and/or          
         sodic irrigation. Leaves were sampled 50 days after treatment application. (Each bar is an   
         average of 3 replications+ S.E.). 
 

4.4.3         Water relations 

4.4.3.1 Relative water content   

Data regarding leaf RWC as affected by saline and/or sodic water application with 

and without Si application are presented in Fig. 4.23. It is evident that the highest RWC 

were recorded in the case of fit water and the values were 80.5 and 82.1% in Hysun-33 

and SF-187, respectively. RWC of both genotypes decreased under saline environment 

and the lowest values were recorded in the case of EC-SAR-RSC water (T5), which were 

51.1 and 63.8% in Hysun-33 and SF-187, respectively. 

Comparison of genotypes and treatments indicated that inclusion of Si @ 100 mg 

kg-1 markedly increased RWC in Hysun-33, especially under EC-SAR-RSC water (T5). 

In Hsun-33, RWC were increased by 13, 11, 15 and 59% in T2, T3, T4 and T5, 

respectively with Si application as compared to salt stressed plants without Si. Similarly 

in SF-187, RWC were increased by 11, 4, 3 and 16% in T2, T3, T4 and T5, respectively 

with Si application as compared to salt stressed plants without Si inclusion. 



Chapter 4                                              Results and Discussion 
 

 87

40

45

50

55

60

65

70

75

80

85

90

(-Si) (+Si) (-Si) (+Si)

Hysun-33 SF-187

R
el

at
iv

e 
w

at
er

 c
o

n
te

n
t 

(%
)

T1 [Fit Water]
T2 [EC(8)Water]
T3 [SAR(16)Water]
T4 [RSC(4)Water]
T5 [EC(8) + SAR(16) + RSC(4)Water]

Figure 4.23: Effect of Si (100 mg kg-1) on relative water content in sunflower genotypes under saline and/or      
        sodic irrigation. Data were recorded 50 days after treatment application. (Each bar is an average   
       of 3 replications+ S.E.). 
 

4.4.3.2 Water potential 

Water potential of two sunflower genotypes showed that saline and/or sodic water 

irrigation had a significant inhibitory effect on Hysun-33 (Fig. 4.24). Leaf water potential 

of both genotypes decreased due to salinity and/or sodicity but a consistent decrease was 

observed in Hysun-33 rather than SF-187. The highest leaf water potential of -0.7 MPa 

was achieved in both genotypes under control treatment while it decreased progressively 

by increasing salinity/sodicity in irrigation water. The lowest values among treatments 

were observed in T5 which were -2.1 MPa and -1.8 MPa in Hysun-33 and SF-187, 

respectively.  

Si application @ 100 mg kg-1 was quite effective in restoring leaf water potential 

in both genotypes under various stress treatments, but the response was more pronounced 

in Hysun-33 particularly under saline and saline sodic treatments. Si application to the 

Hysun-33 increased leaf water potential by 34% under T2, 29% under T3, 17% under T4 

and 29% under T5 as compared to Si deprived plants. On the other hand in SF-187, 

increase in leaf water potential was by 22, 17, 25 and 28% under treatments T2, T3, T4 
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and T5, respectively with Si application as compared to salt stressed plants without Si 

application. 
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 Figure 4.24: Effect of Si (100 mg kg-1) on water potential in sunflower genotypes under saline and/or sodic    
        irrigation. Data were recorded 50 days after treatment application. (Each bar is an average of 3   
        replications+ S.E.). 
 

4.4.4 Biochemical parameters 

4.4.4.1 Membrane stability index 

There was a significant effect of applied saline and/or sodic water on membrane 

stability index of both sunflower genotypes (Fig. 4.25). It is obvious from our results that 

plasma membranes were injured more seriously in Hysun-33 as compared to SF-187 and 

furthermore, saline sodic irrigation (T5) has more intensifying impact on the maintenance 

of membrane integrity in both genotypes. Values of membrane stability index for Hysun-

33 dropped from 88.7 (T1) to 55.2% (T5). In SF-187, these values dropped from 90.6 (T1) 

to 60.6% (T5) by the application of saline sodic water. 

Addition of Si @ 100 mg kg-1 in the soil significantly improved membrane 

stability index in both genotypes in T3, T4 and T5 treatments. On an overall basis, in 

Hysun-33, membrane stability index was improved by 21%, 15%, 14% and 28% under 

T2, T3, T4 and T5 treatments, respectively by Si addition as compared to respective 
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treatments without Si inclusion. On the other hand in SF-187, membrane stability index 

was improved by 19%, 5%, 4% and 28% under T2, T3, T4 and T5 treatments, respectively 

by Si addition as compared to respective treatments without Si addition. 
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 Figure 4.25: Effect of Si (100 mg kg-1) on membrane stability index in sunflower genotypes under saline   
        and/or sodic irrigation. Data were recorded 50 days after treatment application. (Each bar is an   
        average of 3 replications+ S.E.). 
 

4.4.4.2 Proline content 

Data regarding proline accumulation as affected by Si addition and various saline 

and/or sodic water treatments are presented in Fig.4.26. In both genotypes salt stress 

stimulated proline accumulation and the degree of increase also tended to be higher with 

upsurges in salinity and sodicity of irrigation water. Similarly, on absolute basis the 

extent of proline accumulation was markedly higher in SF-187, under all stress 

treatments and it increased most steeply under ECSAR-RSC water (T5). Proline contents 

in Hysun-33 ranged between 4.3 (control) and 8.7 (EC-SAR-RSC water) μmol g-1 fresh 

weight. While, in SF-187 proline contents ranged between 5.1 (control) and 10.1 (EC-

SAR-RSC water) μmol g-1 fresh weight. In the case of Hysun-33, proline contents 

increased by 68%, 3%, 7% and 103% under T2, T3, T4 and T5 treatments, respectively as 

compared to the control (fit water). Likewise, in SF-187 proline contents increased by 
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62%, 2%, 1% and 99% under T2, T3, T4 and T5 treatments, respectively as compared to 

the control (fit water). 

Addition of Si to the soil significantly lowered proline accumulation in both 

genotypes and in all treatments including control. Si application to Hysun-33 decreased 

proline contents by  51% under T1, 42%  under T2, 16% under T3, 16% under T4 and 34% 

under T5 as compared to Si untreated plants. On the other hand, decrease in proline 

contents, in SF-187 by Si application was 50, 39, 38, 37 and 32% under treatments T1, T2, 

T3, T4 and T5, respectively as compared to Si deprived. 
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Figure 4.26: Effect of Si (100 mg kg-1) on proline content in sunflower genotypes under saline and/or 
                       sodic water irrigation. Leaves were sampled 50 days after treatment application. (Each bar is   
                an average of 3 replications+ S.E.).   
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4.4.5    Yield and yield attributes 

4.4.5.1 Head diameter 

Head diameter was significantly reduced in both sunflower genotypes by 

increasing salinity and/or sodicity in irrigation water (Fig 4.27). However, the magnitude 

of reduction was greater in Hysun-33 than in SF-187, under all stress conditions. In 

Hysun-33, head diameter was reduced by 37% with the application of EC water (T2), 

25% with SAR water (T3), 27% with RSC water (T4) and 59% with the application of 

EC-SAR-RSC water (T5) as compared to the control. Likewise in SF-187, head diameter 

was reduced by 21% with the application of EC water (T2), 18% with SAR water (T3), 

15% with RSC water (T4) and 42% with the application of EC-SAR-RSC water (T5) as 

compared to the control.  

Application of Si @100 mg kg-1 was fairly effective in improving head diameter 

in both genotypes under most of the stress treatments; although Hysun-33 was more 

responsive to Si application. Si application to Hysun-33 increased head diameter by 17% 

under T2, 12% under T3, 14% under T4 and 30% under T5 as compared to Si untreated 

plants. On the other hand, in SF-187, increase recorded in head diameter was 14%, 11%, 

10% and 22% under treatments T2, T3, T4 and T5, respectively with Si application as 

compared to salt stressed plants without Si application. 
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 Figure 4.27: Effect of Si (100 mg kg-1) on head diameter in sunflower genotypes under saline and/or sodic   
        irrigation. Plants were harvested 90 days after treatment application. (Each bar is an average of 
        3 replications+ S.E.). 



Chapter 4                                              Results and Discussion 
 

 92

4.4.5.2  100 achene weight 

Results regarding 100 achene weight, with and with out applied Si application as 

affected by saline and/or sodic water irrigations are graphically depicted in Fig. 4.28. 

Application of saline and/or sodic water adversely affected 100 achene weight in both 

sunflower genotypes as compared to the control (fit water). However, a differential 

response with respect to 100 achene weight in both genotypes was observed, especially 

under EC water and EC-SAR-RSC water. The comparison of sunflower genotypes 

demonstrated that the highest 100 achene weight was obtained from SF-187 which 

differed significantly from Hysun-33 in all stress treatments. Over all results indicated 

that the reduction in 100 achene weight compared to the control under T2, T3, T4 and T5 

was 40 and 22%, 29 and 17%, 25 and 10% and 51 and 38%  Hysun-33 SF-187, 

respectively.  

Si application @ 100 mg kg-1 was beneficial under different stress treatments in 

improving 100 achene weight in both sunflower genotypes. Results indicated that in 

Hysun-33, Si inclusion increased 100 achene weight by 24, 15, 10 and 28% under 

treatments T2, T3, T4 and T5, respectively as compared to salt stressed plants without Si 

application. In SF-187, Si inclusion increased 100 achene weight by 15, 11, 7 and 17% 

under treatments T2, T3, T4 and T5, respectively as compared to salt stressed plants 

without Si application.  
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Figure 4.28: Effect of Si (100 mg kg-1) on 100 achene weight in sunflower genotypes under saline and/or 
         sodic irrigation. Plants were harvested 90 days after treatment application. (Each bar is an   
         average of 3 replications+ S.E.). 
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4.4.5.3 Achene yield 

Data regarding achene yield as effected by saline and/or sodic water application 

with and without Si amendment are presented in Fig. 4.29. On an overall average basis, 

the lowest yield was observed when high EC-SAR-RSC water was applied and the 

highest was observed under fit water application in both genotypes. Saline and/or sodic 

water application significantly decreased achene yield of both sunflower genotypes as 

compared to the control (fit water). However, a differential response was exhibited by 

both genotypes in this regard and the extent of reduction was greater in Hysun-33 than in 

SF-187, under all stress treatments. In Hysun-33 achene yield was reduced from 5.1 to 

2.3 g plant-1 while in SF-187, achene yield was reduced from 4.9 to 3.0 g plant-1, under 

saline sodic water application. In Hysun-33 achene yield reduction was 35% with the 

application of EC water (T2), 23% with SAR water (T3), 26% with RSC water (T4) and 

55% with the application of EC-SAR-RSC water (T5) as compared to the control. In SF-

187, achene yield was reduced by 20% with the application of EC water (T2), 18% with 

SAR water (T3), 14% with RSC water (T4) and 39% with the application of EC-SAR-

RSC water (T5) as compared to the control.  

Si application was beneficial in improving achene yield in both genotypes under 

most of stress treatments; although Hysun-33 was more responsive to Si application. Si 

application to Hysun-33 increased achene yield by 19% under T2, 13% under T3, 15% 

under T4 and 23% under T5 as compared to Si untreated plants. On the other hand, in SF-

187 increase recorded in achene yield was 13%, 8%, 10% and 17% under treatments T2, 

T3, T4 and T5 respectively with Si application as compared to salt stressed plants but 

without Si inclusion. 
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Figure 4.29: Effect of Si (100 mg kg-1) on achene yield of sunflower genotypes under saline and/or sodic      
        irrigation. Plants were harvested 90 days after treatment application. (Each bar is an average    
        of 3 replications+ S.E.). 
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4.4.5     DISCUSSION 

Saline and/or sodic irrigation treatments covering a relatively moderate to high salt 

and/or sodic regime were applied to soil in this pot experiment. The obtained results 

indicated that saline sodic water had more hazardous effect on the studied parameters of 

sunflower plants than saline or sodic water alone. These detrimental effects might be due to 

salinity which generally inhibits the growth of plants, through reduced water absorption, 

reduced metabolic activities, Na+ toxicity and nutrient deficiency caused by ionic 

interference (Soussi et al., 1998; Marcum, 1999; Ghoulam et al., 2002; De Lacerda et al., 

2003). These findings are also in a good agreement with the previously reported results by 

Mohamedin et al. (2006) that salinity and/or alkalinity stress caused a significant decrease 

in plant height, leaf area, fresh and dry weight of leaves due to decreased K+ /Na+ ratio in 

sunflower plants. 

Under these stress conditions, strong reduction in leaf area resembles what has been 

reported by other authors (Stedu et al., 2000). Moreover, the high sensitivity of leaf 

expansion to water status variation was observed under all stress treatments (Fig. 4.21 and 

4.25); indicating ability of sunflower to adjust its canopy size to water availability. This 

behaviour reflects high elasticity of sunflower cell walls, representing one of the stress 

avoidance mechanisms (Connor and Sadras, 1992). Si application resulted in significant 

increase in dry matter and leaf area of sunflower genotypes grown under all saline and/or 

sodic irrigation treatments but the effect was more pronounced in salt sensitive genotype 

especially under saline sodic irrigation. The obtained results in this study suggest that an 

increase of silicon concentration in the root zone of sunflower is capable of enhancing their 

vegetative growth. This finding is in good agreement with previous reports that Si 

promotes the growth of various higher plant species including sunflower under stress 

conditions (Savant et al., 1997; Zhu et al., 2004; Gunes et al., 2008). 

Water stress, an indirect consequence of saline sodic irrigation, was displayed by a 

substantial decrease in leaf water potential as well as a sharp decline in RWC. The 

deteriorated water status of stressed plants is attributed to unavailability of water in the soil 

or root systems, which are not able to compensate for the transpiration losses. Increased 

water potential and improved water status in sunflower genotypes by Si application could 

be due to Si deposition and formation of a thickened layer of silica gel associated with the 
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cellulose in the epidermal cell wall, which alleviates water stress by decreasing 

transpiration (Agarie et al, 1998). Results regarding Si effect on water relations confirm 

those reported by Gunes et al. (2008) for sunflower, who reported that in the presence of 

stress conditions, Si application significantly improved leaf RWC. 

Data in Fig. 4.23 showed that K+: Na+ decreased more sharply under saline sodic 

irrigation (T5) as compared to saline irrigation (T2). These results of ionic concentration are 

in line with the previous findings of De Lacerda et al. (2003) who reported that high levels 

of Na+ inhibited the K+ concentration in sorghum plants causing a decrease in the K+: Na+ 

ratio. In the present experiment, added Si was capable of suppressing the uptake and 

translocation of Na+ to the photosynthetically active leaves of sunflower under saline 

and/or sodic water irrigation. However, the mechanism by which Si stimulated potassium 

uptake and inhibited sodium uptake is yet poorly understood. Similar findings are also 

claimed by Liang (1999) for barley, Yeo et al. (1999) for rice and Stamatakis et al. (2003) 

for tomato.  

Proline accumulation under salt or drought stress is usually considered as an 

organic compatible osmolyte and even at supra-optimal levels; proline does not suppress 

enzyme activity (Dubey, 1997). Studies indicate that proline has a protecting role in plant 

growth and productivity by reducing the production of free radicals and/or scavenging the 

free radicals (Jain et al., 2001). Mohamedin et al. (2006) verified results of Shi and Sheng 

(2005) that proline contents of sunflower plants grown on saline, saline alkali and alkali 

soils significantly increased as compared with those plants grown on non-saline soil. 

Furthermore, it was also found that Hysun-33 had tendency to accumulate more proline, in 

contrast to SF-187, at various salt concentrations. This supports previous findings of Mutlu 

and Bozcuk (2005) that salt sensitive genotype had a tendency to accumulate more proline 

as compared to salt tolerant genotype. So it is reasonable to believe that in sunflower, 

proline improves the salt tolerance by protecting the protein turnover machinery against 

stress-damage and up-regulating stress protective proteins. A definite decreasing effect of 

Si on proline biosynthesis and/or accumulation in plants grown under control+silicon in 

both genotypes (Fig. 4.25) was previously described by Tuna et al. (2008). Perhaps the 

most plausible explanation of this finding is the formation of silaproline by Si as in humans 

(Vivet et al., 2000), but to date no study has been done in plants. It is generally accepted 
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that cell membranes are one of the first targets, prone to many plant stresses and the degree 

of cell membrane stability may be estimated by measuring electrolyte leakages. Varying 

degree of salt stress on plasma membrane is reflected by an increase in electrolyte leakages 

especially in salt sensitive genotypes. Improved membrane injury by Si application may be 

attributed to cuticle-Si double layer in leaf blades that has unique importance for protecting 

and mechanically strengthening stressed plants (Neumann and Nieden, 2001). 

Head diameter is one of the most important yield components in sunflower plant 

that determines the final achene yield. The head diameters were significantly influenced by 

different irrigation treatments and similar trend was also observed for the genotypes. 

Indeed, this effect was expected because of genetic variations towards salinity hazards that 

were well reflected by differences in leaf area and dry weight. Hundred seed weight, 

another determinant of sunflower yield, significantly differed in a similar trend. These 

results are in line with the findings of Sharma et al. (2004) who reported a significant yield 

reduction in sunflower irrigated with saline drainage water. The reduction in crop yields 

can be ascribed to salt toxicity ultimately resulting in nutritional imbalances (Minhas and 

Gupta, 1992; Qadir and Oster, 2004). Added Si decreased Na+ concentration and improved 

K+: Na+ ratio in both genotypes which are crucial for better growth under salinity stress 

(Wahid, 2004). The yields and yield components for both genotypes improved under the 

various combinations of saline and/or sodic irrigations by application could also be related 

to the effects of Si on enzymes activities (Munns et al., 2006). 

Results concluded that saline and/or sodic water caused a significant reduction in 

plant growth and yield in both sunflower genotypes but the magnitude of reduction was 

more in salt sensitive genotype than salt tolerant genotype at all levels of applied salinity. 

Application of Si at different levels of salinity interacted with Na+ reduced its uptake and 

transport to shoot and resultantly improved K+/Na+ ratio. Other beneficial effects of Si 

application include increased membrane stability and elevated water content in stressed 

plants. Finally, achene yield was improved with the supplementation of Si in both 

sunflower genotypes at different salinity levels. Hysun-33 was more responsive to added Si 

than SF-187 and beneficial effects of Si were more pronounced at T2 and T5 as compared to 

other levels. 
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STUDY-5  
 
4.5 CALCUM AND SILICON-MEDIATED ENZYMATIC 

CHANGES SYMPTOMATIC FOR OXIDATIVE STRESS IN 
TWO SUNFLOWER GENOTYPES IN HYDROPONICS 
UNDER NaCl STRESS 

 
 Two sunflower genotypes, Hysun-33 and SF-187, previously tested and identified 

as salt sensitive and salt tolerant respectively, (Hussain et al., 2008) were grown in 

solution culture under 100 mM NaCl salt stress. The objective of this study was to 

investigate the roles of Ca and Si in regulation of antioxidant enzymes and lipid 

peroxiation level in sunflower genotypes. The youngest fully expanded leaves were 

sampled at 7 or 14 days after treatment application to determine activities of antioxidant 

enzymes and lipid peroxidation level. The plants were harvested 14 days after treatment 

application for dry mass production and ionic analysis. 

4.5.1   Shoot and root dry weight  

The shoot and root dry weight of both sunflower genotypes decreased 

significantly with increasing salinity (Fig. 4.30 and 4.31). However, the magnitudes of 

decline in shoot and root growth varied significantly in both genotypes. Due to addition 

of 100 mM NaCl to the rooting medium a reduction of 63% and 58% was observed in 

shoot and root dry weight production respectively, in the salt sensitive genotype (Hysun-

33). In the salt tolerant genotype (SF-187) reduction in shoot and root dry weight under 

salt stress was 43% and 39% respectively, as compared to the control. Supplemental Si 

was beneficial in improving shoot and root dry weight in both genotypes under salt stress; 

although Hysun-33 was more responsive to Si application. Si application to Hysun-33 

increased shoot and root dry weight by 75 and 69% respectively, as compared to Si 

untreated plants. Similarly, application of 1 mM Si helped in increasing shoot and root 

dry weight by 24% and 38% in SF-187. The ameliorative effect of added Ca was non-

significant in SF-187 while in Hysun-33 it increased shoot dry weight by 19% as 

compared to salt stressed plants without Ca application. 
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Figure 4.30: Effect of Ca (5 mM) and Si (1 mM) on shoot dry weight of sunflower genotypes grown in nutrient         
         solution containing 0 or 100 mM NaCl. Plants were harvested 14 days after treatment application. Each    
         bar is an average of three replicates ± S.E. 
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Figure 4.31:   Effect of Ca (5 mM) and Si (1 mM) on root dry weight of sunflower genotypes grown in nutrient 

solution containing 0 or 100 mM NaCl. Plants were harvested 14 days after treatment application.  
Each bar is an average of three replicates ± S.E. 



Chapter 4                                              Results and Discussion 
 

 100

4.5.2    Ionic Concentration 

 Data regarding Na+ concentration indicated significant differences between 

sunflower genotypes under 100 mM NaCl stress (Fig.4.32). Hysun-33 accumulated 33.7 

mg g-1 sodium as against 22.8 mg g-1 for SF-187 under 100 mM NaCl stress. 

However, Si application reduced Na+ concentration by 43 and 33% in salt Hysun-

33 and SF-187, respectively. On the other hand, Ca application reduced Na+ 

concentration in Hysun-33 and SF-187, by 16 and 15% respectively. Similarly K+ 

content were significantly reduced under NaCl application in both genotypes, 

however; more reduction was observed in Hysun-33 as compared to SF-187 

(Fig.4.33). Under 100 mM NaCl stress, application of 1 mM Si to the growth medium 

increased K concentration in Hysun-33 from 22.7 to 29.1 mg g-1 and in SF-187  from 

22.6 to 29.7 mg g-1  
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Figure 4.32: Effect of Ca (5 mM) and Si (1 mM) on leaf Na+ concentration of sunflower genotypes grown in   
         nutrient solution containing 0 or 100 mM NaCl. Plants were harvested 14 days after treatment         
         application. Each bar is an average of three replicates ± S.E. 
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Figure 4.33: Effect of Ca (5 mM) and Si (1 mM) on leaf K+ concentration of sunflower genotypes grown in   
         nutrient solution containing 0 or 100 mM NaCl. Plants were harvested 14 days after treatment         
         application. Each bar is an average of three replicates ± S.E  
 

4.5.3    Antioxidant enzymes 

Results shown in Fig. 4.34 revealed that 100 mM salt stress significantly enhanced 

CAT activity at 7th day of salt application in Hysun-33, but decreased the activity 

considerably at 14th day of salt application as compared to non stressed plants.  Under salt 

stress, the CAT activity was 2.1 fold higher than control on 7th day of salt application but 

after 14th day of salt application the activity was 1.3 times lesser than respective control. 

However, Si application to salt stressed plants increased CAT activity in Hysun-33 by 22 

and 19% at 7th and 14th of salt application, respectively. On the other hand, in SF-187, 

salt stress enhanced CAT activity by 26 and 20% at 7th and 14th day of salt application, 

respectively as compared to respective control. However, Si application to salt stressed 

plants further enhanced the activity by 74 and 40% at 7th and 14th day of salt application 

respectively, as compared to respective control. Ca application did not change CAT activity 

in any genotype under both saline and non saline treatments. 

In Hysun-33, under 100 mM NaCl stress SOD activity decreased by 8 and 27% at 

7th and 14th  day of salt application respectively, as compared to the control. Si application 
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promoted SOD activity only under salt stress especially at 14th day where 40% increase 

was recorded (Fig. 4.35). Likewise, at 14th day of salt application, Ca application also 

increased the activity by 21% as compared to salt stressed plants. In SF-187, salt stress 

slightly enhanced SOD activity but significantly depressed at 14th day of treatment. Under 

100 mM NaCl at 7th day of salt application 9% increase in SOD activity was recorded as 

compared to respective control but after 14 days a reduction of 37% was recorded. SOD 

activity was enhanced under Ca and Si application by 5 and 11% respectively after 14 

days, while at 7th day of salt application it was not improved. Results also suggested that 

under stress, SF-187 exhibited higher SOD activity as compared to Hysun-33. 
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Figure 4.34: Effect of Si Ca (5 mM) and Si (1 mM) on CAT activity in the leaves of sunflower genotypes grown in       
          nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
          application. Each bar is an average of three replicates ± S.E. 
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Figure 4.35: Effect of Si Ca (5 mM) and Si (1 mM) on SOD activity in the leaves of sunflower genotypes grown in       
          nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
          application. Each bar is an average of three replicates ± S.E. 
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Data regarding GPX activity as presented in Fig. 4.36 indicated that in Hysun-33, 

salt stress increased GPX activity by 15% as compared to respective control at 7th day but 

GPX activity was not influenced at 14th day of salt application. Applied Si did not change 

GPX activity of stressed leaves at 7th day but largely promoted GPX activity at the 14th 

day of salt application whereby 22% increase was recorded as compared to the salt 

stressed leaves. For the non-salt stressed leaves, Si addition did not modify GPX activity 

both at 7th or 14th day of salt application. On the other hand, in SF-187, GPX activity was 

not modified by salt or Si application at 7th day but at 14th day of salt application, GPX 

activity was increased by 40% under salt stress as compared to the control. Results also 

revealed that at 14th day of salt application, addition of Si increased GPX activity in non 

salt stressed leaves by 25% while in salt stressed leaves addition of Si augmented the 

activity by 71% as compared to respective control. Ca application did not affect GPX 

activity in any genotype under both saline and non saline treatments. 

Data regarding the activity of APX is depicted in Fig. 4.37. In Hysun-33, salt 

stress and Si significantly stimulated the enzyme activity at 7th day of salt application but 

Si addition did not influence the activity considerably in non stressed leaves. At 7th day of 

salt application, APX activity was increased by 22% under salt stress as compared to 

respective control while Si application further increased the activity by 34% of respective 

control.  At 14th day of salt application, enzyme activity did not change but added Si 

promoted the enzyme activity in the salt-stressed leaves by 13% as compared Si deprived 

plants. Similarly, in SF-187 salt stress increased the enzyme activity by 22% as compared 

to respective control at 7th day of salt application but Si addition did not change the 

activity in both stressed and non stressed leaves. However, after 14 days of salt application 

APX activity was promoted considerably in salt stressed plants (19% more compared to 

respective control) and applied Si further enhanced the activity (35% more compared to 

respective control). Moreover, application of 5 mM Ca was not effective in changing the 

enzyme activity in both control and saline treatments in any genotype. 
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Figure 4.36: Effect of Ca (5 mM) and Si (1 mM) on GPX activity in the leaves of sunflower genotypes grown in   
          nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
          application. Each bar is an average of three replicates ± S.E. 
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Figure 4.37: Effect of Ca (5 mM) and Si (1 mM) on APX activity in the leaves of sunflower genotypes grown in                            
nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
application. Each bar is an average of three replicates ± S.E. 
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Data regarding DHAR activity as affected by Ca and Si under salinity are 

presented in Fig. 4.38. Salt stress significantly stimulated the enzyme activity (35% more 

as compared to control) at 7th day of salt application but Si application did not influence 

the activity in both salt stressed and non stressed leaves. Likewise, at 14th day of salt 

application 100 mM NaCl slightly enhanced the enzymatic activity and applied Si did not 

change the activity; however, in non-stressed leaves Si promoted DHAR activity 

substantially. For SF-187, at 7th day salt stress slightly stimulated the enzyme activity but 

applied Si did not change the activity in both salt stressed and non stressed leaves. 

However, response of SF-187 was quite different at 14th day of salt application, where 

salinity caused a substantial (17% more as compared to respective control) increase in the 

enzymatic activity. Moreover, Si addition under salt stress further augmented the activity in 

stressed leaves and a 34% increase in DHAR activity was recorded as compared to 

respective control. Results regarding Ca application revealed that 5 mM Ca did not 

influence DHAR activity in any genotype under both stressed and non stressed treatments. 

Data regarding GR activity as affected by Ca and Si application under salinity 

stress are presented in Fig. 4.39. In Hysun-33, after 7 days of salt application a substantial 

decline in enzymatic activity (32% of respective control) was recorded. However, Si 

application to the growth medium improved the enzyme activity by 62% as compared to 

salt treated plants without added Si. Likewise, at 14th day of salt application 40% reduction 

in enzyme activity was recorded under salt stress while added Si increased the activity by 

36% as compared to stressed plants but without Si application. Calcium application was not 

effective in modifying the enzyme activity in both control and saline treatments in any 

genotype. On the other hand, in SF-187 applied salinity in the root medium stimulated the 

enzyme activity, especially at 14th day of salt application. Although, at 14th day a 

declining trend in GR activity was evident under non-stressed treatment by Si 

application, but in salt stressed plants 20% increase in GR activity was recorded by Si 

application.  
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Figure 4.38: Effect of Ca (5 mM) and Si (1 mM) on DHAR activity in the leaves of sunflower genotypes grown in    

nutrient solution containing 0 or 100mM NaCl. Leaves were sampled at 7 or 14 days after treatment   
application. Each bar is an average of three replicates ± S.E. 
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Figure: 4.39:  Effect of Ca (5 mM) and Si (1 mM) on GR activity in the leaves of sunflower genotypes grown in     
            nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
            application. Each bar is an average of three replications ± S.E. 
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The content of TBARS, a product of membrane lipids peroxidation, are often used 

as a marker of oxidative damage. In the present study, a significant increase in the 

content of TBARS was observed in salt-stressed sunflower genotypes (Fig.4.40) while Si 

significantly alleviated oxidative damage caused by NaCl in both genotypes. However, 

the magnitude of damage was more in Hysun-33 as compared to SF-187, especially at 

14th day of salt application. In Hysun-33, TBARS content under control were 17.7 [nmol 

g-1 (f.m)] after 7 days and increased to 31.3 [nmol g-1 (f.m)] by salt application. However, 

a significant influence of Si was observed as it lowered TBARS content to 21.6 [nmol g-1 

(f.m)]. Like wise Ca application reduced TBARS content to 25.6 in Hysun-33. At the 14th 

day of salt application TBARS content increased from 19.1 to 53.9 while reduced again to 

29.5 and 24.4 [nmol g-1 (f.m)] by Ca and Si application, respectively. In SF-187, TBARS 

content under 100 mM salt stress increased from 11.7 to 16.5 [nmol g-1 (f.m)] and from 

14.1 to 32.7 [nmol g-1 (f.m)] at 7th and 14th day of salt application, respectively. 

Comparison of genotypes indicated that, 14 days after salt exposure 34 and 54% 

reduction in TBARS content was recorded by Si application in Hysun-33 and SF-187, 

respectively. Similarly by Ca application, a reduction of 37% and 45% in TBARS content 

was observed in Hysun-33 and SF-187, respectively. 
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Figure 4.40: Effect of Ca (5 mM) and Si (1 mM) on TBARS content in the leaves of sunflower genotypes grown in    
         nutrient solution containing 0 or 100 mM NaCl. Leaves were sampled at 7 or 14 days after treatment    
         application. Each bar is an average of three replications ± S.E. 
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4.5.4    DISCUSSION 

            Shoot and root dry matter yield of two sunflower genotypes was significantly 

reduced by 100 mM NaCl stress; however, this inhibition was significantly alleviated by 

1mM Si application. But contrarily, under the same salt stress 5mM Ca was not able to 

reduce the toxic effect of salt stress. The obtained results in this study suggest that silicon 

supplementation in the growth medium is capable of enhancing the vegetative growth of 

sunflower seedlings. Moussa (2006) reported similar results for maize and found that salt 

stressed maize seedlings with Si inclusion, produced more biomass due to enhanced 

activity of antioxidant enzymes, especially SOD and CAT.   

            A complex antioxidative defense system comprising of enzymatic and non 

enzymatic components is present in plants and contradictory results are described by 

different authors in relation to the effects of salt stress on the activity of this system. 

Many authors have attributed salt tolerance to higher constitutive levels of these 

antioxidant enzymes (Comba et al. 1998; Tsugane et al. 1999). However, according to 

other authors rather than the constitutive levels, the coordinated up-regulation of the 

activities of antioxidant enzymes seems to be one of the mechanisms involved in the salt-

tolerance response (Gomez et al. 1999; Mittova et al. 2003). Increasing body of evidence 

indicates that changes in levels of antioxidant enzyme activities are among the first 

signals of plant tolerance and/or adaptation to stress conditions. 

The influence of exogenous silicon application during 7 and 14 days of salt stress 

revealed that in Hysun-33, salt stress significantly enhanced CAT activity at the 7th day of 

salt application but considerably decreased the activity at 14th day. On the other hand in 

SF-187, the activity was stimulated at both harvests. Hence in the present study, the 

diverse response of CAT activity to salt stress suggested that oxidative stress is 

influenced not only by salt stress but also depends on the genotype and time to stress 

exposure (Zhu et al, 2004). Under NaCl stress a significant increase in CAT activity can 

be considered as an evidence of enhanced protective mechanism against deleterious 

H2O2, although a differential sensitivity of genotypes to salt stress with respect to the 

induction of oxidative stress was evident. In this scenario, enhanced CAT activity in SF-

187 under increasing salinity stress (at 14th day of salt application) signifies its relative 

tolerance to salinity stress, while Hysun-33 was inferior on this count. Sairam et al. 
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(2002) also described similar effects of long term soil salinity (ECe 5.4 and 10.6 dS m-1) 

on CAT in wheat cvs, Kharchia 65 (tolerant) and KRL 19 (moderately tolerant).  CAT 

activity was monitored at three different stages; 60 day after sowing (60 DAS), 50% 

anthesis (50% A) and 20 days after anthesis (20 DAA). Results revealed that Kharchia 65 

showed higher CAT activity than KRL 19 at all the stages and treatments. Moreover, 

Kharchia 65 exhibited continuous increase in CAT activity with increasing salinity levels, 

while KRL 19 showed marginal increase at lower salinity level (ECe 5.4) while at higher 

salinity level (ECe 10.6 dS m-1), especially at 60 DAS and reproductive stage (20 DAA) 

there was decrease in CAT activity over control and ECe 5.4  dS m-1. 

A perusal of the results indicated that CAT activity was evidently increased by Si 

application under salt stress in both genotypes. These findings are in line with those of Liang 

(1998) and Al-aghabary et al (2004) who suggested that damage caused by elevated ROS 

under salt stress was mitigated by external Si by virtue of increased CAT activity. 

Experiments conducted to study the regulatory role of salicylic acid, abscisic acid, Ca and 

hydrogen peroxide on antioxidant enzymes induction revealed that Ca (5 mM) was effective 

in increasing the activity CAT in wheat genotypes C 306 and Hira (Agarwal et al., 2005). 

However, contrary to the findings of Agarwal et al. (2005) CAT activity was not modified by 

external Ca application. The results reported by this author suggested that if sufficient Ca is 

present in the tissue then the magnitude of signal and consequently enzyme induction is more 

pronounced. The reason might be the inadequacy of Ca concentration in external media to 

stimulate the enzymatic activity under particular nature and intensity of stress being imposed. 

Data regarding SOD activity in Fig. 4.35 indicated that under 100 mM NaCl stress, 

SOD activity significantly decreased at the 7th and 14th  day of salt application in Hysun-33 

while for SF-187, salt stress slightly enhanced SOD activity at the 7th day of application and 

depressed at 14th day. Moreover, a relatively elevated SOD activity was recorded in SF-187 as 

compared to Hysun-33, under salt stress. The higher SOD level observed in SF-187 could be 

considered as an advantage that allowed the plant to resist the potential oxidative damages 

under salt stress. Sairam et al. (2005) also described similar effects of salt stress (100 mM 

and 200 mM NaCl) on SOD activity in salt tolerant and sensitive wheat genotypes. The 

maximum SOD activity was recorded in SF-187 and the minimum in Hysun-33. Although, 

SOD activity increased in salt stressed plants, but it was higher at 100 mM NaCl than at 200 

mM NaCl, however exception was salt sensitive genotype HD 2687, where activity decreased 
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below its control levels at 200 mM NaCl. These results are also in agreement with the 

findings of Acar et al. (2001) and Bor et al. (2003), who found a higher constitutive and 

induced level of SOD activity in more tolerant barley and sugar beet cultivars under drought 

and salt stress. A substantial decline in SOD activity in Hysun-33 at 7th or 14th day of 

sampling suggested a lesser O2
- scavenging and dismutating capacity in salt-sensitive 

genotype and signified a possible involvement of this enzyme in salt-tolerance. Moreover, 

with the time of stress exposure even in SF-187 a down regulation of SOD activity at 14th day 

of salt application was indicative of restricted O2
- scavenging system by virtue of elevated 

stress. These results are in line with the previous findings of Dionisio-Sese and Tobita (1998) 

and Rout and Shaw (2001). Addition of 1mM Si in the nutrient solution significantly 

enhanced activity of SOD enzyme under salt stress in both genotypes. These findings are in 

complete agreement with the previously described results of Zhu et al (2004) and Al-

aghabary et al (2004), who also reported similar trend for cucumber and tomato. Similarly, 

Ca application significantly enhanced SOD activity in Hysun-33 under salt stress at 14th day 

of salt application. Similar trend was also observed by Jiang and Huang (2001) by Ca 

application under heat stress in cool season grasses. 

GPX activity was almost unmodified by salt stress and Si application after 7th day in 

both genotypes, however, after 14 days in Hysun-33 enzyme activity was not stimulated by 

salt but was significantly enhanced by Si addition. On the other hand, in SF-187 GPX activity 

was enhanced by both salt and Si application. Ca application was not effective in stimulating 

GPX activity both under control and stress conditions. As described earlier, under Si 

supplementation the high SOD activity reflected an increased detoxification of superoxide 

radical and its conversion into H2O2. This Si-mediated response may result in over 

production of H2O2 generated by SOD over expression. Under increased production of H2O2 

or decreased activity of APX, H2O2 can diffuse through the tonoplast and the plasma lemma 

and subsequently destroyed in the vacuole or apoplasm through GPX, using phenolic 

compounds as electron donors (Yamasaki et al., 1997).  

In biological system, ascorbate and glutathione seem to play a fundamental role 

against the deleterious effects of ROS under various biotic and abiotic stresses. ROS 

scavenging is brought about by the reduced forms of ascorbate and glutathione together with 

antioxidant enzymes, APX, DHAR and GR (i.e. the ascorbate–glutathione cycle). APX, 

DHAR and GR are the main enzymes in the ascorbate–glutathione cycle. It is clear from Fig. 
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4.39 that except at 14th day of salt application in salt sensitive genotype (Hysun-33) APX 

activity was greatly stimulated by salt application and influence of applied Si for enhancing the 

enzyme activity was more obvious at 14th in both genotypes. However, no such response was 

evident by 5 mM Ca application at any stage in any genotype. Hernandez et al. (2003) also 

described similar results whereby he applied 25 mM Ca to loquat plants but did not notice 

any change in APX activity.  

 Similarly, data regarding DHAR generally revealed that salt stress and Si 

significantly stimulated DHAR activity but Ca inclusion did not considerably influence the 

activity in both salt stressed and non stressed leaves for both genotypes (Fig.4.38). Hernandez 

et al. (2003) reported similar results for anger plants while for loquat plants applied Ca 

significantly enhanced DHAR activity. Salinity induced increase in APX activity in salinity 

tolerant cultivars have been reported by Hernandez et al. (1995), Gueta- Dahan et al. (1997), 

Comba et al. (1998), and Hernandez et al. (2000). Furthermore, the susceptibility of salt 

sensitive genotype (Hysun-33) to salinity could be due to the inhibition of APX activity at 

100 mM NaCl. A substantial decline in GR activity in salt sensitive genotype and a 

significant stimulation in salt tolerant genotype was also observed by 100 mM NaCl 

application. Ca application was not effective in modifying the enzyme activity in both control 

and saline treatments in any genotype. Hernandez et al. (2003) also described similar results 

for other plant species. Similarly, Si application was also not effective in modifying the 

activity under control treatment; however, in stressed leaves it significantly promoted the 

enzyme activity. Previous findings by Zhu et al. (2004) regarding the role of Si under salt 

stress also supported these results. 

In the light of above results it may be suggested that exposure of salt tolerant 

sunflower genotype to salt stress results in higher APX activities in order to partially 

reduce the elevated H2O2 concentration in the leaf tissue. APX uses ascorbate as the 

electron donor for the H2O2 reduction and is well known to be the major enzyme in the 

detoxification of H2O2 (Asada and Takahashi 1987, Sairam and Saxena 2000). Increasing 

body of evidence indicates that enhanced APX activity by Si application under high 

salinity is associated with a more active ascorbate-glutathione cycle. Similar results of Si 

application were also reported by Zhu et al. (2004) and Al-Aghabery et al. (2004) for 

cucumber and tomato, respectively.  
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A significant increase in the TBARS level (used as an indicator of the extent of 

membrane damage) was evident in both sunflower genotypes grown under NaCl stress. 

However, as a result of greater antioxidant defense in salt tolerant genotype (SF-187) the 

TBARS content did not rise to high level as in salt sensitive genotype (Hysun-33). It is 

likely that by virtue of high constitutive level of the antioxidant enzymes activities in salt 

tolerant genotype (SF-187) which is sufficient to avoid a substantial elevation in the lipid 

peroxidation. These findings are supported by the previous results of Stepein and Klobus 

(2005) for wheat and maize varieties who reported an increase in TBARS contents in 

both plant species grown under salinity stress. However, due to greater efficiency of 

antioxidant defense system in maize, the TBARS contents remained lower as compared 

to wheat plants. Mandhania et al. (2006) also reported elevated TBARS contents in wheat 

plants under salt stress that corresponded to the damage that occurred in secondary 

oxidative stress. Furthermore, SOD activity is an important source of H2O2, and that salt 

sensitive genotype (Hysun-33) had lower CAT and APX levels (H2O2-scavenging 

enzymes). This suggests that salt sensitive genotype (Hysun-33) treated with NaCl could 

generate more H2O2, and that they have a lower capacity to eliminate it than salt tolerant 

genotype (SF-187). This was reflected in higher TBARS levels coupled with growth 

reduction in salt sensitive genotype (Hysun-33). Increased membrane damage (elevated 

TBARS contents) by salinity was markedly alleviated both under Ca and Si application in 

both sunflower genotypes. Hernandez et al. (2003) also described similar alleviating 

effect of external Ca application on membrane damage. Moreover, in their study this was 

attributed to decline in H2O2 concentration due to increase in CAT activity. Anyhow, no 

such up regulation in H2O2 scavenging enzyme (CAT or APX) was evident in our study 

suggesting some other mechanism of membrane strengthening by Ca application. 

Similarly, TBARS content has previously been shown to decline by Si application in 

spinach subjected to combined salinity and boron toxicity (Gunes et al. 2007a). In 

addition, the reduction in TBARS contents by Si application was ascribed to the elevated 

activities of antioxidant enzymes that increased the ability of plants to scavenge ROS, 

which would otherwise cause membrane damage. Like wise in our study higher activity 

of SOD, CAT GPX, APX, DHAR and GR in the salt-stressed leaves with Si addition 

coincided with decreases in their TBARS contents, suggesting that oxidative damage 
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induced by NaCl be alleviated by Si application. In conclusion, one of the reasons that 

genotype SF-187 is more salt tolerant than genotype Hysun-33 might be their higher 

antioxidant enzyme levels, suggesting that this genotype have a higher capacity to 

scavenge ROS, both in control conditions and under salt stress. Moreover, the addition of 

Si significantly enhanced CAT, SOD, GPX, APX, DHAR and GR activity and decreased 

TBARS contents in salt-stressed sunflower leaves. Si may act to alleviate salt stress in 

sunflower by decreasing permeability of plasma membranes and membrane lipid 

peroxidation, while maintaining the membrane integrity and function. Significantly 

elevated antioxidant enzyme activities in salt-stressed leaves by Si application, suggests 

that Si may be involved in the metabolic or physiological activity in sunflower exposed to 

salt stress. 

In conclusion, salt stress tolerance of SF-187 as indicated by lower lipid peroxidation 

(TBARS contents) under salt stress was mainly due to constitutively higher activity as 

well as salinity induced increase in SOD, CAT, APX and GR than Hysun-33. Application 

of Si counteracted the salt stress by maintaining ion balance, increasing capacity of 

antioxidant system and decreasing lipid peroxidation. Although Ca application partially 

decreased lipid peroxidation and elevated SOD activity but it was not enough to 

overcome the damage induced by salt stress. 
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STUDY-6  
 
4.6 CALCIUM AND SILICON-MEDIATED ENZYMATIC 

CHANGES SYMPTOMATIC FOR OXIDATIVE STRESS IN 
TWO SUNFLOWER GENOTYPES UNDER SALINE SODIC 
IRRIGATION 
 

The selected sunflower genotypes were grown in pot culture using Panda Peat, 

under saline sodic water [(EC 8 dS m-1) + (SAR 16 mmol L-1)1/2 + (RSC 4 mmolc L
-1)] 

irrigation. The objective of this study was to verify the roles of Ca and Si in regulation of 

antioxidant enzymes and lipid peroxiation level in sunflower genotypes under saline 

sodic water irrigation. The youngest fully expanded leaves were sampled after 3 weeks of 

treatment application to determine the activities of antioxidant enzymes and lipid 

peroxidation level. The plants were harvested subsequently 3 weeks after treatment 

application for dry mass production and ionic analysis. 

4.6.1 Shoot dry weight 

The shoot dry weight of both sunflower genotypes decreased significantly under 

saline sodic water application (Fig 4.41). However, the magnitude of decline in shoot 

growth was significantly higher in the salt sensitive genotype (Hysun-33) as compared to 

the salt tolerant genotype (SF-187). Under saline sodic water application a reduction of 

55% was observed in shoot dry matter production in Hysun-33 while in SF-187, 

reduction in shoot dry weight was 36%. Si application to Hysun-33 increased shoot dry 

matter by 29% under saline sodic water irrigation as compared to plants without Si 

application. On the other hand, in SF-187, shoot dry matter was increased by 17% under 

saline sodic irrigation with Si application as compared to salt stressed plants without Si. 

However, 5 mM Ca did not significantly affect shoot and root dry matter yield in both 

genotypes.  
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Figure 4.41: Effect of Ca and Si on shoot dry weight of sunflower genotypes under saline sodic water application. 

Plants were harvested 3 weeks after treatment application. Each bar is an average of three replications ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1) + SAR (16(m 
mol L-1)1/2) + RSC (4 mmolc L

-1) Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1 Si).  
 

4.6.2 Ionic concentration 

 Data regarding Na+ concentration in leaf of sunflower genotypes as affected by 

Ca and Si application, using saline sodic water is shown in Fig.4.42. Hysun-33 

accumulated 24.1 mg g-1 sodium as against 17.2 mg g-1 Na+ accumulation for SF-

187. Applied Si reduced Na+ concentration by 45% and 39% in Hysun-33 and 

SF-187, respectively. On the other hand, Ca application reduced Na+ 

concentration in Hysun-33 and SF-187by 11 and 10%, respectively. Similarly, 

data in Fig.4.43 indicated that K content were significantly reduced under saline 

sodic water application in both genotypes however; more reduction was observed 

in Hysun-33 as compared to SF-187. Si application increased K+ concentration in 

Hysun-33 from 21.4 to 27.4 mg g-1 and in SF-187 from 29.3 to 32.5 mg g-1 under saline 

sodic water application. 
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Figure 4.42: Effect of Ca and Si on Na+ concentration of sunflower genotypes under saline sodic water application. 

Plants were harvested 3 weeks after treatment application. Each bar is an average of three replications ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1) + SAR (16(m 
mol L-1)1/2) + RSC (4 mmolc L

-1) Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1 Si). 
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Figure 4.43: Effect of Ca and Si on K+ concentration of sunflower genotypes under saline sodic water application. 

Plants were harvested 3 weeks after treatment application. Each bar is an average of three replications ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1) + SAR (16(m 
mol L-1)1/2) + RSC (4 mmolc L

-1) Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1 Si). 
 
4.6.3   Antioxidant enzymes 

Results regarding SOD activity with and without supplemental Ca and Si as 

affected by saline sodic water irrigations are graphically depicted in Fig. 4.44. Saline 

sodic irrigation depressed SOD activity (15% higher than control) in Hysun-33, while in 
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SF-187, enzyme activity was depressed slightly (5% lower than control). Addition of Ca 

had no significant effect in enhancing SOD activity under saline sodic irrigation. 

However, Si application significantly improved SOD activity under salt stress in both the 

genotypes as compared to Si deprived plants. Inclusion of 1mM Si increased SOD 

activity by 13% and 10% in Hysun-33 and SF-187, respectively as compared to salt 

stressed plants without Si amendment.  
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Figure 4.44:  Effect of Ca and Si on SOD activity of sunflower genotypes under saline sodic water application.   
       Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ±    
       S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m   
       mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 

 

 Data regarding CAT activity as affected by saline and/or sodic water application 

with and without Ca and Si application are presented in Fig. 4.45. It is evident that for 

Hysun-33, saline sodic irrigation significantly depressed CAT activity (24% lower than 

control) however, for SF-187 enzyme activity was significantly stimulated (19% higher 

than control) under salt stress. CAT activity was not modified by Ca application in both 

genotypes under both stress and control treatments. Applied Si significantly promoted 

CAT activity under salt stress in both genotypes; however Hysun-33 was more 

responsive in this regard. Results indicated that inclusion of 1mM Si under salt stress 

increased CAT activity by 15 and 35% in salt tolerant and sensitive genotypes, 

respectively.  
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Figure 4.45:  Effect of Ca and Si on CAT activity of sunflower genotypes under saline sodic water application. 

Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m 
mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 

 

There was a significant effect of saline sodic water and Si addition on APX 

activity for both sunflower genotypes (Fig. 4.46). It is obvious from results that saline 

sodic irrigation stimulated APX activity (16% higher than control) for SF-187, while 

enzyme activity was not modified in Hysun-33 under salt stress. Applied Si also 

promoted APX activity under salt stress in both genotypes; however, Hysun-33 was more 

responsive in this regard. Inclusion of 1mM Si increased APX activity by 14% and 43% 

in salt stress leaves of SF-187 and Hysun-33 genotypes, respectively as compared to Si 

untreated plants. On the other hand, applied Ca did not affect APX activity under salt 

stress in both genotypes.  
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Figure 4.46:  Effect of Ca and Si on APX activity of sunflower genotypes under saline sodic water application. 

Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m 
mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 
 

Data regarding GPX activity as affected by Ca and Si addition under saline and/or 

sodic water application are presented in Fig.4.47. Results indicated that saline sodic 

irrigation significantly stimulated GPX activity (32% higher than control) for SF-187, 

while in Hysun-33 enzyme activity was not modified under salt stress. GPX activity was 

not modified by Ca application in any genotype under both control and saline sodic 

treatment. However, applied Si significantly promoted GPX activity under salt stress in 

both genotypes; more over in SF-187 the activity was also promoted under non stressed 

treatment by Si application. Under salt stress Si application increased GPX activity by 

14% and 24% in SF-187 and Hysun-33, respectively.  
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Figure 4.47:  Effect of Ca and Si on GPX activity of sunflower genotypes under saline sodic water application. 

Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m 
mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 

 

Results regarding DHAR activity with and with out supplemental Ca and Si as 

affected by saline sodic water irrigations are graphically depicted in Fig. 4.48. It is quite 

evident from results that for Hysun-33, saline sodic irrigation significantly depressed 

DHAR activity (18% lower than control) however, for SF-187 enzymatic activity was not 

affected under same irrigation treatment. Moreover, Ca application was not effective in 

stimulating enzyme activity under both control and saline treatments. Results revealed 

that applied Si enhanced DHAR activity by 17% and 18% in SF-187 and Hysun-33, 

respectively under saline sodic water irrigation as compared to salt stressed plants 

without Si application.  
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Figure 4.48:  Effect of Ca and Si on APX activity of sunflower genotypes under saline sodic water application. 

Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ± 
S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m 
mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 

 
Data regarding GR activity of two sunflower genotypes showed that saline 

sodic water irrigation had a significant inhibitory effect on Hysun-33, while in SF-187 

GR activity was stimulated by salt application (Fig.4.49). Results showed that GR 

activity increased from 7.4 to 8.9 (μmol NADPH mg-1 protein min-1) in SF-187 while 

it dropped from 6.1 to 4.3 (μmol NADPH mg-1 protein min-1) in the case of Hysun-33 

under saline sodic irrigation. Results revealed that applied Ca did not affect GR activity 

in sunflower genotypes under the control as well as saline sodic irrigation. On the other 

hand, applied Si enhanced GR activity by 15% and 27% in SF-187 and Hysun-33, 

respectively under saline sodic water irrigation as compared to salt stressed plants but 

without Si inclusion. 
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Figure 4.49: Effect of Ca and Si on GR activity of sunflower genotypes under saline sodic water application. Leaves 

were sampled 3 weeks after treatment application. Each bar is an average of three replicates ± S.E. T1 
(Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m mol L-

1)1/2)+RSC (4 mmolc L
-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 

 

Data regarding TBARS content with and without supplemental Ca and Si as 

affected by saline sodic water irrigations are graphically depicted in Fig. 4.50.  Results of 

present study revealed a significant increase in the content of TBARS in salt-stressed 

sunflower genotypes and Si significantly lowered TBARS content; elevated by saline 

sodic irrigation. However, the magnitude of elevation in TBARS content was severe in 

Hysun-33 as compared to SF-187. In SF-187, TBARS content increased from 12.4 [nmol 

g-1 (f.m)] to 35.5 [nmol g-1 (f.m)] by saline sodic water application. On the other hand, in 

Hysun-33 it raised from 14.7 [nmol g-1 (f.m)] to 51.9 [nmol g-1 (f.m)] by saline sodic 

water application. However, a significant influence of Si application under saline sodic 

irrigation was observed as it lowered TBARS content by 27 and 28% in SF-187 and 

Hysun-33, respectively. Similarly applied Ca also decreased TBARS content by 12% and 

17% in SF-187 and Hysun-33, respectively as compared to stressed plants with out Ca 

application. 
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 Figure 4.50:   Effect of Ca and Si on TBARS content in sunflower genotypes under saline sodic water application.   
             Leaves were sampled 3 weeks after treatment application. Each bar is an average of three replicates ±   
             S.E. T1 (Fit Water); T2 (T1+100 mg kg-1 Ca); T3 (T1+100 mg kg-1 Si); T4 [EC (8 dS m-1)+SAR(16(m    
            mol L-1)1/2)+RSC (4 mmolc L

-1)Water]; T5 (T4+100 mg kg-1 Ca); T6 (T4+100 mg kg-1Si). 
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Figure 4.51: Correlation between shoot dry weight and TBARS content in sunflower genotypes under saline    
          sodic water application. Data were recorded 3 weeks after treatment application. 
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4.6.4 DISCUSSION 

It is well documented that salt stress can intensify generation of ROS that lead to 

oxidative stress in plant tissues. Certain reports have also found that ROS might act as a 

signal molecule controlling plant programmed cell death process in the early phase 

(Gechev and Hille, 2005) as  claimed by Lin et al. (2006) in salt stressed tobacco. 

Therefore, salt-tolerant plants should also have an efficient antioxidative system for 

effective removal of these ROS (Rout and Shaw, 2001). Oxidative damage initiated by 

ROS is mitigated by a complex defense antioxidative system, including low-molecular 

mass antioxidants as well as antioxidative enzymes, such as SOD, CAT, APX, GPX, GR 

and DHAR (McKersie and Leshem, 1994; Noctor and Foyer, 1998). Among these 

enzymes, SOD forms the first line in scavenging ROS and it is reasonable to assume that 

elevated SOD activity plays defensive role in actively removing O2
•− induced by salt 

stress. 

 Under saline-sodic water application, comparatively less declining trend in SOD 

activity was observed in SF-187 compared to Hysun-33, suggesting that genotype SF-187 

has a better O2
•− radical scavenging ability and hence more salt tolerant. Results revealed 

that Si application resulted in up-regulation of SOD activity in both genotypes under 

saline sodic water irrigation. On the other hand, Ca application did not result in 

improving SOD activity under saline sodic water irrigation. To mitigate the salt stress, 

dismutation of O2
•− into H2O2 and subsequent removal of H2O2 from cells are very vital. 

This process in plant is achieved by a well organized functioning of CAT along with 

APX and GPX (McKersie and Leshem, 1994).  CAT activity was significantly depressed 

in Hysun-33, while in SF-187 enzyme activity was stimulated (19% higher than control) 

under salt stress. CAT activity was not modified by Ca application in both genotypes 

under both stress and control treatments; however, application of 1 mM Si under salt 

stress increased CAT activity by 15% and 35% in SF-187, respectively. Hence, it is quite 

implicit from these results that greater the capacity of the plant to remove the H2O2, the 

more it will be tolerant to salt stress.  CAT activity promoted by Si application suggests 

that Si appears to be indirectly involved in reducing the H2O2 concentration. A declining 

trend in CAT activity in Hysun-33 observed under salt stress might be due to inactivation 

of Na+ or oxidation of ascorbate pools. Under such circumstances H2O2 can be 
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destroyed through enzymatic action of GPX and APX; which are distributed 

throughout the cell and catalyze the reduction of H2O2 to H2O. 

Results of present study indicated that saline sodic irrigation significantly 

stimulated GPX activity in SF-187, while in Hysun-33 such enhancement was not 

exhibited under salt stress. GPX, which is less specific to electron donor substrate, 

decomposes H2O2 by oxidation of co-substrates such as phenolic compounds and/or 

ascorbate.  GPX activity was not modified by Ca application in any genotype under both 

control and saline sodic treatment. However, applied Si significantly promoted GPX 

activity under salt stress in both genotypes.  

In the absence of CAT, Asada cycle (ascorbate-glutathione cycle) is an efficient 

way for plant cells to get rid of toxic H2O2 in certain cellular compartments. APX, DHAR 

and GR are the main enzymes involved in this cycle. Data revealed that changes of APX, 

DHAR and GR activity in the leaves showed almost similar tendency. The activities of 

these enzymes were stimulated in SF-187 under salt stress but in Hysun-33, these were 

either depressed or remained unchanged. Severe decline in the activities of different 

antioxidant enzymes under salt stress might be due to a disturbed intracellular ion 

homeostasis (Polle, 2001) that directly or indirectly affected the de novo synthesis of 

antioxidant enzymes at transcription or translational levels. In accordance to the present 

study, Li et al. (2003) and Zhang et al. (2005) have also found a decrease in activities of 

antioxidant enzymes of salt stressed plants.  

APX uses ascorbate as electron donor in the first step of the ascorbate–glutathione 

cycle and is considered the most important plant peroxidase involved in H2O2 

detoxification (Noctor and Foyer, 1998). With a fundamental role in the removal of 

hydrogen peroxide, high concentration of ascorbate is present in chloroplasts, cytosol, 

vacuole and apoplastic space of leaf cells (Polle et al., 1990). Two sequential steps are 

involved in the oxidation of ascorbate. During first step mono-dehydro-ascorbate is 

produced and if not rapidly re-reduced to ascorbate, the mono-dehydro-ascorbate 

disproportionates to ascorbate and dehydro-ascorbate. Reduced glutathione is involved in 

the regeneration of ascorbate pool from dehydro-ascorbate via the enzyme DHAR, 

producing oxidized glutathione. However, reduced glutathione is regenerated in a 

NADPH-dependent reaction by GR a flavoenzyme found in the chloroplast, cytosol and 
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mitochondria (Edwards et al., 1990). In this way, GR catalyzes the last and rate-limiting 

step of the Halliwell-Asada enzymatic pathway (Bray et al., 2000), and its elevated 

activity ensures higher concentration of reduced form of glutathione than the oxidized 

form, which is crucial for ascorbate regeneration. 

It is worth mentioning that salt-induced SOD activity in the leaves was 

accompanied by increase in CAT, APX and GPX activities in SF-187 than in Hysun-33. 

In addition, an important decrease in CAT activity in Hysun-33 indicated that the H2O2 

scavenging mechanism was less effective in this genotype. Thus, results suggested that 

CAT, GPX, APX, DHAR and GR activities in coordination with SOD activity, play a 

central protective role in the O2
•− and H2O2 scavenging process (Mittova et al., 2002; 

Liang et al., 2003; Badawi et al., 2004) and the active involvement of these enzymes is 

related, at least in part, to salt-induced oxidative stress tolerance in sunflower plants. The 

results of Wei et al. (2009) also proved that salinity tolerant eggplants exhibited better 

performance under stress by excess Ca(NO3)2 owing to the effectively scavenging system 

of free radicals and to the protective mechanisms of antioxidant enzymes.  

 Under salt stress, peroxidation of membrane lipids results in elevation of TBARS 

content, which are frequently used as an indicator of oxidative damage. Under saline 

sodic water application, TBARS content were significantly higher in Hysun-33 as 

compared to SF-187. Several authors investigating salt-tolerant and salt-sensitive 

cultivars have suggested that the salt tolerance character is related to increased cell 

membrane stability indicated by lower TBARS content (Hernandez and Almansa, 2002; 

Meloni et al., 2003). A significant negative correlation between shoot dry mass and 

TBARS content (Fig.4.51) clearly indicated involvement of TBARS content in biomass 

production. Salinity mediated, lipid peroxidation and membrane damage were also 

previously described in tomato and cucumber, grapevine and spinach (Gunes et al., 2006; 

Eraslan et al., 2008). Ca and Si application under salt stress significantly reduced TBARS 

content which indicated alleviation of oxidative damage. TBARS content have previously 

been shown to be decreased by application of Si in spinach subjected to combined 

salinity and boron toxicity (Eraslan et al., 2008). The decrease in TBARS content by Si 

application was presumably caused by the decrease in H2O2 concentration, brought about 

by increased CAT and APX activities. 
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Results concluded that a combination of characters like selective uptake of useful 

ions, higher antioxidant activity leading to lower oxidative stress, and prevention of over 

accumulation of toxic ions contributed to salinity tolerance in sunflower genotypes. Thus 

Si may be involved in the metabolic or physiological activity in sunflower plants exposed 

to salt stress. 
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Chapter 5 

Summary 

         Scarcity of good quality irrigation water is one of the crop limiting factors in 

Pakistan, dipping average sunflower yield each year. However, sunflower genotypes 

exhibit considerable genetic diversity for salinity tolerance, which can be exploited for 

the selection of salt tolerant material using optimum selection tools (Ashraf and Tufail, 

1995). Screening of germplasm of various crops for salinity tolerance and adequate 

regulation of mineral nutrients are the frequently used techniques to tackle the salinity 

problem. Keeping in view the above situation the present studies were planned with 

following objectives: 

 To evaluate the performance of different sunflower genotypes under saline 

and/or sodic waters and selection of tolerant and sensitive genotypes. 

 To describe the effects of saline and/or sodic waters on growth, yield and 

biochemical changes in sunflower genotypes.        

 To study the comparative role of calcium and silicon in alleviating saline 

and/or sodic water effects in sunflower genotypes. 

 To investigate the roles of calcium and silicon in regulation of antioxidant   

enzymes and lipid peroxidation under saline and/or sodic water in sunflower 

genotypes  

         To achieve these objectives, a series of solution culture and pot experiments were 

conducted. Initially, 10 sunflower genotypes were grown for four weeks in hydroponics 

using five levels of saline and/or sodic water T1 (control), T2 (EC 10.0 dS m-1), T3 (SAR 

20.0 mmol L-1)1/2, T4 (RSC 5.4 mmolc L
-1), T5 (EC 10.0 dS m-1) + (SAR 20.0 mmol L-1)1/2 

+ (RSC 5.4 mmolc L
-1) in nutrient solution. Salinity/sodicity caused a significant increase 

in Na+ accumulation with a resultant decrease in K+/Na+ ratio and dry weight production. 

All the sunflower genotypes were significantly different in Na+ accumulation and dry 

matter production. The increase in Na+ accumulation ranged from 2 to 5-fold among 

various sunflower genotypes by the application of saline sodic water [EC (10.0) + SAR 
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(20.0) + RSC (5.4) Water] as compared to the control.  Total dry matter production 

dropped by 60% (in SF-187) to 80% (in Hysun-38) due to the application of saline sodic 

water as compared to the control. The genotypes SF-187 and S-278 accumulated 

minimum Na+, maintained highest K+/Na+ ratio, produced maximum dry matter and 

emerged as salt tolerant genotypes. By contrast, Hysun-33 and Hysun-38 accumulated 

highest Na+, exhibited minimum K+/Na+ ratio, produced lowest dry matter and emerged 

as salt sensitive genotypes. 

Two sunflower genotypes, identified as salt sensitive (Hysun-33) and salt tolerant 

(SF-187) on the basis of Na+ accumulation, K+/Na+ ratio and biomass production, were 

grown in pots. Five treatments of irrigation water; T2  high EC water (8 dS m-1), T3 high 

SAR water (16 (mmol L-1)1/2 , T4 high RSC water (4 mmolc L
-1) water, T5 high EC-SAR-

RSC water [EC (8 dS m-1) + SAR (16 (mmol L-1)1/2 + RSC (4 mmolc L
-1) were prepared 

in distilled water along with one fit water treatment (T1). EC-SAR-RSC water had the 

most drastic effects and significantly decreased K+/Na+ ratio, relative water content, 

membrane stability index and dry matter production along with yield in both sunflower 

genotypes. The detrimental effects were more pronounced in Hysun-33, where 37% and 

55% achene yield reduction was noted in T2 and T5, respectively, as compared to the 

control. While in SF-187, 19% and 35% achene yield was reduced in T2 and T5, 

respectively, as compared to the control. In the next pot study, Ca was used @100 mg kg-

1 soil to investigate its mitigating effect using the same levels of saline and/or sodic water 

as described in the previous pot study. Results concluded that application of saline and 

saline sodic water caused a significant reduction in plant growth and yield of sunflower 

genotypes but the magnitude of reduction was more pronounced in Hysun-33. Under 

saline and saline sodic irrigation, proline contents increased markedly and a severe 

decline in relative water content and water potential was observed. Ca application @100 

mg kg-1 soil under T4 (RSC-water), improved achene yield by 10% and 9% in Hysun-33 

and SF-187, respectively.  

In the 4th study Si was used @100 mg kg-1 soil to investigate its mitigating effect 

using same levels of saline and/or sodic water as previous pot study. Added Si 

significantly inhibited the uptake and transport of Na+ from roots to shoots and increased 
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K+ uptake and thus K+/Na+ ratio. It also improved water status of stressed plants, 

decreased proline contents and increased membrane stability index. In Hysun-33, 

increase in achene yield was 19% and 23% by added Si under T2 (EC water) and T5 (EC-

SAR-RSC water), respectively. Similarly, in SF-187, Si application increased achene 

yield up to 14% and 17% in T2 and T5, respectively as compared to Si deprived plants. 

Hence, under salt stress, Hysun-33 was more responsive to applied Si than SF-187. 

In order to investigate the roles of Ca and Si in regulating antioxidant defense 

mechanism under salt stress, the next study was conducted at Zhejiang Forestry 

University, China. Same sunflower genotypes were grown in solution culture, salinized 

with 100 mM NaCl and using 1 mM Si and 5 mM Ca. SF-187 exhibited higher activities 

of superoxide dismutase, catalase, ascorbate peroxidase and glutathione reductase than 

Hysun-33, particularly under salt stress. Under 100 mM NaCl, membrane damage in 

terms of lipid peroxidation (thiobarbituric acid reactive substances content) was more 

severe in Hysun-33 as compared to SF-187. Ca application partially decreased lipid 

peroxidation and enhanced superoxide dismutase activity. Addition of Si significantly 

increased catalase, superoxide dismutase, ascorbate peroxidase, guaiacol peroxidase and 

glutathione reductase activities and decreased lipid peroxidation in both sunflower 

genotypes. Comparison of genotypes indicated that, 14 days after salt exposure 34 and 

54% reduction in thiobarbituric acid reactive substances was noted in Hysun-33 and SF-

187, respectively by Si application. Likewise, by Ca application a reduction of 37% and 

45% in thiobarbituric acid reactive substances was observed in Hysun-33 and SF-187, 

respectively 

         Finally, Hysun-33 and SF-187 genotypes were grown in a pot culture and irrigated 

with EC-SAR-RSC water [EC (8 dS m-1) + SAR (16 (mmol L-1)1/2 + RSC (4 mmolc L
-1) to 

verify the roles of Ca and Si in enhancing salt tolerance by stimulating antioxidant 

mechanism. The results suggested that Si alleviated salt stress and enhanced plant growth 

by stimulating superoxide dismutase, catalase, ascorbate peroxidase, guaiacol peroxidase 

and glutathione reductase activities while lowering lipid peroxidation in sunflower. 

The results revealed wide differences in sunflower genotypes for salinity 

tolerance. Ca @100 mg kg-1 soil application partially offset the deleterious effects of 
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RSC-water and improved achene yield by 10% and 9% in Hysun-33 and SF-187, 

respectively. Silicon @100 mg kg-1 soil significantly improved growth and yield of 

sunflower under saline and/or sodic water irrigation. The beneficial effects of Si were 

more pronounced in Hysun-33 where it improved achene yield by 19% in T2 (EC water) 

and 23% T5 (EC-SAR-RSC water). On the other hand, in SF-187, Silicon @100 mg kg-1 

soil improved achene yield by 14% in T2 (EC water) and 17% in T5 (EC-SAR-RSC 

water). Major mechanisms of Si mediated salt tolerance in sunflower include the 

maintenance of higher K+/Na+ ratio, reduced membrane lipid peroxidation and enhanced 

antioxidative mechanism. 
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APPENDICES 
(Study-1) 
 
Appendix 1.1 ANOVA for Shoot fresh weight 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
---------------------------------------------------------------------------- 
  2     Factor A         4     47644.597     11911.149    789.2925   0.0000 
  4     Factor B         9      2463.985       273.776     18.1418   0.0000 
  6     AB              36      1299.322        36.092      2.3917   0.0001 
 -7     Error          150      2263.638        15.091 
---------------------------------------------------------------------------- 
        Total          199     53671.541 
----------------------------------------------------------------------------- 
 
Appendix 1.2  ANOVA for Root fresh weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         4      3612.046       903.011   1264.9604   0.0000 
  4     Factor B         9      1031.608       114.623    160.5669   0.0000 
  6     AB              36       255.874         7.108      9.9565   0.0000 
 -7     Error          150       107.080         0.714 
----------------------------------------------------------------------------- 
        Total          199      5006.609 
----------------------------------------------------------------------------- 

 
Appendix 1.3  ANOVA for Soot length 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         4     22289.850      5572.462    251.0872   0.0000 
  4     Factor B         9     15944.200      1771.578     79.8248   0.0000 
  6     AB              36      3116.950        86.582      3.9013   0.0000 
 -7     Error          150      3329.000        22.193 
----------------------------------------------------------------------------- 
        Total          199     44680.000 

 
Appendix 1.4  ANOVA for Root length 

 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         4      9214.750      2303.688    282.3146   0.0000 
  4     Factor B         9       547.300        60.811      7.4523   0.0000 
  6     AB              36       501.950        13.943      1.7087   0.0140 
 -7     Error          150      1224.000         8.160 
----------------------------------------------------------------------------- 
        Total          199     11488.000 
----------------------------------------------------------------------------- 
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Appendix1.5 ANOVA for Na+ concentration in leaf sap 
       
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         4    113994.650     28498.662    500.1374   0.0000 
  4     Factor B         9     16157.525      1795.281     31.5063   0.0000 
  6     AB              36     15896.450       441.568      7.7493   0.0000 
 -7     Error          150      8547.250        56.982 
----------------------------------------------------------------------------- 
        Total          199    154595.875 
----------------------------------------------------------------------------- 
Appendix 1.6 ANOVA for K+ : Na+ ratio in leaf sap 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         4      2344.459       586.115    641.9776   0.0000 
  4     Factor B         9       113.901        12.656     13.8619   0.0000 
  6     AB              36        39.426         1.095      1.1995   0.2244 
 -7     Error          150       136.947         0.913 
----------------------------------------------------------------------------- 
        Total          199      2634.734 
----------------------------------------------------------------------------- 
 
(Study-2) 
 
Appendix 2.1 ANOVA for Shoot fresh weight 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       910.803       910.803      8.3496   0.0091 
  4     Factor B         4     25446.505      6361.626     58.3191   0.0000 
  6     AB               4      1536.518       384.130      3.5214   0.0248 
 -7     Error           20      2181.661       109.083 
----------------------------------------------------------------------------- 
        Total           29     30075.487 
----------------------------------------------------------------------------- 
 
Appendix 2.2 ANOVA for Shoot dry weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        11.983        11.983     14.6499   0.0011 
  4     Factor B         4       152.715        38.179     46.6766   0.0000 
  6     AB               4        14.106         3.527      4.3115   0.0112 
 -7     Error           20        16.359         0.818 
----------------------------------------------------------------------------- 
        Total           29       195.162 
----------------------------------------------------------------------------- 
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Appendix 2.3  ANOVA for Leaf area 
--------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
 
----------------------------------------------------------------------------- 
  2     Factor A         1     22249.633     22249.633     10.0739   0.0048 
  4     Factor B         4    687361.533    171840.383     77.8039   0.0000 
  6     AB               4     63419.533     15854.883      7.1786   0.0009 
 -7     Error           20     44172.667      2208.633 
----------------------------------------------------------------------------- 
        Total           29    817203.367 
----------------------------------------------------------------------------- 
Appendix 2.4   ANOVA for Membrane stability index 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       461.776       461.776     22.4347   0.0001 
  4     Factor B         4      2719.334       679.833     33.0286   0.0000 
  6     AB               4        93.795        23.449      1.1392   0.3667 
 -7     Error           20       411.663        20.583 
----------------------------------------------------------------------------- 
        Total           29      3686.568 
----------------------------------------------------------------------------- 
Appendix 2.5  ANOVA for Relative water contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       423.452       423.452     24.1397   0.0001 
  4     Factor B         4      1734.625       433.656     24.7215   0.0000 
  6     AB               4       163.010        40.752      2.3232   0.0919 
 -7     Error           20       350.834        17.542 
----------------------------------------------------------------------------- 
        Total           29      2671.919 
----------------------------------------------------------------------------- 
Appendix 2.6  ANOVA for Na+ concentration in leaf sap 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      7176.533      7176.533     95.0534   0.0000 
  4     Factor B         4     16636.867      4159.217     55.0890   0.0000 
  6     AB               4      3504.467       876.117     11.6042   0.0000 
 -7     Error           20      1510.000        75.500 
----------------------------------------------------------------------------- 
        Total           29     28827.867 
----------------------------------------------------------------------------- 
Appendix 2.7 ANOVA for K+ concentration in leaf sap 
--------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      2083.333      2083.333     23.9831   0.0001 
  4     Factor B         4     23583.533      5895.883     67.8728   0.0000 
  6     AB               4      1379.000       344.750      3.9687   0.0157 
 -7     Error           20      1737.333        86.867 
----------------------------------------------------------------------------- 
        Total           29     28783.200 
----------------------------------------------------------------------------- 
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Appendix 2.8 ANOVA for K+: Na+ ratio in leaf sap 
----------------------------------------------------------------------- 
 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         3.888         3.888     42.1860   0.0000 
  4     Factor B         4        20.623         5.156     55.9402   0.0000 
  6     AB               4         0.423         0.106      1.1468   0.3634 
 -7     Error           20         1.843         0.092 
----------------------------------------------------------------------------- 
        Total           29        26.777 
----------------------------------------------------------------------------- 
 
Appendix 2.9  ANOVA for ACHENE YIELD 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         0.504         0.504      4.1442   0.0052 
  4     Factor B         4        26.240         6.560     53.8981   0.0000 
  6     AB               4         1.827         0.457      3.7522   0.0196 
 -7     Error           20         2.434         0.122 
----------------------------------------------------------------------------- 
        Total           29        31.006 
----------------------------------------------------------------------------- 
 
(Study-3) 
Appendix 3.1 ANOVA for Shoot dry weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        28.428        28.428     19.1801   0.0001 
  4     Factor B         1         8.288         8.288      5.5919   0.0230 
  6     AB               1         0.020         0.020      0.0136 
  8     Factor C         4       388.479        97.120     65.5255   0.0000 
 10     AC               4        18.694         4.674      3.1532   0.0241 
 12     BC               4         1.878         0.469      0.3167 
 14     ABC              4         0.382         0.096      0.0645 
-15     Error           40        59.287         1.482 
----------------------------------------------------------------------------- 
        Total           59       505.457 
----------------------------------------------------------------------------- 
 
Appendix 3.2  ANOVA for Leaf area 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1     28952.067     28952.067     13.7935   0.0006 
  4     Factor B         1     19584.267     19584.267      9.3304   0.0040 
  6     AB               1      1288.067      1288.067      0.6137 
  8     Factor C         4    911714.267    227928.567    108.5908   0.0000 
 10     AC               4     61668.267     15417.067      7.3451   0.0002 
 12     BC               4      5715.067      1428.767      0.6807 
 14     ABC              4       316.267        79.067      0.0377 
-15     Error           40     83958.667      2098.967 
----------------------------------------------------------------------------- 
        Total           59   1113196.933 
----------------------------------------------------------------------------- 
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Appendix 3.3  ANOVA for Na+ concentration in leaf sap 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1     10666.667     10666.667    114.7982   0.0000 
  4     Factor B         1      1025.067      1025.067     11.0321   0.0019 
  6     AB               1        48.600        48.600      0.5230 
  8     Factor C         4     26904.900      6726.225     72.3899   0.0000 
 10     AC               4      6494.833      1623.708     17.4749   0.0000 
 12     BC               4       233.767        58.442      0.6290 
 14     ABC              4        74.900        18.725      0.2015 
-15     Error           40      3716.667        92.917 
----------------------------------------------------------------------------- 
        Total           59     49165.400 
--------------------------------------------------------------------- 
 
 
Appendix 3.4 ANOVA for K+:Na+  ratio in leaf sap 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         4.051         4.051     36.8590   0.0000 
  4     Factor B         1         0.915         0.915      8.3270   0.0063 
  6     AB               1         0.006         0.006      0.0528 
  8     Factor C         4        36.562         9.140     83.1701   0.0000 
 10     AC               4         1.013         0.253      2.3037   0.0751 
 12     BC               4         0.363         0.091      0.8247 
 14     ABC              4         0.021         0.005      0.0485 
-15     Error           40         4.396         0.110 
----------------------------------------------------------------------------- 
        Total           59        47.326 
----------------------------------------------------------------------------- 
 
 
Appendix 3.6  ANOVA for Relative water contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      1332.931      1332.931     92.1274   0.0000 
  4     Factor B         1       164.011       164.011     11.3358   0.0017 
  6     AB               1         0.096         0.096      0.0066 
  8     Factor C         4      3357.603       839.401     58.0164   0.0000 
 10     AC               4       237.616        59.404      4.1058   0.0070 
 12     BC               4        64.733        16.183      1.1185   0.3613 
 14     ABC              4        35.131         8.783      0.6070 
-15     Error           40       578.733        14.468 
----------------------------------------------------------------------------- 
        Total           59      5770.853 
----------------------------------------------------------------------------- 
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Appendix 3.7  ANOVA for Water potential 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         1.536         1.536     44.3077   0.0000 
  4     Factor B         1         0.150         0.150      4.3269   0.0440 
  6     AB               1         0.011         0.011      0.3077 
  8     Factor C         4         7.618         1.905     54.9399   0.0000 
 10     AC               4         0.416         0.104      2.9976   0.0296 
 12     BC               4         0.055         0.014      0.3966 
 14     ABC              4         0.011         0.003      0.0793 
-15     Error           40         1.387         0.035 
----------------------------------------------------------------------------- 
        Total           59        11.183 
----------------------------------------------------------------------------- 
 
 
Appendix 3.8  ANOVA for Membrane stability index 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       558.089       558.089     28.8575   0.0000 
  4     Factor B         1       305.598       305.598     15.8018   0.0003 
  6     AB               1         4.219         4.219      0.2181 
  8     Factor C         4      5441.606      1360.401     70.3432   0.0000 
 10     AC               4       164.912        41.228      2.1318   0.0946 
 12     BC               4       116.165        29.041      1.5017   0.2200 
 14     ABC              4         8.360         2.090      0.1081 
-15     Error           40       773.579        19.339 
----------------------------------------------------------------------------- 
        Total           59      7372.528 
----------------------------------------------------------------------------- 

 
Appendix 3.9   ANOVA for Proline contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        18.996        18.996     47.2934   0.0000 
  4     Factor B         1         2.596         2.596      6.4629   0.0150 
  6     AB               1         0.302         0.302      0.7530 
  8     Factor C         4       205.232        51.308    127.7414   0.0000 
 10     AC               4         6.109         1.527      3.8023   0.0103 
 12     BC               4         0.541         0.135      0.3367 
 14     ABC              4         0.753         0.188      0.4685 
-15     Error           40        16.066         0.402 
----------------------------------------------------------------------------- 
        Total           59       250.594 
----------------------------------------------------------------------------- 
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Appendix 3.10   ANOVA for Head diameter 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         4.648         4.648     21.0008   0.0000 
  4     Factor B         1         0.662         0.662      2.9887   0.0916 
  6     AB               1         0.160         0.160      0.7236 
  8     Factor C         4       100.281        25.070    113.2692   0.0000 
 10     AC               4         6.818         1.704      7.7007   0.0001 
 12     BC               4         0.241         0.060      0.2722 
 14     ABC              4         0.179         0.045      0.2022 
-15     Error           40         8.853         0.221 
----------------------------------------------------------------------------- 
        Total           59       121.842 
----------------------------------------------------------------------------- 
 
Appendix 3.11   ANOVA for 100 Achene weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         1.869         1.869     22.4373   0.0000 
  4     Factor B         1         0.304         0.304      3.6478   0.0633 
  6     AB               1         0.000         0.000      0.0034 
  8     Factor C         4        14.404         3.601     43.2259   0.0000 
 10     AC               4         1.077         0.269      3.2318   0.0217 
 12     BC               4         0.216         0.054      0.6489 
 14     ABC              4         0.012         0.003      0.0357 
-15     Error           40         3.332         0.083 
----------------------------------------------------------------------------- 
        Total           59        21.214 
----------------------------------------------------------------------------- 
 
Appendix 3.12  ANOVA for Achene yield 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         4.358         4.358     19.5167   0.0001 
  4     Factor B         1         0.566         0.566      2.5370   0.1191 
  6     AB               1         0.011         0.011      0.0490 
  8     Factor C         4        35.307         8.827     39.5306   0.0000 
 10     AC               4         2.455         0.614      2.7484   0.0413 
 12     BC               4         0.176         0.044      0.1974 
 14     ABC              4         0.027         0.007      0.0303 
-15     Error           40         8.931         0.223 
----------------------------------------------------------------------------- 
        Total           59        51.831 
----------------------------------------------------------------------------- 
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(Study-4) 
Appendix 4.1. ANOVA Shoot dry weight 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        19.723        19.723     14.0342   0.0006 
  4     Factor B         1        34.656        34.656     24.6603   0.0000 
  6     AB               1         0.323         0.323      0.2296 
  8     Factor C         4       296.269        74.067     52.7045   0.0000 
 10     AC               4        20.177         5.044      3.5894   0.0136 
 12     BC               4         4.077         1.019      0.7253 
 14     ABC              4         1.311         0.328      0.2332 
-15     Error           40        56.213         1.405 
----------------------------------------------------------------------------- 
        Total           59       432.749 
----------------------------------------------------------------------------- 
 
Appendix 4.2  ANOVA for Leaf area 
------------------------------------------------------------------------------ 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1     31740.000     31740.000     12.7587   0.0009 
  4     Factor B         1     77185.067     77185.067     31.0265   0.0000 
  6     AB               1      2306.400      2306.400      0.9271 
  8     Factor C         4    723716.233    180929.058     72.7290   0.0000 
 10     AC               4     58052.167     14513.042      5.8339   0.0009 
 12     BC               4     30489.433      7622.358      3.0640   0.0271 
 14     ABC              4      2585.767       646.442      0.2599 
-15     Error           40     99508.667      2487.717 
----------------------------------------------------------------------------- 
        Total           59   1025583.733 
----------------------------------------------------------------------------- 
 
Appendix 4.3  ANOVA for Na+ Contents in leaf sap 
---------------------------------------------------------------------------- 
            K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      8592.067      8592.067    100.0241   0.0000 
  4     Factor B         1      3588.267      3588.267     41.7726   0.0000 
  6     AB               1       516.267       516.267      6.0101   0.0187 
  8     Factor C         4     19192.433      4798.108     55.8569   0.0000 
 10     AC               4      3851.100       962.775     11.2081   0.0000 
 12     BC               4      1228.567       307.142      3.5756   0.0139 
 14     ABC              4       529.233       132.308      1.5403   0.2091 
-15     Error           40      3436.000        85.900 
----------------------------------------------------------------------------- 
        Total           59     40933.933 
----------------------------------------------------------------------------- 
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Appendix 4.4   ANOVA for K+:Na+  ratio in leaf sap 
-----------------------------------------------------------------------------           
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         4.834         4.834     37.9370   0.0000 
  4     Factor B         1         3.765         3.765     29.5496   0.0000 
  6     AB               1         0.040         0.040      0.3143 
  8     Factor C         4        38.636         9.659     75.8082   0.0000 
 10     AC               4         1.229         0.307      2.4113   0.0649 
 12     BC               4         0.024         0.006      0.0474 
 14     ABC              4         0.018         0.005      0.0355 
-15     Error           40         5.097         0.127 
----------------------------------------------------------------------------- 
        Total           59        53.642 
----------------------------------------------------------------------------- 
 
 
Appendix 4.5   ANOVA for Relative water contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       519.204       519.204     41.8747   0.0000 
  4     Factor B         1       571.033       571.033     46.0548   0.0000 
  6     AB               1        28.153        28.153      2.2706   0.1397 
  8     Factor C         4      2607.782       651.946     52.5805   0.0000 
 10     AC               4       172.388        43.097      3.4759   0.0158 
 12     BC               4       147.869        36.967      2.9815   0.0303 
 14     ABC              4        36.259         9.065      0.7311 
-15     Error           40       495.960        12.399 
----------------------------------------------------------------------------- 
        Total           59      4578.650 
----------------------------------------------------------------------------- 
 
 
Appendix 4.6  ANOVA for Water potential 
------------------------------------------------------------------------------ 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         0.384         0.384     12.8715   0.0009 
  4     Factor B         1         1.601         1.601     53.6536   0.0000 
  6     AB               1         0.067         0.067      2.2346   0.1428 
  8     Factor C         4         5.961         1.490     49.9497   0.0000 
 10     AC               4         0.103         0.026      0.8603 
 12     BC               4         0.416         0.104      3.4860   0.0156 
 14     ABC              4         0.070         0.017      0.5866 
-15     Error           40         1.193         0.030 
----------------------------------------------------------------------------- 
        Total           59         9.794 
----------------------------------------------------------------------------- 
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Appendix 4.7  ANOVA for Membrane stability index 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       500.953       500.953     30.6691   0.0000 
  4     Factor B         1      1223.746      1223.746     74.9195   0.0000 
  6     AB               1        15.291        15.291      0.9362 
  8     Factor C         4      3568.938       892.235     54.6239   0.0000 
 10     AC               4       103.370        25.842      1.5821   0.1978 
 12     BC               4       467.785       116.946      7.1596   0.0002 
 14     ABC              4        40.441        10.110      0.6190 
-15     Error           40       653.365        16.334 
----------------------------------------------------------------------------- 
        Total           59      6573.889 
----------------------------------------------------------------------------- 
 
 
 Appendix 4.8   ANOVA for Proline contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         5.941         5.941     16.3964   0.0002 
  4     Factor B         1        70.851        70.851    195.5418   0.0000 
  6     AB               1         1.077         1.077      2.9734   0.0924 
  8     Factor C         4       150.043        37.511    103.5263   0.0000 
 10     AC               4         3.819         0.955      2.6353   0.0481 
 12     BC               4         9.512         2.378      6.5629   0.0004 
 14     ABC              4         1.427         0.357      0.9848 
-15     Error           40        14.493         0.362 
----------------------------------------------------------------------------- 
        Total           59       257.163 
----------------------------------------------------------------------------- 
 
 
Appendix 4.9   ANOVA for Head diameter 
------------------------------------------------------------------------------ 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         6.144         6.144     21.1497   0.0000 
  4     Factor B         1         7.633         7.633     26.2742   0.0000 
  6     AB               1         0.017         0.017      0.0574 
  8     Factor C         4        80.571        20.143     69.3379   0.0000 
 10     AC               4         3.879         0.970      3.3385   0.0189 
 12     BC               4         1.657         0.414      1.4263   0.2430 
 14     ABC              4         0.023         0.006      0.0201 
-15     Error           40        11.620         0.291 
----------------------------------------------------------------------------- 
        Total           59       111.544 
----------------------------------------------------------------------------- 
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Appendix 4.10  ANOVA for 100 Achene weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         1.233         1.233     12.9301   0.0009 
  4     Factor B         1         1.536         1.536     16.1119   0.0003 
  6     AB               1         0.011         0.011      0.1119 
  8     Factor C         4        13.482         3.371     35.3558   0.0000 
 10     AC               4         1.039         0.260      2.7247   0.0427 
 12     BC               4         0.406         0.101      1.0638   0.3870 
 14     ABC              4         0.008         0.002      0.0201 
-15     Error           40         3.813         0.095 
----------------------------------------------------------------------------- 
        Total           59        21.527 
----------------------------------------------------------------------------- 
 
 
 Appendix 4.11  ANOVA for Achene yield 
---------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         1.834         1.834      7.0489   0.0113 
  4     Factor B         1         2.650         2.650     10.1859   0.0028 
  6     AB               1         0.026         0.026      0.1001 
  8     Factor C         4        28.725         7.181     27.6006   0.0000 
 10     AC               4         1.540         0.385      1.4797   0.2265 
 12     BC               4         0.570         0.142      0.5474 
 14     ABC              4         0.025         0.006      0.0243 
-15     Error           40        10.407         0.260 
----------------------------------------------------------------------------- 
        Total           59        45.777 
----------------------------------------------------------------------------- 
 
 
 
(STUDY-5) 
Appendix 5.1  ANOVA for Shoot dry weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         0.302         0.302      1.2361   0.2772 
  4     Factor B         2         5.407         2.703     11.0465   0.0004 
  6     AB               2         0.607         0.303      1.2395   0.3074 
  8     Factor C         1       140.423       140.423    573.8037   0.0000 
 10     AC               1         2.722         2.722     11.1249   0.0028 
 12     BC               2         5.127         2.563     10.4745   0.0005 
 14     ABC              2         0.687         0.343      1.4029   0.2653 
-15     Error           24         5.873         0.245 
----------------------------------------------------------------------------- 
        Total           35       161.148 
----------------------------------------------------------------------------- 
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Appendix 5.2 ANOVA for root dry weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         0.014         0.014      0.3577 
  4     Factor B         2         0.787         0.394     10.3431   0.0006 
  6     AB               2         0.037         0.019      0.4891 
  8     Factor C         1         9.100         9.100    239.1314   0.0000 
 10     AC               1         0.423         0.423     11.1022   0.0028 
 12     BC               2         0.804         0.402     10.5620   0.0005 
 14     ABC              2         0.045         0.022      0.5912 
-15     Error           24         0.913         0.038 
----------------------------------------------------------------------------- 
        Total           35        12.123 
----------------------------------------------------------------------------- 
 
 
      
Appendix 5.3  ANOVA for leaf  Na+ contents  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       162.562       162.562    125.8007   0.0000 
  4     Factor B         2       193.811        96.905     74.9912   0.0000 
  6     AB               2        20.565        10.282      7.9572   0.0022 
  8     Factor C         1      3562.100      3562.100   2756.5690   0.0000 
 10     AC               1       123.580       123.580     95.6339   0.0000 
 12     BC               2       172.644        86.322     66.8012   0.0000 
 14     ABC              2        16.061         8.030      6.2143   0.0067 
-15     Error           24        31.013         1.292 
----------------------------------------------------------------------------- 
        Total           35      4282.336 
----------------------------------------------------------------------------- 
 
 
      
 Appendix 5.4  ANOVA for leaf K+ contents  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       108.854       108.854     19.9978   0.0002 
  4     Factor B         2        92.435        46.217      8.4907   0.0016 
  6     AB               2         6.541         3.270      0.6008 
  8     Factor C         1      1487.388      1487.388    273.2494   0.0000 
 10     AC               1        32.871        32.871      6.0388   0.0216 
 12     BC               2        29.604        14.802      2.7193   0.0862 
 14     ABC              2         0.867         0.434      0.0797 
-15     Error           24       130.640         5.443 
----------------------------------------------------------------------------- 
        Total           35      1889.200 
----------------------------------------------------------------------------- 
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Appendix 5.5  ANOVA for CAT activity  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      1033.609      1033.609    456.5634   0.0000 
  4     Factor B         1       336.269       336.269    148.5359   0.0000 
  6     AB               1         0.056         0.056      0.0245 
  8     Factor C         2        72.484        36.242     16.0087   0.0000 
 10     AC               2        31.670        15.835      6.9947   0.0022 
 12     BC               2        10.269         5.134      2.2679   0.1145 
 14     ABC              2        12.195         6.098      2.6934   0.0779 
 16     Factor D         1       112.500       112.500     49.6932   0.0000 
 18     AD               1       122.722       122.722     54.2086   0.0000 
 20     BD               1         5.120         5.120      2.2616   0.1392 
 22     ABD              1       143.369       143.369     63.3286   0.0000 
 24     CD               2        17.076         8.538      3.7713   0.0301 
 26     ACD              2        20.227        10.113      4.4673   0.0166 
 28     BCD              2         3.318         1.659      0.7327 
 30     ABCD             2        16.835         8.418      3.7182   0.0315 
-31     Error           48       108.667         2.264 
----------------------------------------------------------------------------- 
        Total           71      2046.384 
----------------------------------------------------------------------------- 
 
 
 
 
Appendix 5.6 ANOVA for SOD activity  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1     58824.509     58824.509    109.4246   0.0000 
  4     Factor B         1     68585.735     68585.735    127.5823   0.0000 
  6     AB               1     11125.349     11125.349     20.6952   0.0000 
  8     Factor C         2       881.839       440.919      0.8202 
 10     AC               2       532.401       266.201      0.4952 
 12     BC               2      4794.479      2397.240      4.4593   0.0167 
 14     ABC              2      1461.960       730.980      1.3598   0.2664 
 16     Factor D         1     30372.908     30372.908     56.4993   0.0000 
 18     AD               1     31937.074     31937.074     59.4089   0.0000 
 20     BD               1      3294.013      3294.013      6.1275   0.0169 
 22     ABD              1     21680.567     21680.567     40.3299   0.0000 
 24     CD               2     12115.912      6057.956     11.2689   0.0001 
 26     ACD              2     10842.504      5421.252     10.0845   0.0002 
 28     BCD              2        66.189        33.094      0.0616 
 30     ABCD             2        83.985        41.993      0.0781 
-31     Error           48     25803.863       537.580 
----------------------------------------------------------------------------- 
        Total           71    282403.287 
----------------------------------------------------------------------------- 
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Appendix 5.7  ANOVA for GPX activity  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        27.627        27.627      1.6122   0.2103 
  4     Factor B         1        22.669        22.669      1.3229   0.2558 
  6     AB               1       917.347       917.347     53.5334   0.0000 
  8     Factor C         2        63.609        31.804      1.8560   0.1673 
 10     AC               2        35.095        17.548      1.0240   0.3669 
 12     BC               2        78.382        39.191      2.2871   0.1125 
 14     ABC              2       148.362        74.181      4.3290   0.0187 
 16     Factor D         1       898.880       898.880     52.4557   0.0000 
 18     AD               1         6.125         6.125      0.3574 
 20     BD               1        46.080        46.080      2.6891   0.1076 
 22     ABD              1         0.534         0.534      0.0312 
 24     CD               2        95.591        47.795      2.7892   0.0715 
 26     ACD              2        57.861        28.930      1.6883   0.1956 
 28     BCD              2        49.281        24.640      1.4379   0.2475 
 30     ABCD             2         8.422         4.211      0.2457 
-31     Error           48       822.527        17.136 
----------------------------------------------------------------------------- 
        Total           71      3278.391 
----------------------------------------------------------------------------- 
 
 
 
 
Appendix 5.8  ANOVA for APX activity  
 ----------------------------------------------------------------------------     
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      1952.083      1952.083    293.1790   0.0000 
  4     Factor B         1       204.357       204.357     30.6919   0.0000 
  6     AB               1       471.757       471.757     70.8521   0.0000 
  8     Factor C         2        67.120        33.560      5.0403   0.0103 
 10     AC               2        58.310        29.155      4.3787   0.0179 
 12     BC               2         5.267         2.633      0.3955 
 14     ABC              2        41.497        20.748      3.1162   0.0534 
 16     Factor D         1       107.311       107.311     16.1168   0.0002 
 18     AD               1        58.861        58.861      8.8402   0.0046 
 20     BD               1         2.240         2.240      0.3364 
 22     ABD              1       156.940       156.940     23.5705   0.0000 
 24     CD               2        21.391        10.695      1.6063   0.2112 
 26     ACD              2        25.101        12.550      1.8849   0.1629 
 28     BCD              2         9.639         4.819      0.7238 
 30     ABCD             2        53.069        26.534      3.9851   0.0251 
-31     Error           48       319.600         6.658 
----------------------------------------------------------------------------- 
        Total           71      3554.543 
----------------------------------------------------------------------------- 
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Appendix 5.9 ANOVA for DHAR activity  
-----------------------------------------------------------------------------      
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       855.601       855.601    207.7331   0.0000 
  4     Factor B         1       426.320       426.320    103.5071   0.0000 
  6     AB               1       925.934       925.934    224.8095   0.0000 
  8     Factor C         2        50.106        25.053      6.0827   0.0044 
 10     AC               2        21.877        10.938      2.6558   0.0806 
 12     BC               2         6.851         3.425      0.8317 
 14     ABC              2         2.095         1.048      0.2544 
 16     Factor D         1       309.176       309.176     75.0654   0.0000 
 18     AD               1         1.561         1.561      0.3789 
 20     BD               1        14.942        14.942      3.6279   0.0628 
 22     ABD              1        88.445        88.445     21.4737   0.0000 
 24     CD               2         0.409         0.204      0.0496 
 26     ACD              2         0.295         0.148      0.0358 
 28     BCD              2        15.334         7.667      1.8614   0.1665 
 30     ABCD             2         9.636         4.818      1.1698   0.3191 
-31     Error           48       197.700         4.119 
----------------------------------------------------------------------------- 
        Total           71      2926.280 
----------------------------------------------------------------------------- 
 
Appendix 5.10  ANOVA for GR activity  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       126.405       126.405    140.6888   0.0000 
  4     Factor B         1         8.681         8.681      9.6615   0.0032 
  6     AB               1       144.500       144.500    160.8286   0.0000 
  8     Factor C         2         7.922         3.961      4.4086   0.0175 
 10     AC               2         3.061         1.530      1.7034   0.1929 
 12     BC               2         5.144         2.572      2.8624   0.0669 
 14     ABC              2         2.736         1.368      1.5225   0.2285 
 16     Factor D         1         1.076         1.076      1.1971   0.2794 
 18     AD               1         0.467         0.467      0.5200 
 20     BD               1        37.845        37.845     42.1215   0.0000 
 22     ABD              1        11.520        11.520     12.8218   0.0008 
 24     CD               2        11.642         5.821      6.4787   0.0032 
 26     ACD              2         0.012         0.006      0.0066 
 28     BCD              2         0.293         0.146      0.1628 
 30     ABCD             2         6.436         3.218      3.5815   0.0355 
-31     Error           48        43.127         0.898 
----------------------------------------------------------------------------- 
        Total           71       410.864 
----------------------------------------------------------------------------- 
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Appendix 5.12  ANOVA for TBARS Contents  
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       628.351       628.351    138.9859   0.0000 
  4     Factor B         1       986.420       986.420    218.1876   0.0000 
  6     AB               1        13.261        13.261      2.9333   0.0932 
  8     Factor C         2       983.176       491.588    108.7350   0.0000 
 10     AC               2       198.141        99.070     21.9135   0.0000 
 12     BC               2       185.517        92.758     20.5174   0.0000 
 14     ABC              2        47.631        23.815      5.2678   0.0085 
 16     Factor D         1      2535.907      2535.907    560.9206   0.0000 
 18     AD               1       315.423       315.423     69.7689   0.0000 
 20     BD               1       314.587       314.587     69.5839   0.0000 
 22     ABD              1         7.157         7.157      1.5830   0.2144 
 24     CD               2       344.647       172.323     38.1165   0.0000 
 26     ACD              2       182.085        91.043     20.1378   0.0000 
 28     BCD              2        76.184        38.092      8.4256   0.0007 
 30     ABCD             2        19.175         9.588      2.1207   0.1310 
-31     Error           48       217.007         4.521 
----------------------------------------------------------------------------- 
        Total           71      7054.669 
----------------------------------------------------------------------------- 
 
(STUDY-6) 
Appendix 6.1  ANOVA for Shoot dry weight 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1         3.312         3.312      8.7487   0.0069 
  4     Factor B         2         9.127         4.564     12.0536   0.0002 
  6     AB               2         0.001         0.000      0.0009 
  8     Factor C         1       357.336       357.336    943.8004   0.0000 
 10     AC               1        20.011        20.011     52.8525   0.0000 
 12     BC               2         2.986         1.493      3.9427   0.0331 
 14     ABC              2         0.489         0.244      0.6456 
-15     Error           24         9.087         0.379 
----------------------------------------------------------------------------- 
        Total           35       402.348 
----------------------------------------------------------------------------- 
 
 
Appendix 6.2  ANOVA for Leaf Na+ contents 
----------------------------------------------------------------------------- 
K                     Degrees of Sum of        Mean         F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        69.639        69.639     30.3365   0.0000 
  4     Factor B         2       126.823        63.412     27.6237   0.0000 
  6     AB               2         7.512         3.756      1.6361   0.2157 
  8     Factor C         1      1708.031      1708.031    744.0610   0.0000 
 10     AC               1        55.676        55.676     24.2541   0.0001 
 12     BC               2       122.092        61.046     26.5932   0.0000 
 14     ABC              2         6.424         3.212      1.3991   0.2662 
-15     Error           24        55.093         2.296 
----------------------------------------------------------------------------- 
        Total           35      2151.291 
----------------------------------------------------------------------------- 
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Appendix 6.3  ANOVA for Leaf K+ contents 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       106.847       106.847      7.7010   0.0105 
  4     Factor B         2        49.120        24.560      1.7702   0.1918 
  6     AB               2         0.088         0.044      0.0032 
  8     Factor C         1       760.656       760.656     54.8245   0.0000 
 10     AC               1        35.086        35.086      2.5288   0.1249 
 12     BC               2        93.221        46.611      3.3595   0.0517 
 14     ABC              2         9.857         4.929      0.3552 
-15     Error           24       332.985        13.874 
----------------------------------------------------------------------------- 
        Total           35      1387.861 
----------------------------------------------------------------------------- 
 
 
 
Appendix 6.4  ANOVA for SOD activity 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      1110.001      1110.001      9.5949   0.0049 
  4     Factor B         2       765.152       382.576      3.3070   0.0439 
  6     AB               2       220.786       110.393      0.9542 
  8     Factor C         1      1654.320      1654.320     14.3000   0.0009 
 10     AC               1      1365.303      1365.303     11.8017   0.0022 
 12     BC               2      1062.513       531.257      4.5922   0.0205 
 14     ABC              2        29.522        14.761      0.1276 
-15     Error           24      2776.477       115.687 
----------------------------------------------------------------------------- 
        Total           35      8984.073 
----------------------------------------------------------------------------- 
 
 
 
 
Appendix 6.5 ANOVA for CAT activity 
----------------------------------------------------------------------------- 
K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       151.865       151.865     67.4693   0.0000 
  4     Factor B         2        32.872        16.436      7.3021   0.0033 
  6     AB               2         1.148         0.574      0.2550 
  8     Factor C         1        12.769        12.769      5.6728   0.0255 
 10     AC               1        68.779        68.779     30.5568   0.0000 
 12     BC               2        19.702         9.851      4.3766   0.0240 
 14     ABC              2         2.426         1.213      0.5389 
-15     Error           24        54.021         2.251 
----------------------------------------------------------------------------- 
        Total           35       343.582 
----------------------------------------------------------------------------- 
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Appendix 6.6  ANOVA for APX activity 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       496.324       496.324    223.9819   0.0000 
  4     Factor B         2        22.030        11.015      4.9708   0.0156 
  6     AB               2         0.029         0.014      0.0065 
  8     Factor C         1        77.587        77.587     35.0135   0.0000 
 10     AC               1         4.114         4.114      1.8566   0.1857 
 12     BC               2        35.188        17.594      7.9399   0.0023 
 14     ABC              2         7.877         3.938      1.7773   0.1906 
-15     Error           24        53.182         2.216 
----------------------------------------------------------------------------- 
        Total           35       696.331 
----------------------------------------------------------------------------- 
 
 
 
Appendix 6.7 ANOVA for GPX activity 
----------------------------------------------------------------------------- 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       164.694       164.694     75.3451   0.0000 
  4     Factor B         2        40.975        20.488      9.3728   0.0010 
  6     AB               2         6.503         3.252      1.4876   0.2460 
  8     Factor C         1       185.414       185.414     84.8238   0.0000 
 10     AC               1        44.845        44.845     20.5160   0.0001 
 12     BC               2        11.445         5.722      2.6179   0.0937 
 14     ABC              2        14.453         7.227      3.3061   0.0539 
-15     Error           24        52.461         2.186 
----------------------------------------------------------------------------- 
        Total           35       520.791 
----------------------------------------------------------------------------- 
 
 
Appendix 6.8  ANOVA for DHAR activity 
----------------------------------------------------------------------------- 
K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1       763.325       763.325    359.8802   0.0000 
  4     Factor B         2         8.307         4.154      1.9583   0.1630 
  6     AB               2         4.147         2.074      0.9776 
  8     Factor C         1         4.445         4.445      2.0957   0.1607 
 10     AC               1        68.035        68.035     32.0761   0.0000 
 12     BC               2        33.359        16.679      7.8638   0.0024 
 14     ABC              2         1.746         0.873      0.4116 
-15     Error           24        50.905         2.121 
----------------------------------------------------------------------------- 
        Total           35       934.270 
----------------------------------------------------------------------------- 
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Appendix 6.9  ANOVA for GR activity 
----------------------------------------------------------------------------- 
K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1        63.707        63.707    124.4210   0.0000 
  4     Factor B         2         3.676         1.838      3.5898   0.0433 
  6     AB               2         2.410         1.205      2.3533   0.1166 
  8     Factor C         1         0.141         0.141      0.2746 
 10     AC               1        38.378        38.378     74.9530   0.0000 
 12     BC               2         1.974         0.987      1.9273   0.1674 
 14     ABC              2         2.422         1.211      2.3647   0.1155 
-15     Error           24        12.289         0.512 
----------------------------------------------------------------------------- 
        Total           35       124.996 
----------------------------------------------------------------------------- 
Appendix 6.10 ANOVA for TBARS contents 
 
------------------------------------------------------------------------------ 
  K                 Degrees of   Sum of         Mean          F 
Value    Source       Freedom    Squares       Square       Value     Prob 
----------------------------------------------------------------------------- 
  2     Factor A         1      1087.021      1087.021     26.0391   0.0000 
  4     Factor B         2       778.907       389.453      9.3292   0.0010 
  6     AB               2        63.935        31.967      0.7658 
  8     Factor C         1      3724.661      3724.661     89.2227   0.0000 
 10     AC               1       326.164       326.164      7.8131   0.0100 
 12     BC               2       426.418       213.209      5.1073   0.0142 
 14     ABC              2        41.885        20.942      0.5017 
-15     Error           24      1001.896        41.746 
----------------------------------------------------------------------------- 
        Total           35      7450.886 
----------------------------------------------------------------------------- 
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