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Abstract  
 

      The principal objectives of the present investigation were to assess inter- cultivar 

variation for salt tolerance in safflower, draw relationships of various physiological and 

biochemical attributes to salt tolerance of safflower, identify selection criteria for further 

improvement in salt tolerance of safflower through specific breeding programs and to 

appraise whether or not salt stress alters the composition and quality of safflower oil. 

Different experiments were carried out to assess variation in salt tolerance in 10 

accessions (Safflower-31, Safflower-32, Safflower-33, Safflower-34, Safflower-35, 

Safflower-36, Safflower-37, Safflower-38, Safflower-39, Safflower-78) of safflower 

(Carthamus tinctorius L.) at varying levels of salt (NaCl) at different growth stages, 

germination, seedling and adult stages. The results of the germination experiment showed 

that salt stress had an inhibitory effect on germination percentage and seedling biomass 

of all 10 accessions. A significant variation in the accessions was observed at the two 

higher salt levels (180 and 240 mM). While ranking the accessions on the basis of their 

potential for germination and producing seedling biomass at 240 mM NaCl, lines 

Safflower- 31 and Safflower-35 were found to be tolerant, Safflower-33, Safflower-37, 

Safflower-38 and Safflower-78 salt sensitive, and Safflower-32, Safflower- 34, 

Safflower-36 and Safflower-39 moderately tolerant. To further evaluate safflower lines 

for their performance at later growth stages, an experiment was conducted using two salt 

levels (0 control, 150 mM NaCl). Salt stress caused a marked reduction in biomass 

production, photosynthetic pigments, leaf water relations, gas exchange characteristics, 

proline content, mineral nutrients, activities of some key antioxidant enzymes, different 

fatty acids, tocopherol contents and yield attributes. A significant inter-cultivar variation 

was found in the set of 10 diverse safflower accessions at the adult stage. Although 

variation for salt tolerance was found at all growth stages, that found at the germination 

and seedling stage was not maintained at the vegetative or adult growth stages. On the 

basis of shoot biomass production at the vegetative stage, accession Safflower-37 was 

ranked as tolerant, while Safflower-31, Safflower-32, Safflower-34, Safflower-39, and 

Safflower-78 as salt sensitive. In contrast, in terms of seed yield, accessions Safflower-

32, Safflower-34, and Safflower-39 were ranked as tolerant, while Safflower-31, 

Safflower-33, Safflower-35, Safflower-36, and Safflower-38 as salt sensitive. A positive 
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association of net photosynthetic rate (A) with growth and seed yield was observed in the 

10 diverse safflower lines under saline conditions, and thus it could be used as an 

effective selection criterion for salinity tolerance in safflower.
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                                                                                                         Chapter 1 

                                                                                     Introduction 

 

     Environmental stresses such as drought, salinity, waterlogging, extremes of 

temperatures, high light intensity, excess or deficiency of mineral nutrients etc. cause 

substantial yield losses of many crops. Of these stresses, salt stress is considered to be the 

most vital one (Shannon, 1998), because it causes considerable crop losses worldwide, 

particularly in arid and semi-arid regions. Soil salinity is increasing regularly in extent 

throughout the world (Schwabe et al., 2006). For example, a current loss of US$ 12 

billion annually due to salinity in the United States is expected to rise in future, because 

soils are expected to be further affected by salinity (Munns, 2005). According to the most 

recent data (FAO, 2005) about 800 million ha of the world land are salt-affected, of 

which 397 million ha are saline and 434 million ha sodic. In Pakistan, the estimated salt 

affected area is about 6.61 million hectares, (Anonymous, 2004), and it is increasing day 

be day due to a number of edaphic and climatic factors. These losses are of great concern 

for the countries like Pakistan, the economy of which relies mainly on agriculture sector. 

Agricultural production in arid and semiarid regions of the world, which depends mainly 

on irrigation, is confronted with a serious challenge, because it must increase or at least 

maintain crop productivity, while coping with ever more saline irrigation water. Irrigation 

with saline water is successfully practiced in many countries such as Israel, Italy and the 

United States (Rhodes et al., 1992). Flowers (2004) emphasized that salinity has been a 

great menace for agriculture in different areas on the globe for about 3000 years, and 

since then there has been a continuous rise in this menace. As the world human 

population continues to increase, more food needs to be grown to feed the people. This 

can be achieved by an increase in cultivated land and by an increase in crop productivity 

per area. The former has brought agriculture to marginal salt-affected lands.  

        Salinity stress decreases plant growth and yield due to osmotic and toxic effects of 

NaCl on various physiological and biochemical processes causing a range of changes 

from whole plant level to cellular level (Hasegawa et al., 2000; Davenport and Tester, 

2003; Ashraf, 2004; Ashraf and Harris, 2004). These changes lead to considerable 
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reduced growth and some prominent symptoms of salt injury. Furthermore, salinity 

causes adverse effects on plants at all growth stages, i.e., germination, vegetative growth 

stage, and reproductive stage. However, plant responses to salt stress at various growth 

stages vary depending upon the type of species (Ashraf and Khanum, 1997). For 

example, in sugarcane salinity stress reduced germination, seedling emergence and 

establishment (Wahid et al., 1997; 1999).  

         It has been widely reported that plants subjected to salt stress usually generate 

different types of reactive oxygen species (ROS) including superoxide, hydrogen 

peroxide, hydroxyl and singlet oxygen radicals (Verma and Mishra, 2005). These ROS 

can abruptly perturb normal functioning of plant metabolism through lipid peroxidation 

of membranes, and denaturation of nucleic acids and proteins. For counteracting the 

ROS, a potential antioxidant defense mechanism exists in plants subjected to stress 

conditions. It includes different types of enzymatic and non-enzymatic antioxidants 

which have been listed elsewhere (Ashraf, 2009). In addition, accumulation of osmolytes 

such as proline, glycinebetane, sugars and sugar alcohols also play a substantial role in 

plant protection against salinity stress (Parida and Das, 2005).  

 Safflower is an important oilseed crop. In addition, it has many other uses. For 

example, its colorful petals are widely used as a flavoring agent and food coloring. The 

petals are also used in preparing textile dyes (Dajue and Mundel, 1996). The meal 

obtained after oil extraction, which comprises considerable amount of protein is a 

favorite animal feed (Pavlov and Todorov, 1996). The high nutritional value of safflower 

oil is due to its high unsaturation (Pavlov and Todorov, 1996). The seed oil content of 

safflower on an average is 40 percent of dry weight which is comparable to that of 

sunflower, olive and peanut. The important characteristic of safflower seed oil is that it 

comprises 75% linoleic acid, one of the most valuable fatty acids of edible oils (Khadeer 

and Anwar, 1990). Due to great importance of safflower it is grown in many parts of the 

world (Dajue and Mundel, 1996).  

   Although there is a continued demand for vegetable oil world-over, in Pakistan there 

has been a consistent increase in the demand for vegetable oil since its creation in 1947 

the testament of which can be observed from fast growth in oil producing industry, i.e. 

there were only two oil producing factories in 1947 but the number rose up to 40 in 1998 
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(Anonymous, 2005). In Pakistan, safflower was introduced as an oilseed crop in 1960. It 

is mainly cultivated in the Sindh and Baluchistan provinces. During 2000-2005, its 

cultivation was spanned on an area of 1594 ha, with an average production of 1129 tons.  

    Different types of crops differ in tolerance to salinity and this mainly depends on 

different types of soils and prevalent climatic conditions. The best relative tolerance of 

agricultural crops was compiled by Maas and Hoffman (1977) and Maas (1986). 

According to Maas and Hoffman (1977), yields of various crops did not reduce 

significantly, until the salinity threshold level was exceeded. Maas and Hoffman (1977) 

categorized different agricultural crops on the basis of their growth performance on saline 

soils. Among other crops, safflower (Carthamus tinctorius L.) was categorized as 

moderately salt tolerant (Maas and Hoffman, 1977). 

      Safflower water requirement is limited as compared to most of the other crops. Thus, 

an optimal seed yield of this crop can be achieved even if the water supply at the 

reproductive stages is low (Nimje, 1991; Katara and Bansal, 1995). Maas (1986) placed 

safflower among moderately salt tolerant crops, but its yield is substantially reduced due 

to high soil salinity (Rains et al., 1987; Irving et al., 1988; Beke and Volkmar, 1995). 

Safflower reflects its high sensitivity to salinity at early growth stages and its salinity 

tolerance increases with growth and development (Francois and Bernstein, 1964; 

Ghorashy et al., 1972). Safflower plant undergoes a number of morphological and 

structural changes such as small, thickened  and succulent leaves, reduced stem diameter 

and plant height (Weiss, 1971; Kurian and Iyengar, 1972), and reduced number of 

stomata  (Weiss, 1971). Seed oil content of safflower also decreases due to high salinity 

(Francois et al., 1964; Beke and Volkmar, 1995). However, mild levels of salt have found 

to have a stimulating effect on the growth of safflower plants (Rains et al., 1987; Aslam, 

1975; Devi et al., 1980). A great magnitude of genotypic variation for salt tolerance was 

recorded in safflower (Knowles, 1989). In addition, factors such as climate conditions, 

water supply, fertility and edaphic factors also affect salt tolerance potential of safflower 

(Robbelen et al., 1989). Since safflower is moderately salt tolerant it was recommended 

for cultivation on salt affected soils (Devi et al., 1980). However, increasing salinity has 

been shown to decrease germination percentage in safflower (Ghorashy et al., 1972), 
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which was determined to be only half as tolerant during germination as during later 

stages of growth.  

In view of the literature, one can easily assess that the focus of plant scientists with 

regard to investigating the response of safflower to salinity stress has been not much. 

Furthermore, the germplasm of safflower obtained from the Pakistan Agricultural 

Research Council (PARC) might have been already evaluated for crop yield and oil but 

not for salinity tolerance. Thus, the primary objective of the present study was to examine 

the magnitude of inter-accession variation for salt tolerance in a set of accessions 

available at PARC.  

However, the detailed objectives of the present study were:  

1.  To assess inter-cultivar/accession variation for salt tolerance in safflower.  

2.  To assess the relationship of various physiological and biochemical attributes   to salt   

tolerance of safflower.  

3.  To identify the selection criteria for further improvement in salt tolerance of safflower 

through specific breeding programs.  

4.  To appraise whether or not salt stress alters the composition and quality of safflower 

oil.  
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                                                                                                                           Chapter 2 

                                                                                      Review of Literature 

 

Of all the abiotic stresses known in nature, salinity stress is the most common one 

in the world and its existence is before the beginning of agriculture (Carter and Dale, 

1974). Salinity is regularly increasing on the globe (Schwable et al., 2006). Over 800 

Mha of land in the world are salt affected, of which 397 Mha are categorized as saline 

and 434 Mha as sodic soil (FAO, 2006). In Pakistan, the area affected by salinity is about 

6.67 Mha (Anonymous, 2004-2005). In the developing countries, many social and 

economic problems are taking place due to salt stress (Ashraf, 2004). Bray (2000) 

reported that more than 50% of average yield of major crops decreases due to increase in 

salinity. These losses are mostly taking place in arid and semi-arid regions including 

Pakistan and India, the economy which is mostly depended on agriculture sector. In the 

USA, loss of US $12 billion annually is due to salinity which is projected to rise in future 

(Munns, 2005).  

Salinity is of two types, primary as well as secondary in nature (Ashraf, 1994; 

Ghassemi et al., 1995). Primary salinity exists due to weathering of minerals. The salts 

transported by wind from soil are another source of salinity (Ashraf, 1994; Rengasamy, 

2002; 2006). Many human activites such as irrigation, deforestation and intensive 

cropping are responsible for secondary salinity (Ashraf, 1994). In irrigated soils, 

accumulation of salts is also due to the use of poor quality water. Pakistan has a 

widespread canal network in which water contains a varying amount of soluble salts 

(Hollington, 1998). In many parts of the country, ground water table rises due to 

continuous irrigation with canal water. Large quantity of surface water is evaporated due 

to high ambient temperature, leaving behind a large quantity of salts on the soil surface 

(Munns et al., 2002). Rengasamy (2006) has categorized salinity into the following three 

groups based upon soil and ground water: 1) ground water associated salinity, 2) non-

ground water associated salinity, and 3) salinity due to irrigation.  

1: Effects of salinity on plants  
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In most salt-affected soils Na+, Ca2+ and Mg2+ are the common cations while Cl-, 

SO4
2- and HCO3

- are anions. Sodium is known to cause the decline of physical structure 

of soil while both sodium and chloride are toxic to plants (Dudley, 1994; Hasegawa et al., 

2000). High concentrations of salts in the growth medium cause undesirable effects on 

plant growth and development. Necrosis of tips, margins and laminae of leaves are 

symptoms observed due to salinity at early growth stages. When roots are injured due to 

salinity, nutrient uptake is impaired thereby causing various nutrient deficiency 

symptoms (Nelson and Dengler, 1997; Wahome et al., 2000). Abrol et al. (1988) 

observed that salinity can affect all the major processes that play a key role in plant 

growth and development such as photosynthesis, lipids and synthesis of proteins etc. 

Reduction in plant growth due to salinity has been denoted due to the following 

processes: i) salt induced osmotic stress, ii) specific ion effect, iii) nutritional imbalance, 

and v) salt induced oxidative stress (Ashraf, 1994; 2004; Dubey, 1997; Yeo, 1998; 

Carvajal et al., 1999; Makela et al., 1999; Tester and Davenport, 2003; Munns, 2005; 

Munns et al., 2006). 

1.1. Osmotic stress 

           Salt accumulation in soil reduces the water potential of soil solution which 

adversely affects plant water conductance and ultimately tissue water content (Munns, 

2002). High accumulation of salts in saline soils results into reduced water potential of 

soil solution which causes difficulty for plants to extract water from soil experiencing 

“osmotic stress”. Generally, growth reduction occurs due to salt-induced osmotic stress. 

Neumann (1997) reported that genotypic variation occurs in some crops for osmotically 

induced inhibition in plant growth and development, e.g. maize (Cramer et al., 1994), 

rice (Moons et al., 1995) and wheat (Kingsbury et al., 1984). There are also reports 

which depict that reduction in cytosolic and vacuolar volume occurs due to removal of 

water from the cytoplasm to the extracellular space (Ashraf, 1994; 2004; Munns, 1993; 

2002). Undoubtedly, effect of osmotic stress on plants depends on the concentration of 

salts present in the growth medium. For example, dehydration symptoms were greater in 

the leaves of Cucumis sativus when treated with 100 mM NaCl than those treated with 50 

mM NaCl (Stepien and Klobus, 2006). Overall, plants experiencing low or moderate salt 
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stress can adjust themselves osmotically and absorb sufficient amount of water to thrive 

on saline soils (Ashraf, 1994; 2004; Bartels and Sunker, 2005).      

1.2. Specific ion toxicity  

When uptake and accumulation of certain ions take place from irrigation water or 

soil, it causes specific ion toxicity. Toxic ions in salt affected soils are usually sodium, 

chloride and sulphate (Munns and Tester, 2008). Such ions can significantly reduce 

growth and yield of most crops. Abrol et al. (1988) advocated that all crops are not 

sensitive to salt stress, but mostly trees as well as woody plants are sensitive. Sodium and 

chloride can cause toxicity problems in all crops even, when they are not in high 

concentrations (Ghassemi et al., 1995). In most cases, ion toxicity has more severe 

effects than those of osmotic stress. For example, long ago, it was observed that growth 

reduction in beans was more, when growing in NaCl solution as compared to that in PEG 

solution with same osmotic potential (Lagerwerff and Eagle, 1961). When sodium 

accumulation increases greater than tolerance level of crops, burning of leaves are major 

symptoms (Zhu, 2003). It has been reviewed that high Na+ accumulation cases results in 

greater damaged in leaves as compared to those in roots (Munns, 2002; 2005). While 

working with pea plants, (Hernandez et al., 1999) found that higher accumulations of Na+ 

in leaves causes decline leaf area of plant, it results in growth reduction. In woody plants, 

higher Na+ concentrations accumulate in the roots while Cl- in the shoots cause damage 

to the plants by inhibiting photosynthesis (Flowers and Yeo, 1986). In the shoots of salt 

sensitive plants, accumulation of Na+ ions within hours reduced growth (Munns et al., 

2000; Munns, 2002).    

It has been observed that the toxic effects of different ions are variable in different 

plants. For example, Marschner (1995) reported that leaf injuries in soybean were more 

due to high accumulation of Cl- concentrations than those of Na+. Similarly, while 

assessing the comparative effects of different Cl- containing salts (NaCl, CaCl2, MgCl2) 

on four grass species, Ashraf et al. (1989) demonstrated that out of three salts, MgCl2 was 

found to be more toxic. While working with radish and canola, Jamil et al. (2006; 2007) 

demonstrated that leaf injuries in both crops occurred due to high accumulation of Na+ in 

the leaves. In grapevine and citrus, Grattan and Grieve (1999) found that in addition to 

Na+ ion, Cl- also caused toxicity. From the above reports, it is concluded that excessive 
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amounts of sodium or chloride in growth medium cause toxicity in plants which result in 

considerable growth reduction.    

1.3. Ion imbalances 

  Crop yield, plant biomass and crop quality are adversely affected by salinity- 

induced nutrient imbalances. Such nutrient imbalances result from the effect of salinity 

on the availability of nutrients, and nutrient uptake and transport in a plant. For example, 

uptake of phosphate and its accumulation is reduced in crops due to salt stress, which is 

due to the reduced availability of phosphate in salt affected soils (Ashraf, 1994; 2004). 

Salinity by Na+ salts not only reduces the availability of Ca2+ in plants but reduces its 

transport as well as availability to the growing regions of plants (Suarez and Grieve, 

1988). High Na+ in the growth medium reduces the uptake of K+ and high Cl- reduces the 

uptake of NO3
- (Carter et al., 2005). Hernandez et al. (1999) reported that salt stress 

increased Na+, but decreases the level of K+ in the leaves of pea plants. While working 

with canola and radish, Jamil et al. (2006; 2007) found that accumulation of Ca2+, K+, 

and N decreased with increase in salt stress. Speer and Kaiser (1991) found that transport 

of nitrate ions in pea plants was adversely affected by increasing the concentration of 

sodium in the growth medium. Suarez and Grieve (1988) reported that excessive amount 

of Na+ in the soil decreases the availability of Ca2+ in maize plants. Khan et al. (2000 a) 

documented that under salt stress, growth of Atriplex griffithii was adversely affected due 

to the reduction in the uptake of K+ and Ca2+ ions.  

Micronutrients show different response than the macronutrients under salinity 

stress. Alam (1994) reported that uptake of Fe, Mn and Cu increase in plants under salt 

stress. While working with bean plants (Vigna radiata L.), Carbonell-Barrachina et al. 

(1998) found higher concentrations of Mn2+ and Cl- in roots and Fe2+ and Cl- in the fruits. 

From the above reports, it is clear that nutrient deficiencies occur due to the competition 

of Na+ and Cl- with other nutrients such as K+ and Ca2+ (Tester and Davenport, 2003; Hu 

and Schmidhalter, 2005). Furthermore, it is concluded that in most crops accumulation of 

K+, Ca2+, and Mg2+ reduces with increase in the concentrations of Na+ and Cl- under 

salinity stress. 

1.4. Reactive oxygen species 
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Like other abiotic stresses, salt stress can induce the production of reactive 

oxygen species (ROS) in plants (Mittler, 2002). The most common ROS which are 

produced in plants subjected to salt stress are hydroxyl radical (OH· ), hydrogen peroxide 

(H2O2), superoxide (O2
-) and singlet oxygen (1O2) (Halliwell and Gutteridge, 1985). All 

these ROS being toxic, cause damage to cell membranes, enzymes, DNA and proteins in 

chloroplasts as well as in mitochondria, and finally they adversely affect plant growth and 

development (Allen, 1995). During photosynthesis, inter-cellular oxygen concentration 

becomes high (Steiger et al., 1977) due to which chloroplasts produce ROS (Asada, 

2006) by using excitation energy from chlorophyll (Allen, 1995). Reactive oxygen 

species damage first the chloroplasts in the plant cells, because chloroplasts are the major 

ROS producing organelles. Damaged photosystem II, can’t be repaired easily due to high 

production of reactive oxygen species in the chloroplast. (Smirnoff, 1998; Noctor and 

Foyer, 1998; Mittler, 2002). 

Toxic effect of reactive oxygen species can be overcome by the activation of 

various antioxidative defense systems in plants. Carotenoids and tocopherols are non-

enzymatic antioxidant compounds, while peroxidase (POD), superoxide dismutase (SOD) 

and catalase (CAT) are antioxidant enzymes which play a key role in the detoxification of 

reactive oxygen species (Nakano and Asada, 1981; Shalata and Tal, 1998). It is noted that 

SOD activity dismutase the superoxide anions into hydrogen peroxide and dioxigen. This 

increased hydrogen peroxide production can be overcome by catalase and peroxidase 

enzymes (Spychalla and Desborough, 1990; Garrat et al., 2002). In the above reports, it is 

concluded that reactive oxygen species can be scavenged by the defense mechanism of 

antioxidant enzymes and such mechanism is associated with salt tolerance in plants. 

However, it is generally known that those plants which are capable of generating high 

amounts of antioxidants to counteract ROS are usually salt tolerant.   

1.5. Hormonal imbalance  

The levels of different phytohormones in plant tissues are altered due to salt 

stress. For example, levels of auxins, cytokinins and gibberellins decrease, while those of 

abscisic acid increase with increasing the levels of salinity stress (Vaidyanathan et al., 

1999). In literature it is also found, levels of some phytohormones increase with increase 

in salinity level of the growth medium. For example, Yurekli et al. (2004) while working 
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with Phaseolus acutifolius found that levels of auxins and gibberellins increased while 

those of abscisic acid remained constant with increasing salt stress. Gomez-Cadenas et al. 

(1998) reported that the concentrations of ethylene and abscisic acid increased with 

increase in salt stress. Such decrease or increases in the concentrations of various plant 

hormones play a key role in the regulation of growth and development of plants under 

salt stress. For example, an increase in the concentration of abscisic acid in pea plant 

(Pisum sativum L.) under salt stress, caused changes in osmotic adjustment by the 

absorption of ions (Hasson and Poljakoff-Mayber, 1983). ABA also influences the 

stomatal conductance in plant under saline conditions (Hose et al., 2000). Accumulation 

of ABA in leaf tissues of barley under saline conditions caused the recovery of leaf 

growth due to increase in xylem water potential (Fricke et al., 2004). 

Under salt stress, in addition to ABA, jasmonates accumulate in plants tissues and 

play a significant role in salt tolerance. Pedranzani et al. (2003), while working with 

tomato, found that salt tolerant cultivar had more concentrations of jamonates than salt 

sensitive ones. It was also found that jasmonates play a vital role in stress tolerance 

through signal transduction (Pedranzani et al., 2003). From the above reports, it is 

evident that phytohormones play an important role in plant stress tolerance, but extent of 

effectiveness of these plant growth regulators in maintaining growth under salt stress 

depends on the type of phytohormones.           

 Strategies to overcome salinity stress 

 Reclamation of salt affected soils  

 There are various methods for the reclamation of salt affected soils, of which 

physical reclamation, chemical reclamation and electro-reclamation are the most 

important (Szabolcs, 1994). Deep ploughing and sanding are the physical treatment of 

salt affected soils. Gupta and Gupta (1987) reported that top layer of saline soil is 

removed, after which lower layer of soil which is free of salts comes out, and it is suitable 

for crop growth. Surface layer has greater amount of salts as compared to lower layer. On 

the basis of such idea, above treatment is recommended. In addition to surface layer 

treatment, flushing the salts is used for saline soil reclamation. Flushing is beneficial in 

those saline soils which have high salt content in surface layer and with high 

permeability. Sufficient amount of salt free water is required to flush down the salts 
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(Gupta and Gupta, 1987). Leaching of salts is also an important technique to push down 

the salts from outer saline soil layer by using sufficient amount of water. Before leaching, 

leveling of soil is necessary (Gupta and Gupta, 1987). Schilfgaarde (1974) found that 

saline soil is permanently reclaimed by using drainage technique under which leached 

water is removed out and water table also moves downward where root zone becomes 

free from salts. Chhabra (1996) reported a new system i.e. Silvipastral system for saline 

soil reclamation. This system is used when drainage and leaching system does not work 

efficiently. Under this system, trees are planted in place of crops on saline soils for their 

reclamation. Trees shift the salts below the root zone by minimizing capillary action. 

Using gypsum, calcium chloride, calcium nitrate, sulphuric acid, sulfur and lime relates 

to chemical reclamation, while treatment of saline soils with electric current is the electric 

reclamation technique. For the reclamation of saline sodic and sodic soils, gypsum is 

used to remove excessive sodium (Bahri and Amami, 1986). In the sodic soil having SAR 

greater than 25, sulphuric acid is more effective for reclamation because it generates 

calcium for the replacement of sodium (Overstreet et al., 1951). Mace et al. (1999) 

reported that using H2SO4, electrical conductivity of soil solution increases which is 

helpful for water to penetrate in soil (Yahia et al., 1975). Higher electrolyte enables the 

sulphuric acid to enter in soil profile to reclaim the sodic soil properly (Mace et al., 

1999). In addition to sulphuric acid, polymer treatments are more effective for sodic soil 

reclamation (Zahow and Amrhein, 1992). Ramazan et al. (1982) reported that saline 

sodic soil can be reclaimed with gypsum by adopting the rotation crops such as rice-

berseem and rice-wheat. In this way, only saline soil is reclaimed not the sodic soil. 

Ghafoor and Muhammad (1981) reported that simple leaching of salts is less effective. 

Ahmad et al. (1992) reported that after the completion of reaction of gypsum with soil 

particles, flushing out the surface water is most effective. Saline sodic soil can also be 

reclaimed with the removal of exchangeable and soluble sodium by leaching it in the soil 

profile. It is the most effective hydrotechnical reclamation method of saline soils 

(Chhabra, 1996). By using the above technique, pH and osmotic potential of the soil 

solution decrease resulting into good soil properties suitable for the growth various crops 

(Tanji, 1995).  
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 Manures, compost and mulch are important organic matters being used to reclaim 

saline-sodic soil (Diez and Krauss, 1997; Wahid et al., 1998). In literature, various 

researchers reported that properties of saline-sodic soil can be improved using organic 

amendments (Cheny and Swift, 1984; Uson and Cook, 1995; Gao and Chang, 1996; 

Prihar et al., 1996; Singh, 1996; Guisquiani et al., 1995; Ibrahim and Shindo, 1999; 

Mamo et al., 2000; Naeni and Cook, 2000). Hanay and Yardimci (1992) documented that 

water holding capacity of soil can be improved using organic matter. Wahid et al. (1998) 

documented that in addition to organic matter, compost lowers the pH of saline soil.  

Gupta and Gupta (1987) reported that physical treatment for saline soil 

reclamation is temporary. For the short-term, it is beneficial but for the long term it is not. 

At the initial stage, flushing the salts is an effective method which minimizes the salts 

from surface layer but the soil profile remains contaminated (Gupta and Gupta, 1987). 

Before leaching, leveling is required using heavy machinery which is not in easy access 

of the farmers. Using expansive hydroamelioration equipment and huge amount of water 

is the main disadvantage of this technique (Tanji, 1995). Leached sodium salt pollutes the 

ground water as well as neighbor water courses. Loss of natural organic matter also 

occurs to a great extent (Wang and Li, 1990). Saline soil reclamation by chemical 

amendments is very costly which is not in affordable by the access of farmers in various 

developing countries (Kumar and Abrol, 1984; Ahmad et al., 1990). Thus, alternatively 

biotic approach of overcoming the salinity problem seems more plausible, being more 

efficient, economical and less labor intensive (Ashraf, 2009).  

Biological approaches 

Conventional breeding for salinity tolerance 

   Plant tolerance to salinity stress is complex at cellular level as well as whole 

plant level due to interaction between salinity stress and a multitude of  physiological and 

biochemical processes operating at different stages of plant growth and development. 

Effective breeding needs necessary information about genetic structure as well as 

physiological mechanism of salt tolerance to produce genetically superior salt tolerant 

varieties (Rao and McNeilly, 1999). Allard (1960) introduced various breeding methods 

for self-pollinated as well as cross-pollinated crops. A specific breeding method depends 

on the breeding system of crops as well as the objective of breeding for which it is used 
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like yield, quality and resistance to various stresses such as salinity, drought, extremes of 

temperature etc. Improvement in salt tolerance of a crop through selection and breeding 

depends on the magnitude of genetic variation occurring in the gene pool of that crop. 

However, a large magnitude of genetic variation has been reported in various crops such 

as soybean (Abel, 1969), rice (Akbar and Yabuno, 1977; Garcia et al., 1995), sorghum 

(Azhar and McNeilly, 1988), pearl millet (Kebebew and McNeilly, 1996), and wheat 

(Ahsan et al., 1996). Long ago, Strogonove (1964) employed the breeding approach for 

developing salt tolerance in cotton. Increased tolerance to salt stress was achieved by 

crossing a salt tolerant line with a salt sensitive one. The resultant salt tolerant line of 

cotton showed improved yield and fiber quality. Qureshi et al. (1980), while working 

with spring wheat, found variation for salt tolerance in 12 cultivars. They were able to 

identify only 3 cultivars which were highly salt tolerant at different growth stages. 

Similarly, Azhar and McNeilly (1987) screened 51 accessions of Sorghum bicolor and 

found a substational inter-cultivar variation for salt tolerance in this set of germplasm. 

Kingsbury and Epstein (1984) screened 5000 spring wheat accessions, and identified only 

a small number for salt tolerant lines on the basis of yield attributes. In alfalfa (Medicago 

sativa L.), salt tolerance was improved at the adult stage through recurrent selection 

(Noble et al., 1984), while in the same crop mass selection was employed for improving 

salt tolerance at the germination stage (Allen et al., 1985). Ashraf et al. (1986, 1987) 

screened 10,000 to 20,000 seeds of variable material of 3 leguminous and 7 grass species 

for salt tolerance, and selected only a small number of individuals on the basis of greater 

biomass production under saline conditions. Singh et al. (2007) developed a new rice 

variety KRL 99, through selection and breeding, which produced high yield under saline 

conditions. Although the above-cited few reports depict that improvement in salt 

tolerance in different crops was achieved through conventional selection and breeding 

strategy, the progress made so far in achieving the desired goal was not substational. This 

happened due to: 1) favorable genes are not transferred from inter-specific sources due to 

various reproductive barriers, 2) it is time-consuming and labor-intensive, and 3) 

undesired genes are also transferred from one generation to other (Chinnusamy et al., 

2005).  
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Genetic engineering 

  When natural allelic variations among crops become limited, genetic engineering 

provides possibility to generate new varieties to cope with stressful environments 

including salt stress. Through genetic engineering, transgenic plants can be generated 

which create resistance against salinity stress. Genetic engineering approaches for over-

production of osmoprotectants and antioxidant systems, cellular membrane stability and 

ion homeostasis are important to improve crop salt tolerance. Plants such as maize, 

barley, sorghum and sugar beet naturally accumulate a reasonable amount of a potential 

osmoprotectant, glycine betaine under salinity stress (Rhodes and Hanson, 1993). On the 

other hand, plants such as Arabidopsis, Brassica juncea, rice and tobacco do not produce 

and accumulate glycine betaine naturally, so they have been engineered to produce 

glycine betaine, using genes either from plants or from microbes (Rhodes and Hanson, 

1993). For example, a glycine betaine encoded CodA gene from Arthrobacter globiformis 

transferred into Brassica juncea enabled the latter plant species to produce glycine 

betaine so as to resist salt stress (Prasad et al., 2000). In a similar study, glycine betaine 

encoded CodA gene was also transferred from Arthrobacter globiformis into rice (Oryza 

sativa L.), which improves salt tolerance of rice by triggering the production of glycine 

betaine (Sakamoto et al., 1998). In addition to glycine betaine, polyols also play a vital 

role in improving salt tolerance. For example, polyol encoded mannitol-1-phosphate 

dehydrogenase gene from E.coli was transferred to tobacco. The resultant transgenic 

tobacco line showed improved salt tolerance (Karakas et al., 1997).  

 Mitigation of oxidative damage by scavenging reactive oxygen species (ROS) is 

an important approach of tailoring plants to tolerate salt stress (Noctor and Foyer, 1998; 

Hasegawa et al., 2000; Moller, 2001; Zhu, 2002). Several attempts have been made to 

engineer stress-tolerant plants by increasing the ROS scavenging capacity. For example, 

transgenic tobacco overexpressing chloroplast targeted to pea Cu-Zn SOD showed 

enhanced resistance to salt stress measured in terms of photosynthesis (Gupta et al., 

1993; Gupta et al., 2002). Transgenic maize overexpressing chloroplast Mn-SOD showed 

enhanced tolerance to oxidative stress (Breusegem et al., 1999). In a similar study, 

McKersie et al. (1993, 1996, 1999, 2000) engineered alfalfa plants that overexpressed 
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different forms of SODs targeted to the chloroplasts or mitochondria, and the transgenic 

lines showed improved salt tolerance. 

 Maintenance of ion homeostasis is also a key phenomenon of mechanism of salt 

tolerance in plants. Cellular ion homeostasis under salinity stress is achieved by exclusion 

of Na+ out of a cell by Na+/H+ antiporters which are located on plasma membrane as well 

as by the utilization of Na+ for osmotic adjustment by compartmrntation of Na+ into 

vacuole through tonoplast Na+/H+ antiporters (Zhu, 2001). Genetic analysis of salt overly 

sensitive (sos) mutants of Arabidopsis led to the identification of the SOS pathway that 

regulates cellular ion homeostasis and salt tolerance (Zhu, 2002). The SOS pathway may 

regulate Na+ efflux and influx to restore cellular ion homeostasis and salt tolerance of 

plants (Zhu, 2002). It is reported that over-expression of the SOS1 gene increased salt 

tolerance in transgenic Arabidopsis plant (Zhu, 2002).  

      An advantage of genetic engineering is the transfer of genes from one 

organism to other in a perfect way through a reproductive barrier that is not easy in 

conventional breeding. Genes can be transferred easily from those plants that are adapted 

to saline soils into crop plants to improve salt tolerance. Despite several advantages of 

genetic engineering, some disadvantages of this approach. Routinely, a transgenic line is 

developed for only one trait at one time but the mechanism of salt tolerance is complex 

which involves an array of physiological and biochemical phenomena. Only few favorite 

crops belonging to family Solanaceae and Arabidopsis have been engineered, not the 

major crops such as sugarcane, cotton, wheat etc. Transgenic plants have been generated 

only for NaCl tolerance but not for tolerance to a combination of different salts such as 

MgCl2, CaCl2 and NaCl which commonly occur in salt affected soils.   

Inter-cultivar variation for salt tolerance 

          From various solutions to overcome salinity dilemma, introducing salt tolerant 

crops on salt affected soils, is the most successful one. For achieving this goal several 

strategies are known in literature. Of them, screening and selection is of vital importance 

(Ashraf, 1994; 2004; Munns, 2007). However, for an effective screening and selection, 

presence of a great magnitude of variation for salt tolerance at intra-cultivar, inter-

cultivar, inter-specific or inter-generic level is necessary. To explore inter-cultivar 

variation for salinity tolerance at different growth stages in different crops, large number 
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of cultivars of a species should be used. Only tolerant lines are selected that can be 

directly used on salt affected soils. Considerable inter-cultivar variation for salt tolerance 

has been reported in different crops. For example, while screening 32 accessions of 

Agropyrum elongatum at different salinity levels, Shannon (1978) identified only 7 salt 

tolerant accessions. Similarly, Aktas et al. (2006) screened 102 pepper cultivars at 100 

mM NaCl. They found considerable genetic variation in this set of germplasm. Likewise, 

5000 lines of spring wheat were screened at high salinity level and a small number of 

lines were identified as salt tolerant on the basis of yield potential (Kingsbury and 

Epstein, 1984). Mano and Takeda (1997) found considerable inter-cultivar variation for 

salt tolerance in 1300 barley. Bayuelo-Jimenez et al. (2002) reported a significant inter-

cultivar variation in Phaseolus species at the germination stage. Azhar and McNeilly 

(1987) screened 51 strains of Sorghum bicolor, and identified a small number of salt 

tolerant strains. Working with berseem (Trifolium alexandrinum L.), Ashraf (1989) 

screened 10 lines and identified only three lines salt tolerant. Ashraf and Waheed (1990) 

screened 133 accessions of lentil at the germination stage at 40 mol m-3 NaCl and were 

able to identify 5 salt tolerant lines. In a similar study, 32 strains of chick pea were 

screened at the germination stage at 60 mol m-3 NaCl and eight were identified as salt 

tolerant on the basis of biomass production (Ashraf and Waheed, 1992). Ashraf et al. 

(1990), while working with mungbean, screened 27 accessions at the germination stage at 

40 mol m-3 NaCl, and only four accessions, Pak 45600, Pak 45600, Pak 45603 and NM 

121-25 were identified as salt tolerant. Thirty eight accessions of brown mustard 

(Brassica juncea L.) were screened at the germination stage at 120 mol m-3 NaCl, and 

considerable variation for salt tolerance was found in the set of germplasm (Ashraf et al., 

1994). Nazir et al. (1983) screened 14 cotton cultivars at the germination stage. They 

ranked 7 as tolerant while other 7 as salt sensitive. Furthermore, seven tolerant cotton 

cultivars were evaluated for their degree of salt tolerance at the seedling stage at 300 mol 

m-3 NaCl, and only three cultivars were finally recommended as salt tolerant (Qureshi et 

al., 1985). In a similar study, 11 cotton cultivars were screened at the germination stage 

for salt tolerance, and only five were found as salt tolerant and 6 as salt sensitive (Nawaz 

et al., 1994). Likewise, three salt tolerant cotton cultivars (B-557, Express and NIAB-78) 

were evaluated at high salt level, and only NIAB-78 gave better results (Ahmad et al., 
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1995). While screening 18 accessions of proso millet (Panicum miliaceum L.) for salt 

tolerance at the germination stage, only two accessions were identified as salt tolerant 

(Sabir and Ashraf, 2008). In a similar study, Siddiqi et al. (2007) screened 10 lines of 

safflower (Carthamus tinctorius L.) at the germination stage at different levels of NaCl. 

They identified only two lines as salt tolerant. Ulfat et al. (2007), while working with 

canola (Brassica napus L.), screened 32 lines and identified only five salt tolerant lines. 

Likewise, salt tolerance of 25 lines of Ethiopian mustard (Brassica carinata L.) was 

evaluated at 200 mol m-3 NaCl at the germination stage, and only 3 lines were found 

tolerant and 22 salt sensitive (Ashraf and Sharif, 1997). In a similar study, Puppala et al. 

(1999) screened 5 canola cultivars at different levels of NaCl at the germination stage. 

They identified only cultivar ST9194 as salt tolerant. Noreen and Ashraf (2008) screened 

6 lines each of turnip and radish at germination. They have found two lines of turnip and 

one of radish tolerant to salt stress.   

 From the above reports, it is concluded that significant inter-cultivar variation for 

salinity tolerance exists in different crops and such important variation can be utilized to 

improve salt tolerance in crops through appropriate selection and breeding programs.  

Assessment of inter-cultivar variation for salt tolerance using physiological and 

biochemical attributes as selection criteria 

 For the improvement of salt tolerance in crops, availability of genetic variation 

and information on effective selection criteria are pre-requisites (Munns and James, 2003; 

Ashraf, 2004; Munns et al., 2006). It is widely reported that degree of salt tolerance is a 

stage-specific phenomenon, because in most crop species it changes with the change in 

plant growth stage (Foolad, 2004; Cuartero et al., 2006). Under such situation, it becomes 

important to appraise inter-cultivar variation for salt tolerance at different growth stages 

(Ashraf, 1994; Munns, 2007) and also to know the regulation of various metabolic 

processes. It is also known that the regulation of different processes varies at different 

growth stages which ultimately lead to alter degree of salt tolerance (Ashraf, 2004).  

Different scientists have used different physiological/biochemical attributes to 

assess inter-cultivar variation for salt tolerance in different crops. For example, Essa and 

Dawood (2001) screened six genotypes of soybean at different levels of NaCl using leaf 

chlorophyll content as a selection criterion. They were able to identify three genotypes, 
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Lee, Clark 36K and Coiquitt as salt tolerant as these genotypes showed less reduction in 

chlorophyll contents at high level of salinity. Using the same biochemical criterion, 11 

pea (Pisum sativum L.) cultivars were evaluated at 120 mM NaCl. Only three genotypes 

were identified as tolerant due to having less reduction in chlorophyll contents under salt 

stress (Kao et al., 2003; Sayed, 2003; Yildirim et al., 2008). Twenty one cultivars of 

cowpea (Vigna unguiculata L.) were screened at different levels of salt (NaCl) using leaf 

chlorophyll as a selection criterion. Only eight cultivars were selected as salt tolerant 

which showed increase in chlorophyll contents with increasing salinity levels (Taffouo et 

al., 2009). Likewise, Netondo et al. (2004) screened two lines of sorghum (Sorghum 

bicolor L.), Serena and Seredo, at different levels of salt (NaCl) using leaf chlorophyll as 

a selection criterion. They found Seredo, as tolerant because this line showed less 

reduction in chlorophyll contents with increasing salinity levels. In a similar study, Singh 

et al. (1990) screened eight genotypes of Brassica nigra at different levels of salt (NaCl) 

using leaf chlorophyll content as a selection criterion, and only one genotype, Varuna, 

was recommended as salt tolerant due to less reduction in chlorophyll contents in leaves. 

In a similar study, Demiral et al., (2005) evaluated two cultivars of barley (Hordeum 

vulgare L.), Kaya and Scarlet, at varying levels of NaCl on the basis of leaf chlorophyll 

content. Cultivar Sacrlet was ranked as salt tolerant due to less reduction in chlorophyll 

contents in leaves under saline conditions. Hebbara et al. (2003), while working with 

sunflower (Helianthus annuus L.) evaluated 6 genotypes at different levels of salt (NaCl) 

using leaf osmotic potential (Ψs) as a physiological selection criterion. They found 

genotype, PAC-36, as salt tolerant due to low value of osmotic potential in leaves under 

salt stress. While working with hexaploid wheat (Triticum aestivum L.), Ashraf and 

Shahbaz (2003), screened 25 genotypes at 150 mM NaCl using net photosynthetic rate as 

a physiological selection indicator of salt tolerance. They were able to identify four 

genotypes, Na 20 TTP, Lerma Rojo, Siete Cerros and Nainari-60, which showed 

considerably high net photosynthetic rate under saline conditions. Likewise, 34 

accessions of canola (Brassica napus L.) were screened at 150 mM NaCl on the basis of 

net CO2 assimilation rate, and only seven were identified as salt tolerant (Ulfat et al., 

2007). In a similar study, six genotypes of sunflower (Helianthus annuus L.) were 

screened at different of levels of salt (NaCl) on the basis of stomatal conductance, and 
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only one genotype, PAC-36, was found as salt tolerant which showed highest value of 

stomatal conductance (120.9 mmol m-2 s-1) (Hebbara et al., 2003). Likewise, considerable 

inter-cultivar variation was found with respect to stomatal conductance, while screening 

25 genotypes of hexaploid wheat (Triticum aestivum L.) at 150 mM NaCl, and only three 

genotypes were rated as salt tolerant in terms of showing higher stomatal conductance 

under salinity stress (Ashraf and Shahbaz, 2003). Two cotton cultivars, Guazuncho and 

Pora, were evaluated at varying levels of NaCl using leaf stomatal conductance as a 

physiological indicator. Cultivar Pora, was ranked as salt tolerant due to higher values of 

stomatal conductance in leaves under salt stress (Meloni et al., 2003). While working 

with canola (Braccica napus L), Ulfat et al. (2007) screened thirty four accessions at 

varying levels of NaCl using water use efficiency (WUE) as a physiological indicator. 

They ranked only 7 accessions as tolerant which showed high values of WUE with 

increase in salinity levels. Considerable inter-cultivar variation was observed with respect 

to water use efficiency (WUE), in 25 genotypes of hexaploid wheat (Triticum aestivum 

L.) at 150 mM NaCl, and only 7 were ranked as salt tolerant (Ashraf and Shahbaz, 2003). 

In a similar study, four cultivars of tomato were screened at different levels of salt using 

water use efficiency as a selection criterion (Reina-Sanchez et al., 2005). They identified 

only two cultivars as salt tolerant on the basis of maintenance of high water use 

efficiency in leaves under saline conditions. Hebbara et al. (2003) screened six sunflower 

(Helianthus annuus L.) genotypes at different levels of NaCl using transpiration rate (E) 

as a physiological selection criterion. They identified only one genotype, PAC-36, as salt 

tolerant as it showed highest value of transpiration rate (29.3 mmol H2O m-2 s-1). 

Likewise, eight genotypes of Brassica nigra were screened at varying levels of NaCl on 

the basis of their performance in leaf transpiration rate (E). However, only one genotype, 

Varuna, was ranked as tolerant on the basis of higher leaf transpiration rate (Singh et al., 

1990). Pakniyat and Armion (2007) screened 20 genotypes of sugar beet (Beta vulgaris 

L.) at different levels of NaCl using leaf proline accumulation as a potential biochemical 

selection criterion. They ranked only eight genotypes as salt tolerant due to high proline 

accumulation in leaves. Using the same biochemical criterion, Ulfat et al. (2007) 

screened 34 accessions of canola (Brassica napus) at different NaCl levels on the basis 

leaf proline. They were able to identify only six accessions as salt tolerant due to high 
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proline accumulation in leaves. Likewise, two cultivars of sesame (Sesamum indicum L.) 

i.e. Cumhuriyet and Orhangazi were tested at different levels of salt on the basis of leaf 

proline accumulation. Cultivar Cumhuriyet, which accumulated relatively greater amount 

of proline, was ranked as salt tolerant (Koca et al., 2007). Likewise, two maize cultivars, 

C-6127 and DK-623, were evaluated at 120 mM NaCl on leaf proline basis. Cultivar, C-

6127 was ranked as tolerant due to higher accumulation of proline in leaves (Cicek and 

Cakirlar, 2002). Freitas et al. (2001) evaluated two cowpea (Vigna unguiculata L.) 

cultivars, Pitiuba and Perola, at different salinity levels on the basis of leaf proline. They 

recommended cultivar Pitiuba, as salt tolerant due to higher leaf proline content. Using 

the same criterion, Amini and Ehsanpour (2005) screened two tomato (Lycopersicum 

esculentum L.) cultivars, Isfahani and Shirazy, at different levels of NaCl on the basis of 

leaf proline. They ranked cultivar Shirazy, as salt tolerant which showed higher 

accumulation of proline in leaves under salt stress. Twenty eight cultivars of sugar beet 

(Beata vulgaris L.) were screened at different levels of salt (NaCl) using shoot Na+ as a 

selection criterion (Pakniyat and Armion, 2007). However, only three cultivars were 

selected as salt tolerant on the basis of low accumulation of Na+ in shoot. In a similar 

study, Pakniyat and Armion (2007) screened 28 cultivars of sugar beet (Beata vulgaris 

L.) at different salts levels using shoot K+ as a physiological indicator. They identified 

only five cultivars as salt tolerant on the basis of high accumulation of K+ in shoot. In a 

similar study, two cultivars of soybean, Lee and Jackson, were screened at varying levels 

of salt on the basis of K+ in leaf. Cultivar Lee, was ranked as salt tolerant due to higher 

accumulation of K+ in leaves under saline conditions (Lauchli and Wieneke, 1979). Using 

the same criterion, 34 accessions of canola (Brassica napus L.) were screened under salt 

stress on the basis of leaf Na+, and only 12 accessions identified as tolerant on the basis 

of low accumulation of Na+ in shoot (Ulfat et al., 2007). In a similar study, Sabir and 

Ashraf (2007) screened 18 accessions of proso millet (Panicum maliaceum L.) at 120 

mM NaCl on the basis of shoot Na+. They ranked only four accessions as salt tolerant due 

to less accumulation of Na+ in shoot under salinity stress. While working with maize (Zea 

mays L.), Eker et al. (2006) evaluated 19 varieties at 250 mM NaCl on the basis of shoot 

Na+. They identified two varieties, P-3394 and P-3223, as salt tolerant which showed less 

concentration of Na+ in shoot under salt stress. Likewise, two cultivars of barley 
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(Hordeum vulgare L.), Kaya and Scarlet, were tested for salt tolerance at varying levels 

of NaCl using root Na+ as a physiological indicator. Cultivar Scarlet was recommended 

as tolerant to salt stress due to restricted entry of Na+ in root (Demiral et al., 2005). In a 

similar study, two cultivars of barley (Hordeum vulgare L.), Maythorpe and Golden 

Primose, were screened at different salt levels using Ca2+/Na+ ratio in leaf as 

physiological selection criteria. On the basis of higher accumulation of Ca2+/Na+ in 

leaves, cultivar, Golden Primose was ranked as salt tolerant (Foster et al., 1994; Pakniyat 

et al., 1997; Wenxue et al., 2003). In a similar study, 18 accessions of proso millet 

(Panicum maliaceum L.) were evaluated at 120 mM NaCl using shoot K+/Na+ ratio as a 

physiological indicator. Four accessions were identified as salt tolerant due to higher 

accumulation of K+/Na+ in shoots under salinity stress (Sabir and Ashraf, 2007). Qasim 

(2000) screened eight cultivars of canola (Brassica napus L.) at different levels of salt 

(NaCl) using shoot Cl- as a selection criterion. However, only one cultivar, Dunkled, was 

ranked as salt tolerant on the basis of low accumulation of Cl- in shoot. Two tomato 

(Lycopersicon esculentum L.) cultivars, Isfahani and Shirazy, were screened at varying 

NaCl levels using soluble proteins as a potential biochemical indicator for salt tolerance. 

They were able to identified cultivar Shirazy as salt tolerant which showed higher 

accumulation of soluble proteins in leaves under saline conditions (Amini and Ehsanpour, 

2005). Esfandiari et al. (2007) screened two wheat (Triticum aestivum L.) cultivars, 

Alvand and Sardari, at varying levels of salt using leaf superoxide dismutase (SOD) 

enzyme activity as a potential biochemical selection criterion. Cultivar Sardari, was 

ranked as salt tolerant due to showing higher SOD activity in leaves under saline 

conditions. While working with cotton, Meloni et al. (2003) screened two cultivars, 

Guazuncho and Pora, at varying levels of NaCl using leaf superoxide dismutase (SOD) 

enzyme activity as a biochemical indicator for salt tolerance. They ranked cultivar Pora 

as salt tolerant, which showed higher leaf SOD enzyme activity under salt stress. Using 

the same selection criterion, two cultivars of malting barley (Hordeum vulgare L.), Kaya 

and Scarlet, were evaluated at different salt regimes on the basis of leaf peroxidase 

(POD) enzyme activity. Cultivar Scarlet, was recommended as salt tolerant on the basis 

of higher leaf POD activity under saline conditions (Demiral et al., 2005). In a similar 

study, Koca et al. (2007) screened two cultivars of sesame (Sesamum indicum L.), 
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Orhangazi and Cumhuriyet, at different salt levels on the basis of leaf peroxidase (POD) 

enzyme activity. Cultivar Cumhuriyet was selected as salt tolerant because of its 

increased leaf POD enzyme activity under saline conditions. Caterina et al. (2007), while 

working with sunflower (Helianthus annuus L.), screened two cultivars, Carlos and 

Tenor, at varying levels of salt using oleic acid content in seed oil as a potential 

biochemical selection criterion. Cultivar, Tenor was ranked as salt tolerant due to its less 

reduction in oleic acid content in seed oil under salt stress.   

In view of the above reports, it is amply clear that inter-cultivar variation exists in 

different crops species. However, the extent of inter-cultivar variation depends on the 

type of a species and the germplasm available for screening. Furthermore, different 

scientists have employed different physiological/biochemical attributes for screening 

cultivars/accessions of different crops, but the effective use of a physiological attribute as 

a selection criterion again depends on the type of a crop.        

Safflower (Carthamus tinctorius L.) 

 Safflower (Carthamus tinctorius L.) is a herbaceous annual crop belonging to 

family Asteraceae. Flowers are of orange, yellow and red colors. In Pakistan, safflower is 

known as “kusum” which derived from a Sanskrit word “kusumba” (Chavan, 1961; 

Smith, 1996). Safflower stem is elongate, containing 5 or 6 capitula. Each mature 

capitulum contains 13-30 seeds. Seeds are four-sided, white in color and average weight 

ranges from 0.30 to 0.045 g (Dajue and Mundel, 1996). It is self-pollinated crop but less 

than 10% is cross-pollinated (Knowels, 1969). It has 24 chromosomes (Knowles, 1969). 

Safflower is considered as a long day plant. Safflower seed starts germination at 2-5 oC 

(Mundel et al., 1992).  

Safflower production in the world 

   The principal countries where safflower is grown are India, USA, Mexico, and 

in lesser extent in Kazaghistan, Ethiopia, Argentina, China, Uzbekistan, Australia, the 

Russian Federation, Pakistan, and Spain (Dajue and Mundel, 1996). Safflower is 

cultivated on large areas in the world such as in USA (54000 ha), India (350000 ha), 

Argentina (30000 ha), Mexico (85000 ha), Kazakhstan (63000 ha), Ethiopia (72000 ha), 

Australia (35000 ha) and China (12000 ha) (Anonymous, 2004). Most of the safflower 

production in USA together with Canada is 180000-200000 tons/year, in Mexico 80000-
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100000 tons/year, Australia 10000-20000 tons/year and in Argentina 10000 tons/year 

(Gyulai, 1996). In 1994, total area harvested for safflower in the world was 1165000 ha 

and production 790000 tons (Smith, 1996).  

Safflower production in Pakistan          

         The demand for vegetable oil in Pakistan is increasing progressively. A rapid 

growth has been seen in this industry from two factory production units in 1947 to more 

than 40 factory production units in 1998 (Anonymous, 2004). In Pakistan, safflower was 

introduced in 1960 as an oilseed crop. It is mainly cultivated in the Sindh and Baluchistan 

provinces. During 2000-2005, total area under this crop was 1594 ha with a production of 

1129 tons. 

Economic importance of safflower (Carthamus tinctorius L.) 

 Safflower is used as a whole plant. In Pakistan, India and Burma, young leaves of 

safflower after boiling are used as a vegetable side dish with rice (Weiss, 1983). 

Safflower leaves are used as forage for cattle because its food value is similar to alfalfa or 

oat (Smith, 1996; Landaua et al., 2004). Safflower blossoms are used as herbal tea in 

China (Dajue and Yuanzhou, 1993). It consists of two kinds of dye, carthamidin which is 

yellow colored water-soluble and other is carthamin, red in color and water-insoluble 

(Weiss, 1983). In India and Iran, carthamin dye was used to be used for coloring food and 

cloth when cheaper aniline dye was not available in the 19th century (Weiss, 1983; 

Pahlavani et al., 2004). Egyptian safflower dye was also used in Germany, France, Turky 

and Italy for coloring cheese in the 18th century (Weiss, 1971; Dajue and Mundel, 1996; 

Cannon and Cannon, 2003). In Canada, Japan, USA, Egypt and France, safflower seeds 

are known as birdseed, because they are especially fed to pigeons and parrots due to their 

better nutritive value (Gyulai, 1996; Dajue and Mundel, 1996). In Italy, safflower seeds 

are considered as a good poultry food due to their excellent nutrition value and good 

market (Corleto, 2001). In addition to birdseed, safflower seeds are also used for pets 

(Peterson, 1996). In Sudan and Ethiopia, safflower seeds mixed with wheat flour, are also 

used as a snack food (Belayneh and Wolde-Mariam, 1991). In Pakistan, safflower seeds 

with sugar are used as a laxative (Knowles, 1955). In Bangladesh, paste of ground seed 

with brassica oil is used to reduce kidney pain (Knowles, 1955).   
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 Mostly safflower is cultivated for its oil, which is widely used for cooking 

throughout the world (Dajue and Mundel, 1996). Safflower seeds consist of 30-45% oil, 

15-20% protein and 35-45% hull (Dajue and Mundel, 1996; Rahamatalla et al., 2001). 

Fatty acid composition is variable in safflower oil, but standard safflower oil contains 6-

8% palmitic acid, 2-3% stearic acid, 16-20% oleic acid, and 71-75% linoleic acid 

(Nagaraj, 1993). Safflower oil is considered as the best edible oil in the world, because it 

contains high linoleic acid content (Dajue and Mundel, 1996). Safflower oil can be used 

in manufacturing surfactant, alcohol and varnishes due to its high linoleic acid content 

(Dajue and Mundel, 1996). Safflower oil is similar to olive oil in nutrition value due to 

high levels of linoleic acid, for being very stable on heating, and not giving any smell 

during frying (Smith, 1996; Gyulai, 1996). Safflower oil is also used for gift packing on 

special occasions (Gyulai, 1996). Self life of various edible products can be extended by 

spraying safflower oil over them, because it prevents absorption or loss of water from the 

edible products (Kleingarten, 1993; Smith, 1996).  

 Different reports are available in literature which shows that safflower is an 

important medicinal plant. In China, safflower is cultivated for its flowers which are 

medicinally used for blood circulation. Some therapeutic medicines have been prepared, 

such as safflower injection, safflower tea, safflower capsule etc. which are used to 

combat different diseases (Stobart and Stymne., 1985; Zhaomu and Lijie, 2001). Besides 

China, safflower is also used as herbal medicines in Korea, India and Japan (Kim et al., 

2002). Safflower florets are used as a cure of human diseases such as diabetes and high 

blood pressure (Zhaomu and Lijie, 2001; Kim et al., 2002). 

Effect of salt stress on safflower   

 Safflower is considered as a moderately salt tolerant crop (Maas and Hoffman, 

1977; Maas, 1986). Safflower is more sensitive to salinity at the germination stage than at 

the later growth stages (Francois and Bernstein, 1964; Francois et al., 1964; Yermonas et 

al., 1964; Ghorashy et al., 1972). Salt stress reduces germination rate and seedling 

growth of different safflower cultivars at high levels of salt (Gorashy et al., 1972; Kaya et 

al., 2003; Siddiqi et al., 2007). When safflower plants were treated with high levels of 

salt, they became smaller, and more succulent with thickened and darker leaves (Weiss, 

1971). Recently, Siddiqi and Ashraf (2008) observed that shoot biomass of safflower 
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decreased considerably at 150 mM NaCl applied at the vegetative stage. In some earlier 

studies, shoot and root biomass of safflower plants were adversely affected when treated 

with different salinity levels (Ashraf and Fatima, 1995; Gadallah and Ramadan, 1997). 

Chlorophyll content also decreased significantly when safflower plants were treated with 

high levels of salt. Stem diameter and plant height also decreased with increasing salinity 

(Francois and Bernstein, 1964). Transpiration rates were reduced, leaf cell structure 

altered, and number of stomata reduced at high salinity level in safflower plants (Francois 

and Bernstein, 1964; Devi et al., 1980). Water relation parameters such as leaf water 

potential (Ψw), osmotic potential (Ψs), turgor potential (Ψp), and relative water content 

(RWC) decreased significantly when safflower plants were treated with 150 mM NaCl 

(Siddiqi and Ashraf, 2008). Mineral nutrition of safflower is also perturbed under salinity 

stress. For example, increasing soil salinity decreases K+ and Ca2+ contents in safflower 

shoot (Irving et al., 1988). Ashraf and Fatima (1995) reported that leaf and root Ca2+ 

contents decreased with increasing salinity. Flowering and maturity is also delayed with 

increasing salt level (Francois and Bernstein, 1964; Devi et al., 1980). In safflower, 

number of capitula per plant and seed number per capitulum decreased under saline 

conditions (Francois and Bernstein, 1964; Yermonas et al., 1964; Irving et al., 1988). 

Seed oil content of safflower has also been reported to decrease with increasing salt stress 

(Francois et al., 1964; Yermonas et al., 1964; Beke and Volkmar, 1995). Devi et al. 

(1980) reported that safflower is moderately salt tolerant in terms of yield and oil 

production. Mild salt stress increases safflower yield (Francois et al., 1964; Aslam, 1975; 

Devi et al., 1980; Rains et al., 1987).  

  In view of a number of reports, salinity in soil or water, limits crop production to a 

large extent. Various techniques are in vague to overcome this problem. Although 

different soil scientists have utilized different strategies to render salt affected soils fit 

for agriculture, growing salt tolerant crops through selection and breeding programs is 

the most important one (Ashraf, 1994). For selection and breeding, presence of genetic 

variation at intra-specific, inter-specific and inter-generic levels is a pre-requisite. 

Although growth and yield of safflower is considerably reduced due to salt stress (Irving 

et al., 1988), it may possess considerable amount of intra-specific variation. Thus, the 

primary objectives of the present study were:         
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1. To assess inter-cultivar/accession variation for salt tolerance in safflower. 

2. To assess the relationship of various physiological and biochemical attributes to 

salt tolerance of safflower. 

3. To identify the selection criteria for further improvement in salt tolerance of       

safflower through specific breeding programs. 

4. To appraise whether or not salt stress alters the composition and quality of 

safflower oil. 
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                                                                                              Chapter 3 

                                                                             Materials and Methods                                                                                                    

 

Assessment of salt tolerance in 10 safflower accessions at the germination and  

seedling stage:  

To assess salt tolerance in 10 lines (Safflower-31, Safflower-32, Safflower-33, 

Safflower- 34, Safflower-35, Safflower-36, Safflower-37, Safflower-38, Safflower-39, 

Safflower-78) of safflower (Carthamus tinctorius L.) at initial growth stages i.e. 

germination and seedling, an experiment was conducted in a growth chamber of the 

Department of Botany, University of Agriculture, Faisalabad, Pakistan. The seed of all 

safflower lines was acquired from the National Agricultural Research Center, Islamabad, 

Pakistan. Seeds were sterilized with 5% NaOCl solution for 5 min. after which time the 

seeds were rinsed with distilled water to remove the sterilizing agent. Twenty five seeds 

of each accession were sown in a petriplate double lined with filter paper. Five different 

levels of NaCl (0, 60, 120, 180 and 240 mM) were prepared in Hoagland’s nutrient 

solution (half strength) and ten mL of the respective solution containing salinity treatment 

were applied to each Petri plate. The treatment solution was changed every day to ensure 

the desired level of salt. Germination started after two days of the sowing and a seed was 

counted as germinated when it had emergence of radicle up to 5 mm in length. The 

experiment continued until day 15 of the initiation of the experiment. The data for 

various germination attributes were recorded daily. Shoots and roots of the seedlings 

were detached and washed with distilled water and following attributes were recorded: 

 1) Germination percentage  

2) Shoot fresh and dry weights  

3) Root fresh and dry weights  

 

Assessment of salt tolerance in 10 safflower accessions at the vegetative stage: 

To study the degree of inter-accession variation for salt tolerance in different 

accessions of safflower with diverse genetic make-up, experiments were conducted under 

a net-house of the old Botanical Garden, of the University of Agriculture, Faisalabad. 
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Sodium chloride (NaCl) was used as a source salinity because two-third area of the 

country is saline sodic or saline in which NaCl is the predominant salt. A completely 

randomized design (CRD) was used to arrange the pots of different treatments and each 

treatment was replicated four times. Meteorological data for mean day temperature 

26.7±2.5 oC and night temperature 13.1±2.2 oC and relative humidity (RH) 52.8 ±4.4 % 

were also recorded during the entire crop growth period (October 2006 to April 2007) .  

Crop and Weather 

The experimental site is located at latitude 30o 26 N, longitude 73o 06 E, and 

altitude 184.4 m. The area lies in subtropical continental climate. Climate is very hot 

where temperature rises to 48-50 oC during summer. 

Meteorological data 

Meteorological data recorded at the University of Agriculture, Faisalabad, Pakistan for 

the entire crop growth period have been presented in Fig. 3.1 
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Fig. 3.1: Meteorological data showing day and night average temperature (oC) and 

relative humidity (%) for the entire crop growth period during October 2006-April 2007. 
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Table 3.1:  Accession number and origin of 10 safflower lines used in the present study. 

S.# Saff-code Original name Origin 

1 Saff-31 BI-209296 
Barani introduction, PARC/NARC 
 

2 Saff-32 BI-250538 
Barani introduction, PARC/NARC 
 

3 Saff-33 BI-251289 
Barani introduction, PARC/NARC 
 

4 Saff-34 BI-251578 
Barani introduction, PARC/NARC 
 

5 Saff-35 BI-405975 
Barani introduction, PARC/NARC 
 

6 Saff-36 BIN-974051 
Barani introduction, PARC/NARC 
 

7 Saff-37 Gulabi-01 
A.R.I., Tandojam 
 

8 Saff-38 Lead-00 
A.R.I., Tandojam 
 

9 Saff-39 Pawari 
A.R.I., Tandojam 
 

10 Saff-78 Thori-78 
A.R.I., Tandojam 
 

 

Planting of experiment 

River sand was thoroughly washed with tap water and subsequently with distilled 

water (DW). Twelve kg of sand was added to each plastic pots of 28 cm diameter. Seeds 

were sterilized with 5% NaOCl solution for 5 min. before use and ten seeds of each 

accession were directly sown into each pot. Four days after germination, thinning was 

practiced to maintain four seedlings of uniform size in each pot. Pots were irrigated on 

alternate days with Hoagland’s nutrient solution (full strength) for 21 days. Then the 

plants were exposed to 150 mM NaCl along with controls. For this purpose, salt solution 

(containing 50 mM NaCl) was prepared in Hoagland’s nutrient solution , which was 

applied to each pot in an increment of 50 mM each day until the desired salinity level 

(150 mM NaCl) was achieved. Every week, two liters of Hoagland’s solution containing 

NaCl treatment were applied to each pot, and the sand moisture content was monitored 

daily and maintained by adding 200 cm3 of DW to each pot.  

Collection of Data 

Data of the following parameters were recorded during the experiment.  
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Biomass Production: 

 The data for biomass production was recorded 56 days after germination when 

plants were at vegetative stage. Plants were harvested and separated into shoots and 

roots. They were then washed with DW and surface dried with a blotting paper. Their 

fresh and dry weights were recorded with analytical balance. Root and shoot samples 

were dried in an oven at 70 oC for 7 days and their dry weights measured. 

Yield Parameters 

Plants were grown to maturity and harvested when seeds were fully mature. 

Different yield parameters such as number of capitula, number of seeds and seed yield 

per plant and weight of 100 seeds in each treatment were recorded. 

Physiological Parameters 

Leaf Water Potential 

A Pressure chamber (Scholander Type, Arimad-2- Japan) was used for the 

determination of leaf water potential (Ψw). The sampling for water potential was done at 

9.00 a.m. in the morning and water potential of third-fourth from the top, a fully 

expended leaf was determined with the instrument. 

Leaf Osmotic Potential 

The same leaf samples that were used for the determination of water potential 

were put in propylene tubes and frozen at -20 oC for two weeks in a freezer. The leaf 

tissue after thawing was extracted manually with a steel rod. The extract was centrifuged 

at 8000 × g for 4 min., and upper transparent layer was separated. Then a sub-sample 10 

µL sap was loaded into an osmometer (Wsecor -5500, Logan, USA) for the measurement 

of solute potential. 

Leaf Turgor Potential 

Leaf turgor potential was calculated by the following formula: “Ψp = Ψs-Ψw” 

Relative water content 

The fresh leaves from each treatment were removed before dawn and their fresh 

weight were determined. Then the leaves were placed in distilled water for 24 h in dark 

for re-dehydration. Fully turgid leaves were weighed in the following morning. The 

leaves were placed in paper bags, dried at 72 oC for 72 h and dry weight were 

determined. RWC of leaves was estimated using the formula given below: 
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“RWC  (%) = [(f. wt. – d. wt.)/(t. wt. – d. wt.)] × 100” 

 

Gas Exchange Characteristics 

The photosynthetic efficiency and its related parameters were determined with an 

LCA-4 ADC open system portable infrared gas analyzer (Analytical Development 

Company, Hoddesdon, England) in the noon when there was full light intensity (at 10 

a.m. to 1.00 p.m.). A young and fully expanded leaf was used and the data for 

transpiration rate (E), net CO2 assimilation rate, intrinsic CO2 concentration (Ci) and 

stomatal conductance (gs) were recorded. The following conditions for the equipment 

/leaf chamber were used; ambient CO2 concentration (Cref) 352 µmol mol-1, leaf surface 

area 11.35 cm2, leaf chamber gas flow rate (V) 251 µmol s-1, temperature of leaf 

chamber varied from 31. 5 to 37.8 oC, ambient pressure 99. 2 kPa, molar flow of air per 

unit leaf area (Us) 221.06 mol m-2 s-1, PAR (Qleaf) at was maximum up to 1048 µmol m-

2 s-1 and the chamber water vapor pressure varied from 4.4 to 6.6 mbar.  

Water Use Efficiency (WUE) 

The ratio of A (CO2 assimilation rate) over E (transpiration rate) was used as (WUE)  

Biochemical Attributes 

Free proline determination 

The protocol of Bates et al (1973) was used for the extraction and estimation of 

free proline content. Fresh leaf tissue (0.5 g) was ground and extracted with 10 mL of 

3% sulfo-salicylic acid . The extract was filtered through a filter paper (Whatman No. 2). 

Two mL acid ninhydrin solution (prepared by dissolving 1.25 g ninhydrin in 30 mL 

glacial acetic acid), 20 mL of 6 M orthophosphoric acid), and 2 mL of glacial acetic acid 

was added to two mL of the filtrate in a test tube and homogenized. The homogenate 

was heated for 60 min. at 75 oC in a water bath. The mixture was placed in ice to 

terminate the reaction. The proline fraction was isolated by adding 4 mL toluene to the 

reaction mixture. The chromophore phase containing toluene was separated and the 

absorbance of the chromophore phase was read at 520 nm using a spectrophotometer 

(Hitachi- U2001, Tokyo, Japan). A sample containing only toluene was run through the 

complete procedure as a blank. The following formula was used to calculate free proline 

in all samples: 
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“µmole proline g-1 fresh weight = (µg proline mL-1 × mL toluene/115.5)/g of sample) ” 

   

Chlorophyll content 

The concentration of photosynthetic pigments was estimated by according to 

Arnon (1949). Fresh leaves (1 g) were ground in a porcelain mortar by adding 2 ml 80% 

acetone and filtered through a filter paper (Whatman No. 1). After filtration, 10 mL of 

80% acetone were added and the volume of the filtrate was made up to 10 mL. The 

mixture was thoroughly mixed with a vortex mixer and the absorbance of the samples 

was read at 645, 652 and 663 nm with a Hitachi spectrophotometer (Hitachi, Model 

U2001, Tokyo, Japan). Following formulae were used to calculate the content of 

chlorophylls a and b. 

“Chl. a (mg g-1 f.wt.) = [12. 7 (OD 663)-2.69(OD 645) ×V/1000 x W]” 

“Chl. b (mg g-1 f.wt.) = [22. 9 (OD 645)- 4.68(OD 663) ×V/1000×W]” 

 

Where V = volume of the leaf extract (mL) 

W = weight of fresh leaf tissue (g)  

Analysis of nutrients 

Dried ground material (0. 1 g) of roots and shoots was digested in hydrogen 

peroxide and sulphuric acid for the analysis of different nutrients (Na+, K+ and Ca2+) 

following Wolf (1982).  

Plant digestion procedure: 

 Dried ground material (0.1 g) was placed in the digestion tubes, added 2.5 mL of 

conc. H2SO4, and incubated them overnight at room temperature. After that, 1 mL of 

H2O2 was poured, down into each of the digestion tubes. The tubes were placed in the 

digestion block and heated them up to 350 oC until the fumes produced. Heat was 

continued for another 30 min, and then the digestion tubes were removed from the 

digestion block. After cooling, all the tubes were again heated at same temperature in 

digestion block until again fumes produced for 20 min. The digestion was considered 

complete when the material became colorless. Then the volume of the digested material 

was made up to 50 mL with de-ionized distilled water and filtered by using a filter paper 

(Whatman No. 1). Determination of sodium, potassium and calcium contents Na+, K+ and 
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Ca2+ ions was carried out by using a flame photometer (Jenway, PFP). A series of 

standards (ranging from 5 to 25 mg L-1) for each cation were prepared and their standard 

curves were drawn after measuring their absorbance with a flame photometer. Cations 

such as Na+, K+ and Ca2+ were determined using a flame photometer (Jenway, PFP-7) 

and compared them with their respective values from the standard curve, and finally the 

concentration of each nutrient worked out. 

Determination of Cl- 

The chloride (Cl-) content in leaves was determined by using 0.1 g dried ground 

sample of shoot or root material. The plant material was placed in test tube and 10 mL of 

distilled water added to it. It was then heated at 80 oC until its volume reduced to half of 

the original volume. Then the volume of the extract was maintained to 10 mL using 

distilled deionized water. A chloride analyzer (Model 926, Sherwood Scientific Ltd., 

Cambridge, UK) was used to determined Cl- contents of all samples. 

Activities of antioxidant enzymes 

Extraction of enzyme 

The fresh leaf material (0.5 g) was well ground in a grinder. Then 5 mL of cooled 

phosphate buffer (50 mM with pH 7.8) was added to it and the samples. Then the 

homogenate was mixed with a vortex and centrifuged at 15000 g for 15 min. at 4 oC. 

The supernatant was separated and used for the assays of antioxidative enzymes. 

Superoxide dismutase (SOD) 

The SOD activity was determined by appraising the photoreduction of nitroblue 

tetrazolium (NBT) by the enzyme. For this purpose, the standard method as described by 

Giannopolitis and Ries (1977) was used. Three mL of the reaction solution contained 1.3 

µM riboflavin, 50 µM NBT, 75 nM EDTA, 13 mM methionine, 20 mM phosphate buffer 

having 7.8 pH. Twenty to 50 µl enzyme extract was homogenized in test tubes. This 

solution was irradiated for 15 min. under white fluorescent light (15W lamps) at 80 

µmol m-2 s-1. Then the OD of the solutions read using a spectrophotometer (IRMECO 

U2020) at 560 nm. The amount of enzyme required to inhibit half of NBT photoreduction 

was considered equal to one unit of SOD activity.  

Peroxidase (POD) and Catalase (CAT) 
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The protocol of Chance and Maehley (1955) was followed for the appraisal of 

peroxidase and catalase activities. Three mL of peroxidase reaction solution was mixed 

with 0.1 mL enzyme extract and then 40 mM H2O2, 20 mM guaiacol and 50 mM 

phosphate buffer (pH 5 .0) were added to it. The changes in absorbance were recorded at 

470 nm after every 20s. A change in the absorbance of 0.01 units per min was considered 

equal to one unit of POD activity. Three mL reaction solution used for the determination 

of catalase activity contained 5.9 mM H2O2, 50 mM phosphate buffer having pH 7.8, and 

0.1 mL enzyme extract. For the determination of catalase activity, reaction was initiated 

by adding the enzyme extract and the changes in absorbance of the reaction solution after 

every 20 s were measured at 240 nm. A change of 0.01 units per min in absorbance was 

considered equal to one unit catalase activity. The activity of each enzyme was calculated 

and expressed on the basis of total protein. The method of Bradford (1976) was 

followed for the measurement of extracted protein concentration. 

Extraction of oil 

Seeds were crushed by an electric grinder and extracted with n- hexane in a 

Soxhlet apparatus following the IUPAC standard method (IUPAC, 1979). The ground 

seeds were filled in a thimble and open side of the thimble was covered with cotton. The 

thimble was fed into the soxhlet extractor. The extraction was completed after 7 to 8 h 

with 300 mL of n-hexane. The solvent was separated under vacuum at 45 oC, when the 

extraction of oil was completed. The oil obtained from different seed samples was stored 

in a refrigerator for further analysis. 

Analysis of oil 

Different physical characteristics like refractive index, density, solubility, specific 

gravity and oil content were determined using standard methods (AOAC, 1984). For 

determining the refractive index of oil, a refractometer model No. 922313 (Bellingham 

and Stanley Ltd. London) was used. Specific gravity and density were determined by 

specific gravity bottle at 25 oC. 

Refractive index (RI) 

 Abbe’s refractometer was employed to appraise the refractive index of all oil 

samples. The temperature of the prism was maintained at 40 oC. Refractive index was 

read after putting a drop of oil on the prism.   
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                                                       n = Sin i = Velocity of light in air       
                                                             Sin r = Velocity of light in liquid 
Density 

 Empty specific gravity bottles were weighed and then these dry specific gravity 

bottles were filled with oil and placed in a water bath at 25 oC. Measurement of density 

was done at 25 oC at which measurement was to be made. Volume of the oil was adjusted 

to the fix mark, and then the total mass was recorded. Density was calculated as; Density 

= m2-m1/Vt m1 = Mass of empty density bottle m2 = Mass of bottle + oil Vt = Volume in 

mL of oil in the density bottle at 25 oC Specific gravity Specific gravity was measured 

using the following formula Specific gravity = Density of liquid at 25 oC Density of 

water at same temperature S.V = Blank titration – sample titration × normality of acid × 

56.1/sample weight in grams 

 

Analysis of extracted oil 

Composition of fatty acid 

The content of seed oil fatty acid were determined using a gas chromatograph 

(Shimadzu, model 17-A). The GC was fitted with a polar capillary column SP-2330 (30 

m × 0.32 mm) connected with a flame ionization detector (FID). Nitrogen gas (purity 

99%) was used with a flow rate of 5 mL min-1. The injection of samples was carried out 

at 250 oC injector temperature. The initial oven temperature was 120 oC and final 

temperature was 240 oC with a ramp rate 5 oC min-1. The detector was set at 275 oC. For 

the identification of fatty acids, relative retention time was used by comparing their peaks 

with that of retention times of authentic standards of fatty acids. The concentration was 

measured on the basis of percentage by computing peak area with automated CSW32 

software program (SUPERMICR, USA). 

Preparation of samples for FAMEs analysis 

The IUPAC standard method was used for the sample preparation for analysis. 

This method involves the derivitization of samples into fatty acid methyl esters of 

triglycerides by saponification of the glycoside liberation, and esterification by methanol 

of fatty acids. Oil sample (0.2 g) was weighed into 100 mL ground neck bottom flask. 

One pellet of KOH was added into 30 mL of distilled methanol, and then both the 

contents in the flask were refluxed for 25 minutes until the fat droplets disappeared. 
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When the reaction mixture cooled down, it was transferred to a separating funnel, and 

then a small amount of n-hexane was added to it. The separating funnel was shaken by 

rotating it several times, then the n-hexane layer was removed and washed four times 

with 10 mL of distilled water. By using anhydrous sodium sulphate, n-hexane was dried, 

filtered and used for gas chromatography analysis. Dry and solvent free methyl esters 

were preserved in sealed sample tubes in a deep freezer and used for further study.  

Determination of tocopherols 

An HPLC protocol of Lee et al. (2003) was followed for the estimation of tocopherols. 

The HPLC (Sykam Gmbh-Kleinstheim-Germany) used in this study was fitted with a S-

1121 type dual solvent delivery system and UV/VIS type diode array detector (S-3210). 

Oil sample (0.1 g) was taken in a in a volumetric flask and 10 mL of acetonitrile was 

added to it. It was wrapped with a foil to inhibit light induced oxidation of material. A 

filtered sample solution (20 µL) was injected into the injector loop connected with 

Hypersil ODS reverse phase (C-18). Acetonitrile and methanol (65 35 v/v) was used as a 

mobile phase. The chromatic separation of different tocopherols was done by isocratic 

elution with a solution of methanol and acetonitrile at a flow rate of 1. 3 mL min-1 at 30 

oC. The detector was set at 292 nm and peak area for different tocopherols were 

identified based on retention times and quantified by comparing peak areas of the 

unknown samples with those of pure standards of α, ∆, and γ-tocopherols, (Sigma 

Chemical Co., St. Louis, Mo). These calculations were automatically performed by an 

SRI peak simple chromatography data acquisition integration software (SRI Instrument, 

Torrance Californa, USA). 

Experimental design and statistical analysis 

A completely randomized design (CRD) was employed to arrange the 

experimental units in four replications. The data obtained was analyzed statistically by 

using Analysis of Variance (ANOVA) technique using the MSTAT-C computer package 

(MSTAT Development Team, 1989). The least significance difference (LSD) values for 

different parameters were calculated following Snedecor and Cochran (1980) for 

comparison of mean values. 
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           Chapter 4  

                                                                                            Results                                    

 

1) Assessment of salt tolerance in 10 safflower accessions at the germination and 

seedling stage: 

Results: 

Although application of varying levels (60, 120, 180 and 240 mM) of sodium chloride to 

the growth medium caused a marked reduction in the germination percentage of all 

safflower lines, higher levels of (180 and 240 mM) sodium chloride proved to be more 

effective in reducing germination percentage of all accessions (Table 4.3, Fig. 4.1). Also 

significant genetic variation in the accessions was observed only at the two higher salt 

levels (180 and 240 mM). However, the lines were ranked on the basis of their potential 

for germination at 240 mM NaCl. Lines Safflower-31 and Safflower-35 were found to be 

tolerant (Table 4.1), Safflower-33, Safflower-37, Safflower-38 and Safflower-78 salt 

sensitive and Safflower-32, Safflower-34, Safflower-36 and Safflower-39 moderate 

tolerant with respect to their germination ability at 240 mM NaCl.    

  Shoot fresh and dry weights of seedlings of all safflower lines were adversely 

affected due to imposition of different levels of salt to the root zone. However, higher salt 

level (240 mM) substantially decreased shoot biomass of all accessions. All accessions 

showed a variable response to salt stress. Highest shoot fresh weight was observed in 

Safflower-31, Safflower-35 and Safflower-39, while lowest in Safflower-32, Safflower-

37 and Safflower-38 at all salt levels. However, the remaining accessions were 

intermediate in biomass production. Maximum shoot dry weight was recorded in 

Safflower-31and Safflower-35 at higher level of sodium chloride (240 mM), and ranked 

as tolerant, particularly at the initial growth stages.  

 Excessive amount of salt to the rooting medium significantly reduced root fresh 

and dry weights of the seedlings of all safflower lines. Of all levels i.e., 180 and 240 mM 

NaCl caused a marked reduction in this attribute. The variation in all accessions was 

considerable with respect to this growth attribute (Table 4.3; Fig. 4.2).         
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 While ranking the safflower accessions on the basis of their shoot biomass 

production at the highest level (240 mM) of NaCl, lines Safflower-31 and Safflower-35 

were found to be tolerant, and Safflower-34, Safflower-36 and Safflower-39 moderately 

tolerant, while Safflower-32, Safflower-33, Safflower-37, Safflower-38 and Safflower-39 

salt sensitive (Table 4.2). 

Ten safflower accessions were also ranked on the basis of shoot fresh and dry weight 

at the seedling stage using Ward’s minimum variance cluster analysis at varying levels of 

salt (NaCl), accessions Safflower-31 and Safflower-35 were found to be tolerant, and 

Safflower-32, Safflower-33, Safflower-37, Safflower-38 and Safflower-39 sensitive, 

while Safflower-34, Safflower-36 and Safflower-39 were moderately tolerant to salt 

stress (Table 4.4; Fig 4.3).   
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Table 4.1: Ten safflower (Carthamus tinctorius L.) accessions were ranked in terms of 
germination percentage on the basis of percent of control at the highest level (240 mM) of 
NaCl. 

 
Classes 

 
Germination percentage  

 
Accession no. 

Tolerant >25 Safflower-31, Safflower-35 

Moderately tolerant 20-25 Safflower-32, Safflower-34, 

Safflower-36, Safflower-39 

Sensitive <20 Safflower-33, Safflower-37, 

Safflower-38, Safflower-78 

 
 
 

Table 4.2: Ten safflower (Carthamus tinctorius L.) accessions were ranked in terms of   
shoot fresh and dry weight on the basis of percent of control at seedling at the highest level 
(240 mM) of NaCl.  

 

Classes 

Range of shoot fresh and 

dry weight (g/plant) 

 

Accession no. 

Tolerant >0.12 Safflower-31, Safflower-35 

Moderately tolerant 0.08-0.11 Safflower-34, Safflower-36, 

Safflower-39 

Sensitive <0.08 Safflower-32, Safflower-33, 

Safflower-37, Safflower-38, 

Safflower-78 
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Table 4.3: Mean squares from analysis of variance (ANOVA) of data for germination 
percentage and growth of 10 safflower seedlings grown under varying levels of salt (NaCl).    
Source of variation df Germination (%) Shoot f. wt. Shoot d. wt. 

Main Effects     

Salt 4 21481.6 ***  46.58 *** 0.201 ***    

Cultivars (Cvs) 9 119.3 ns   0.503 *** 0.006 *** 

Interaction     

Salt x Cvs 36 125.6 ns  0.559 ***    0.004 **   

Error 150 105.14 0.165 0.002 

Source of variation df      Root f. wt.              Root d. wt.   

Main Effects     

Salt 4       2.28 ***               0.006 ***     

Cultivars (Cvs) 9       0.019 ns                0.0002 ns   

Interaction     

Salt x Cvs 36       0.048 ***                0.00012 *      

Error 150       0.014              0.00008   

*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

            ns = non-significant 
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Fig.4.1. Germination percentage, shoot fresh and dry weights of 10 safflower lines when 
germinated and subsequently grown for 15 days under different levels of salt (NaCl). (Mean ± 
S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, 
L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78).    
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Fig.4.2. Root fresh and dry weights of 10 safflower lines when germinated and subsequently 
grown for 15 days under different levels of salt (NaCl). (Mean ± S.E; n = 4)(L1=Saff-31, 
L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, 
L9=Saff-39, L10=Saff-78). 
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Table 4.4: Ranking of 10 safflower accessions for their salt tolerance with respect to shoot 
fresh and dry weight at the seedling stage in a cluster analysis on the basis of Ward’s 
minimum variance analysis.     
Accessions                              NaCl levels                                 Ranking           Degree 
                                                     (mM)                                          of                      of 
                       0          60         120          180          240     sum   accessions     salt tolerance 
Saff-31          1           1             1              1             1          5              1                    Tolerant     

Saff-35          1           2             1              1             1          6              1                    Tolerant 

Saff-34          2           3             2              2             1          10            2                    Moderate 

Saff-36          2           4             3              3             1          13            3                    Moderate 

Saff-39          2           3             3              2             2          12            3                    Moderate 

Saff-32          4           5             3              5             3          20            4                    Sensitive 

Saff-33          3           5             4              3             2          17            4                    Sensitive 

Saff-37          3           5             3              3             2          16            4                    Sensitive 

Saff-38          5           5             5              4             5          24            5                    Sensitive 

Saff-78          5           5             5              4             4          23            5                    Sensitive 
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Fig. 4.3. Dendrograms of 10 safflower accessions on the basis of Ward’s minimum variance 

cluster analysis of the means of the salt tolerance indices for two attributes i.e. shoot fresh 

and dry weight at the seedling stage at different levels of salt (NaCl) (0 mM (a), 60 mM (b), 

120 mM (c), 180 mM (d), and 240 mM (e)). Ranking of accessions was done by using scores 

obtained from dendrograms.    
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2) Assessment of salt tolerance in the 10 safflower accessions at vegetative stage: 

Results: 

Analysis of variance of the data shows that saline growth medium markedly 

reduced the shoot fresh weight of all safflower lines (Table 4.5). A considerable variation 

was observed in this set of lines with respect to shoot biomass production under salt 

stress. Higher values of shoot fresh weight were recorded in Safflower-36, Safflower-37 

and Safflower-38 and lower in Safflower-78 followed by Safflower-34 and Safflower-39 

than those of the other lines under salt regime (Fig. 4.4).  

From the mean data for shoot fresh weight, percent of controls (tolerance indices) 

were worked out. On the basis of percent of control data and Ward’s minimum variance 

cluster analysis (dendrogram), accession Safflower-37 was ranked as tolerant, while 

Safflower-33 and Safflower-36 moderately tolerant to salt stress. Accessions Safflower-

31, Safflower-32, Safflower-34, Safflower-35, Safflower-38, Safflower-39 and 

Safflower-78 were ranked as sensitive to salt stress with respect to percent shoot fresh 

weight (Table 4.6; 4.7; Fig. 4.5). 

Shoot dry weight of all safflower lines decreased significantly due to imposition 

of salt to the root zone. The lines differed considerably in this attribute. Accessions 

Safflower-36 followed by Safflower-38 had higher shoot dry weight, while Safflower-34, 

Safflower-39 and Safflower-78 lower than those of the other lines under saline 

conditions. 

In percent shoot dry weight and Ward’s minimum variance cluster analysis 

(dendrogram), accession Safflower-37 was categorized as tolerant, while Safflower-33, 

Safflower-35, Safflower-36, and Safflower-38 moderately tolerant to salt stress. 

Accessions Safflower-31, Safflower-32, Safflower-34, Safflower-39 and Safflower-78 

were ranked as sensitive to salt stress (Table 4.6; 4.7). 

Saline growth medium caused a significant reduction in root fresh weight of all 

safflower lines. The lines showed a variable response with respect to root fresh weight. 

Higher values of root fresh weight were observed in Safflower-33 and Safflower-38 and 

lower in Safflower-34, Safflower-39 and Safflower-78 than those of the other lines under 

stress conditions. 
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Table 4.5: Mean squares from analysis of variance (ANOVA) of data for fresh and dry weights 
of shoots and roots in 10 safflower lines when 28 day-old plants were subjected to salt stress 
for 56 days. 

Source of variation df  Shoot f. wt.  Root f. wt.   Shoot d. wt.  Root d. wt.   

Main Effects      

Salt 1 76142.11*** 1702.56 ***   854.84 ***   18.18 *** 

Cultivars (Cvs) 9 758.42 ***  40.49 ***  16.50 ***   0.25 *** 

Interaction      

Salt x Cvs 9 838.64 *** 43.63 *** 16.84 *** 0.36 ** 

Error 60 64.26 2.07 2.55 0.05 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 
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 Fig.4.4. Fresh and dry weights of shoots and roots of 10 safflower lines when 28 day-old plants 
were subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-
33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Table 4.6: Ranking of 10 safflower lines on the basis of percent of controls at vegetative 
and adult stages. 
 Tolerant lines 

 
 

Moderate tolerant 
lines 

Sensitive lines 

Shoot fresh 
weight 

 
 
 
 
 
 
 
 

Safflower-37 
 
 
 
 
 
 

Safflower-33, 
Safflower-36 

Safflower-31, 
Safflower-32, 
Safflower-34, 
Safflower-35, 
Safflower-38, 
Safflower-39, 
Safflower-78 

Shoot dry weight 
 
 
 
 
 
 
 

Safflower-37 
 
 
 
 
 

Safflower-33, 
Safflower-35, 
Safflower-36,  
Safflower-38 

Safflower-31, 
Safflower-32,  
Safflower-34, 
Safflower-39, 
Safflower-78 
 

Seed yield 
 
 
 
 
 

Safflower-32, 
Safflower-34, 
Safflower-39 
 
 
 
 
 

Safflower-37, 
Safflower-78 

Safflower-31, 
Safflower-33, 
Safflower-35, 
Safflower-36, 
Safflower-38 
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Saff-37

Saff-33

Saff-34

Saff-32

Saff-35
Saff-36

Saff-31
Saff-38

Saff-39

Saff-78

Table 4.7: Ranking of 10 safflower accessions for their salt tolerance with respect to shoot 
fresh and dry weights and seed yield at vegetative stage in a cluster analysis based on Ward’s 
minimum variance analysis.     
Accessions                              NaCl levels                       Ranking of             Degree of 
                                                     (mM)                             accessions            salt tolerance 
                                      0                    150          sum  
     Saff-37                    1                    1                2                 1                        Tolerant 

     Saff-32                    1                    2                3                 2                        Tolerant 

     Saff-34                    2                    1                3                 2                        Tolerant 

     Saff-39                    1                    2                3                 2                        Tolerant 

     Saff-35                    3                    4                7                 4                        Moderate 

     Saff-36                    5                    3                8                 4                        Moderate 

     Saff-31                    3                    3                6                 3                        Moderate 

     Saff-38                    4                    3                7                 4                        Moderate 

     Saff-33                    5                    4                9                 6                        Sensitive 

     Saff-78                    3                    5                8                 5                        Sensitive 
  
 
 
Dendrogram (a)     Dendrogram (b) 
 

 
 
 
 

Fig. 4.5. Dendrograms of 10 safflower accessions on the basis of Ward’s minimum variance 

cluster analysis of the means of the salt tolerance indices for three attributes i.e. shoot fresh, 

shoot dry weight and seed yield at vegetative and adult stage at two levels of salt (NaCl) (0 

mM (a) and 150 mM (b)). Ranking of accessions was done by using scores obtained from 

dendrograms.   
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Root dry weight of all safflower lines decreased significantly due to addition of 

sodium chloride to the rooting medium. Higher values of root dry weight were recorded 

in Safflower-33 followed by Safflower-38, while the lower in Safflower-39 followed by 

Safflower-34 than those of the other lines in saline medium. 

 Salt stress markedly reduced chlorophyll ‘a’ of all safflower lines and a 

significant inter-line variation was observed with respect to this biochemical attribute 

(Table 4.8). Accessions Safflower-35, Safflower-36, Safflower-38 and Safflower-39 had 

higher, while Safflower-31 and Safflower-34 lower values of chlorophyll ‘a’ than those 

of the other accessions under salt stress (Fig. 4.6). 

Chlorophyll ‘b’ of all safflower lines was significantly reduced due to salt stress 

and the lines differed significantly in this attribute. Highest values of chlorophyll ‘b’ were 

observed in Safflower-38 followed by Safflower-37 under saline regime. However, in 

contrast, Safflower-31 and Safflower-34 were the lowest of lines under salt stress.  

A marked reduction in chlorophyll a/b ratios of all safflower lines were observed 

due to root zone salinity. Comparison of the lines shows that Safflower-31, Safflower-34, 

Safflower-39 Safflower-78 had higher, while Safflower-37 lower in chlorophyll a/b ratio 

than those of the other lines under saline regime.  

Salt treatment caused a marked reduction in net photosynthetic rate (A) of all 

safflower lines (Table 4.9). The accessions showed variation in response to salt stress in 

this attribute. Maximum values of net CO2 assimilation rate were observed in Safflower-

33 and Safflower-37, while Safflower-31 and Safflower-38 showed lowest values under 

salt regime. However, other accessions were almost uniformly affected due to salt stress 

with respect to this attribute (Fig 4.7). 

 Transpiration rate (E) of all safflower lines reduced significantly due to 

imposition of salt to the rooting medium. All accessions showed varying response to salt 

stress in this attribute. Highest values of E were observed in Safflower-33 followed by 

Safflower-34 and Safflower-36 under salt conditions. However, Safflower-31 and 

Safflower-38 were the lowest in E of all lines under salt regime. It was interesting to note 

that E value of Safflower-35 remained unaffected due to salt stress.  
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Table 4.8: Mean squares from analysis of variance (ANOVA) of data for photosynthetic   
pigments in 10 safflower lines when 28 day-old plants were subjected to salt stress for 56 days. 
Source of variation df Chl. a Chl. b Chl. a/b 

Main Effects     

Salt 1 0.224 ***   0.125 *** 4.50 ***   

Cultivars (Cvs) 9 0.015 ***  0.002 *** 0.16 **  

Interaction     

Salt x Cvs 9 0.005 *   0.005 *** 0.82 ***  

Error 60 0.002 0.0004 0.059 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 

 
Table 4.9: Mean squares from analysis of variance (ANOVA) of data for gas exchange 
characteristics (A, E, gs) of 10 safflower lines when 28 day-old plants were subjected to salt 
stress for 56 days. 
Source of variation df A E gs 

Main Effects     

Salt 1 1276.00 ***  8.256 *** 1601780 ***    

Cultivars (Cvs) 9 21.36 ***   0.719 *** 53317.22 *** 

Interaction     

Salt x Cvs 9 14.20 **   0.299 *    27771.66 **   

Error 60 5.133 0.126 7936.66 
A, CO2 assimilation rate; E, transpiration rate; gs, stomatal conductance 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
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Fig.4.6. Chlorophyll a, chlorophyll b and chlorophyll a/b ratio of 10 safflower lines when 28 day-
old plants were subjected to salt stress for 56 days. (Mean ± S.E; n= 4) (L1=Saff-31, L2=Saff-32, 
L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, 
L10=Saff-78). 
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Fig.4.7. Gas exchange characteristics (A, E and gs) of 10 safflower lines when 28 day-old plants 
were subjected to salt stress for 56 days. (Mean ± S.E; n= 4)(L1=Saff-31, L2=Saff-32, L3=Saff-
33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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A marked reduction in stomatal conductance (gs) of all safflower lines was 

observed due to salt stress in this attribute. Comparison of the lines shows that accession  

Safflower-33 was again the highest while Safflower-38 the lowest in stomatal 

conductance under salt stress. The response of other accessions was intermediate with 

respect to this gas exchange parameter.   

 Salt treatment caused a marked reduction in water use efficiency (WUE) of all 

safflower lines except Safflower-78 in which WUE remained almost unaffected due to 

salt stress. Difference among the cultivars in terms of WUE was non-significant. Post hoc 

analysis of the data for WUE at the salt regime showed that cultivars difference was 

significant. Lines Safflower-31, Safflower-38 and Safflower-39 had significantly higher 

while Safflower-33 lower values of WUE than those of the other lines under salt stress 

(Table 4.10; Fig. 4.8).    

 Sub-stomatal CO2 concentration (Ci) of all safflower lines decreased due to 

addition of NaCl to the growth medium. A variable response of all lines in Ci was 

observed to salt stress. Ci in Safflower-31, Safflower-34 and Safflower-38 remained 

unchanged due to salt stress. Line Safflower-37 was the lowest and Safflower-33 and 

Safflower-36 the highest in Ci of all lines under salt stress.    

Salt stress caused a marked reduction in Ci/Ca ratio of all safflower lines. The 

lines showed varying response to salt treatment in this attribute. Lines Safflower-31 and 

Safflower-33 had higher and Safflower-37 lower values of Ci/Ca ratio under salt stress. 
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Table 4.10: Mean squares from analysis of variance (ANOVA) of data for gas exchange 
characteristics (WUE, Ci, Ci/Ca) of 10 safflower lines when 28 day-old plants were subjected to 
salt stress for 56 days. 
Source of variation df WUE Ci Ci/Ca 

Main Effects     

Salt 1 60.79 ***   5417.15 *** 0.043 *** 

Cultivars (Cvs) 9 4.789 ns  1235.04 *** 0.009 * 

Interaction     

Salt x Cvs 9 1.976 ns 321.00 ** 0.005 ns 

Error 60 2.990 576.57 0.006 
WUE, water use efficiency, Ci and Ci/Ca ratio.  
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
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Fig.4.8. Gas exchange characteristics (WUE, Ci and Ci/Ca) of 10 safflower lines when 28 day-
old plants were subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, 
L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, 
L10=Saff-78). 
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Salt stress markedly reduced the leaf water potential (more negative values) of all 

safflower lines (Table 4.11). A considerable variation was observed in all lines in 

response to salt stress in this attribute. Higher leaf water potential was recorded in 

Safflower-31 followed Safflower-32, than that in the other lines under saline regime (Fig. 

4.9). However, the other accessions did not differ significantly in this attributes under 

saline conditions.  

Like in leaf water potential, a marked reduction in leaf osmotic potential was 

observed in all safflower lines due to imposition of NaCl to the growth medium. A 

significant inter-cultivar variation was observed in this set of accessions with respect to 

this attribute. As in leaf water potential, lines Safflower-31 and Safflower-32 had higher 

values of leaf osmotic potential that those of other lines under salt stress. However, the 

variation among the other lines with respect to this water relation parameter was non-

significant.  

Leaf turgor potential, estimated as the difference between leaf water potential and 

osmotic potential values, increased markedly due to imposition of salt to the rooting 

medium. Highest values of leaf turgor potential were recorded in Safflower-31 and 

Safflower-33 and lowest in Safflower-35 under saline conditions.  

Reduction in relative water content (RWC) of all safflower lines was observed 

due to salt stress. Line Safflower-33 was the highest and Safflower-35 the lowest of all 

lines in RWC under salt stress.  

Leaf proline concentration increased substantially in all 10 lines due to salt stress 

(Table 4.12). A varying response of the lines was observed in this attribute. Higher values 

of proline accumulation were recorded in Safflower-32 and Safflower-37, while lower in 

Safflower-39 and Safflower-78 than those in other lines under saline regime. The other 

accessions showed intermediate response to salt stress in proline accumulation (Fig. 

4.10).  
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Table 4.11: Mean squares from analysis of variance (ANOVA) of data for leaf water 
relations of 10 safflower lines when 28 day-old plants were subjected to salt stress for 56 
days. 
Source of variation df  Leaf Ψw  Leaf Ψs   Leaf Ψp RWC 

Main Effects      

Salt 1 8.160 ***   17.03 ***   1.353 ***  2041.08 ***  

Cultivars (Cvs) 9 0.119 *** 0.150 ***  0.060 *    42.85 *   

Interaction      

Salt x Cvs 9 0.032 ***   0.180 ***    0.118 ***   21.26 ns    

Error 60 0.007 0.033 0.028 20.03 
Ψw, leaf water potential; Ψs, osmotic potential; Ψp, turgor potential; RWC, relative water 
content. 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
 

Table 4.12: Mean squares from analysis of variance (ANOVA) of data for leaf proline in 10 
safflower lines when 28 day-old plants were subjected to salt stress for 56 days. 
Source of variation                     df                                             Leaf proline 

Main Effects   

Salt                       1                                             236.91 ***    

Cultivars (Cvs)                        9                                             2.70 ** *  

Interaction   

Salt x Cvs                        9                                             2.5 ***  

Error                        60                                             0.28 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
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Fig.4.9. Leaf water relations of 10 safflower lines when 28 day-old plants were subjected to salt 
stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, 
L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Fig.4.10. Leaf proline of 10 safflower lines when 28 day-old plants were subjected to salt stress 
for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, 
L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Addition of salt to the rooting medium substantially increased the activity of leaf 

superoxide dismutase (SOD) in all safflower lines (Table 4.13). A considerable inter-

cultivar variation was observed in this set of accessions with respect to leaf SOD enzyme 

activity. Line Safflower-78 followed by Safflower-36 had the highest while Safflower-31 

followed by Safflower-35 lowest leaf SOD enzyme activity of all lines under saline 

conditions (Fig. 4.11). 

Leaf peroxidase (POD) activity was markedly increased in all safflower lines due 

to imposition of sodium chloride to the rooting medium. A varying response of the lines 

was observed in the enzyme activity. Maximum leaf POD activity was recorded in 

Safflower-36 and minimum in Safflower-37 and Safflower-39 under saline conditions.                

Catalase (CAT) activity increased significantly in all safflower lines due to root 

zone salinity. Higher values of CAT activity were recorded in Safflower-36 followed by 

Safflower-38 and lower in Safflower-33 than those of the other lines under saline 

conditions. 
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Table 4.13: Post hoc ANOVA of data for superoxide dismutase (SOD), peroxidase (POD) and    
catalase (CAT) in 10 safflower lines when 28 day-old plants were subjected to salt stress for 56 
days. 
Source of variation df SOD POD CAT 

Main Effects     

Salt 1 70.44 ***   3.46 *** 0.25 *** 

Cultivars (Cvs) 9 17.46 ***  0.99 *** 0.02 ***  

Interaction     

Salt x Cvs 9 3.62 ** 0.51 *** 0.003 ns 

Error 60 1.22 0.073 0.003 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 
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Fig.4.11. Superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of 10 safflower 
lines when 28 day-old plants were subjected to salt stress for 56 days. (Mean ± S.E; n = 
4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, 
L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Accumulation of Na+ in the leaves increased significantly in all safflower lines 

due to addition of salt to the rooting medium (Table 4.14). A considerable inter-cultivar 

variation was observed in all lines in leaf Na+ content. Maximum leaf Na+ content was 

observed in Safflower-33 and Safflower-34, while minimum in Safflower-35 and 

Safflower-36 under salt stress (Fig. 4.12).                             

Sodium (Na+) concentrations in the roots of all safflower lines increased markedly 

due to imposition of NaCl to the growth medium. A considerable variation was observed 

in this set of accessions in root Na+. Highest values of root Na+ were observed in 

Safflower-33 and Safflower-36 and lowest in Safflower-78 under saline conditions. 

Addition of salt to the rooting medium caused a marked reduction in leaf K+ 

content in all safflower lines except in safflower-78, in which maximum leaf K+ content 

was recorded. However, minimum leaf K+ was observed in Safflower-33 and Safflower-

36 under salt stress. The other accessions showed intermediate response to salinity stress 

in this attribute. 

Salt treatment also significantly reduced root K+ content in all safflower lines. All 

lines showed a varying response to salt stress with respect to this attribute. Accessions 

safflower-33 and Safflower-36 had higher and Safflower-35 lower values of root K+ than 

the other lines under saline regime.    

Imposition of salt to the growth medium significantly increased leaf Cl- 

concentrations in all safflower lines (Table 4.14). A significant inter-cultivar variation 

was observed in this set of accessions with respect to this attribute. Higher concentration 

of leaf Cl- was recorded in Safflower-31, Safflower-32 and Safflower-33, while lower in 

Safflower-78 than those in the other lines under saline regime (Fig. 4.13).  

Chloride (Cl-) concentrations in the roots of all safflower lines increased 

substantially due to addition of salt to the rooting medium. The lines showed a varying 

response to salt stress in root Cl-. Maximum values of root Cl- were observed in 

Safflower-33 followed by Safflower-36, while minimum in Safflower-78 under saline 

regime.  
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Imposition of salt in the growth medium markedly reduced leaf Ca2+ content in all 

safflower lines. However, the difference among the cultivars with respect to leaf Ca2+ 

was non-significant. Post hoc analysis of the data for leaf Ca2+ at the salt regime showed 

that cultivars difference was significant. Lines Safflower-32, Safflower-36 and 

Safflower-39 had significantly higher while Safflower-31 and Safflower-35 lower values 

leaf Ca2+ than those of the other lines under salt stress. 

Salt stress caused a significant reduction in root Ca2+ of all safflower lines. The 

cultivar difference in root Ca2+ remained non-significant. Post hoc analysis of the data for 

root Ca2+ showed a considerable variation among all lines under salt stress. Higher values 

of root Ca2+ were recorded in Safflower-34, Safflower-37, Safflower-38 and Safflower-78 

and lower in Safflower-35 than those in the other lines under saline regime. 

Excessive amount of sodium chloride in the growth medium significantly reduced 

leaf K+/Na+ ratio in all safflower lines (Table 4.15). All safflower accessions differed 

significantly in leaf K+/Na+ ratio. Of all accessions, higher values of leaf K+/Na+ ratio 

were recorded in Safflower-35 and safflower-78, while the lower in accession Safflower-

33 followed by Safflower-32 and Safflower-36 under saline conditions. However the 

other accessions were at par with one and other in leaf K+/Na+ ratio (Fig. 4.14). 

Like leaf K+/Na+ ratio, root K+/Na+ ratio of all safflower lines was decreased 

significantly due to root zone salinity. Maximum root K+/Na+ ratio was observed in 

Safflower-78, while minimum in Safflower-33 of all lines under saline conditions.   

Leaf Ca2+/Na+ ratio of all safflower accessions decreased significantly due to 

application of NaCl in the root zone. All accessions showed a varying response to salt 

stress with respect to leaf Ca2+/Na+ ratio. A maximum decrease in leaf Ca2+/Na+ ratio due 

to salinity was observed in accession Safflower-33, while a minimum in Safflower-32, 

Safflower-36 and Safflower-39. However, in other accessions this decreasing effect in 

leaf Ca2+/Na+ due to salt stress was almost similar.  

A significant decrease in root Ca2+/Na+ ratio due to root zone salinity was 

observed in all safflower accessions. The response of the lines to salt stress with respect 

to root Ca2+/Na+ ratio was variable. A maximum reduction in root Ca2+/Na+ was observed 

in safflower-33 and Safflower-36 of all lines. However, accession Safflower-78 was the 

highest of lines followed by Safflower-37 and Safflower-78 in this attribute.                



 66 
 
  

Table 4.14: Mean squares from analysis of variance (ANOVA) of data for ion analysis of 10 
safflower lines when 28 day-old plants were subjected to salt stress for 56 days. 
Source of variation df  Leaf Na+  Root Na+  Leaf K+   Root K+ 

Main Effects      

Salt 1 2928.2 ***    5343.18 ***   2466.19 ***  8621.62 ***  

Cultivars (Cvs) 9 8.85 *** 36.00 ***   221.01 ***    119.04 ***   

Interaction      

Salt x Cvs 9 5.98 **    30.11 ***    70.14 ***  215.35 ***   

Error 60 2.02 3.89 7.52 7.42 

 Source of variation df  Leaf Cl- Root Cl-   Leaf Ca2+   Root Ca2+ 

Main Effects      

Salt 1 7146.84 ***    5294.25 ***   423.2 ***   43.51 ***     

Cultivars (Cvs) 9 71.07 *** 36.81 ***    3.2 ns    1.61 ns     

Interaction      

Salt x Cvs 9 94.37 ***    30.61 ***    4.67 ns  0.95 ns  

Error 60 4.41 3.66 7.52 1.02 

 *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
 
Table 4.15: Mean squares from analysis of variance (ANOVA) of data for K +/Na+ and  
Ca2+/Na+ ratios of leaves and roots in 10 safflower lines when 28 day-old plants were 
subjected to salt stress for 56 days. 
Source of variation df       Leaf                 Root              Leaf                         Root 

         K+/Na+            K+/Na+           Ca2+/Na+                  Ca2+/Na+    

Main Effects      

 Salt                          1     528.86 ***       1136.56 ***     0.022 ***     0.0055 *** 

   

Cultivars (Cvs) 9      5.02 ***         9.40 ***         0.00019 **          0.000049 **    

Interaction      

Salt x Cvs 9       3.80 ***       8.60 ***           0.00017 **         0.000033 *   

Error 60     0.76              1.92                 0.000064             0.000014 

 *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 
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Fig.4.12. Sodium (Na+) and potassium (K+) in leaves and roots of 10 safflower lines when 28 
day-old plants were subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, 
L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, 
L9=Saff-39, L10=Saff-78). 
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Fig.4.13. Chloride (Cl-) and calcium (Ca2+) ions in leaves and roots of 10 safflower lines when 28 
day-old plants were subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, 
L2=Saff-32, L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, 
L9=Saff-39, L10=Saff-78). 
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Fig.4.14. K+/Na+ and Ca2+/Na+ ratios of leaves and roots of 10 safflower lines when 28 day-old 
plants were subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, 
L3=Saff-33, L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, 
L10=Saff-78). 
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Seed yield of all safflower lines was significantly reduced due to salt stress and 

the lines differed significantly in this yield attribute (Table 4.16). Higher values of seed 

yield were recorded in Safflower-32 followed by Safflower-39 and lower in Safflower-33 

than those of the other accessions under salt regime (Fig. 4.15).  

             In percent of control and Ward’s minimum variance cluster analysis (dendrogram) 

seed yield accessions Safflower-32, Safflower-34 and Safflower-39 were ranked as 

tolerant, while Safflower-37 and Safflower-78 moderately tolerant to salt stress. 

Accessions Safflower-31, Safflower-33, Safflower-35, Safflower-36 and Safflower-38 

were ranked as sensitive to salt stress (Table 4.6, 4.7; Fig. 4.5).  

Root zone salinity had an adverse effect on 100 seed weight of all safflower lines.   

Accessions Safflower-78 and Safflower-38 were the highest while Safflower-33 followed 

by Safflower-36 the lowest in 100 seed weight of lines under saline conditions.     

Number of seeds/plant of all safflower lines was significantly reduced due to root 

zone salinity. The accessions differed significantly in this attribute. Higher values of 

number of seeds were recorded in Safflower-32 and Safflower-34, while lower in 

safflower-78 and Safflower-37 than those of the other lines under saline conditions. The 

response of the other accessions was intermediate with respect to this yield parameter.  

A marked reduction in the number of capitula/plant in all safflower lines was 

observed due to imposition of NaCl to the growth medium. Comparison of the lines 

shows that accession Safflower-32 followed by Safflower-31 was the highest while 

Safflower-38 the lowest of all lines in this yield attribute under salt stress.     

     Excessive amount of salt in the root zone significantly reduced the seed oil 

contents of all safflower lines (Table 4.17). The lines differed significantly in this 

attribute. The maximum salt-induced reduction in seed oil contents was observed in 

Safflower-33 and Safflower-78 followed by Safflower-32 as compared to the other lines. 

However, a lower reduction in seed oil contents was observed in lines Safflower-38 and 

Safflower-35 as compared to those in the other lines (Fig. 4.16).         
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Table 4.16: Mean squares from analysis of variance (ANOVA) of data for yield attributes 
of 10 safflower lines when 28 day-old plants were subjected to salt stress for 150 days. 
Source of variation df     Seed yield    100 seed wt.  Number of seeds     Number of  
  /Plant                                     /plant              capitula/plant 
Main Effects      

Salt 1       342.62 ***       14.22 ***             29157.30 ***          67.1****   

Cultivars (Cvs) 9 5.14 ***         2.29 ***  576.45 ***  3.86 ***     

Interaction      

Salt x Cvs 9 7.25 ***         0.080 ns  302.97 ***   1.27 *    

Error 60 0.33                0.21 58 0.58 
 *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 

 

 

Table 4.17: Mean squares from analysis of variance (ANOVA) of data for seed oil content in 
10 safflower lines when 28 day-old plants were subjected to salt stress for 56 days. 
Source of variation                     df                         Seed oil content 

Main Effects   

Salt                    1                          2023.97 ***    

Cultivars (Cvs)                    9                         118.67 ***   

Interaction   

Salt x Cvs                   9                          55.65 **   

Error                  60                         6.27 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
            ns = non-significant 
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Fig.4.15. Yield attributes of 10 safflower lines when 28 day-old plants were subjected to salt 
stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, 
L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Fig.4.16. Seed oil content of 10 safflower lines when 28 day-old plants were subjected to salt 
stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, L4=Saff-34, 
L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Addition of salt to the growth medium did not significantly affect seed oil 

palmitic acid in all safflower lines. The accessions showed a varying response in this 

attribute (Table 4.18), because in some lines palmitic acid content increased, whereas in 

the others it decreased under salt stress. However, higher content of palmitic acid was 

recorded in Safflower-32, Safflower-34 and Safflower-39, while lower in Safflower-31 

than that of the other lines (Fig. 4.17).  

  
Stearic acid content of safflower seed oil decreased in Safflower-31, Safflower-39 

and Safflower-78, whereas it increased in the remaining lines except Safflower-33 in 

which seed oil stearic acid remained unaffected due to salt stress. Highest stearic acid 

content was recorded in Safflower-36 followed by Safflower-34 of all lines at the salt 

regime.   

Like stearic acid, seed oil oleic acid content in some lines increased, while in 

others decreased or remained unchanged due to salt stress. Accessions Safflower-36, 

Safflower-34 and Safflower-78 had higher, while Safflower-32 lower seed oil oleic acid 

content than those of the other lines.   

There was a non-significant effect on the linoleic acid content of all safflower 

lines. However, variation among the cultivars with respect to this oil component was 

significant. Highest value of linoleic acid was recorded in Safflower-31, while lowest in 

Safflower-34 of lines under salt stress.  
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Table 4.18: Post hoc ANOVA of data for fatty acids percentage in 10 safflower lines when 
28 day-old plants were subjected to salt stress for 56 days. 
Source of variation df Palmitic acid   Strearic acid   Oleic acid Linoleic acid  

Main Effects      

Salt 1 2.08 ns 1.07 ***    73.22 ***  7.56 ns  

Cultivars (Cvs) 9 59.84 *** 0.61 *** 22.59 ***  46.27 ** 

Interaction      

Salt x Cvs 9 70.52 *** 0.44 ns   23.55 ***  106.78 *** 

Error 60 1.71 0.29 4.19 13.01 
*, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 
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Fig.4.17. Fatty acid percent in seed oil of 10 safflower lines when 28 day-old plants were 
subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, 
L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Alpha tocopherol contents in the seed oil of all safflower lines increased due to 

imposition of NaCl to the rooting medium except in line Safflower-33 in which they 

slightly decreased (Table 4.19). The maximum salt-induced increase in α-tocopherol 

contents in the seed oil was observed in lines Safflower-34 and Safflower-78 followed by 

Safflower-36 (Fig. 4.18). Overall, lines Safflower-34, Safflower-38 and Safflower-78 had 

significantly higher α-tocopherol contents than those in the other lines under saline 

conditions. 

The root zone salinity significantly affected the delta tocopherol contents in the 

seed oil of all safflower lines, however, the pattern of increase or decrease in ∆-

tocopherol content due to salt stress was inconsistent. For example, in lines Safflower-31, 

Safflower-33, Safflower-34 and Safflower-35 they increased, while in Safflower-32, 

Safflower-38 and Safflower-78 they decreased significantly under salt stress. However, in 

other lines seed oil ∆-tocopherol contents remained unaffected due to salt stress. The 

maximum increase in ∆-tocopherol contents was observed in Safflower-34 and the 

maximum decrease in Safflower-32 due to salt stress. 

Total tocopherol contents in the seed oil of all safflower lines increased 

significantly due to salt stress applied to the rooting medium except in lines Safflower-

32, Safflower-33 Safflower-39 in which they remained almost unaffected. The 

maximum salt-induced increase in seed oil total tocopherol contents was observed in 

lines Safflower-34 followed by Safflower-35 with respect to their control values. 
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Table 4.19: Mean squares from analysis of variance (ANOVA) of data for different forms of 
tocopherols in 10 safflower lines when 28 day-old plants were subjected to salt stress for 56 
days. 
Source of variation df                     Alpha               Delta               Total                       
                     tocopherol      tocopherol      tocopherol                 
Main Effects      

 Salt                            1         469.52 ***          68.24 ***        841.23 ***          

   

Cultivars (Cvs) 9                    96.87 ***          94.57 ***          253.81 ***   

Interaction      

Salt x Cvs 9         31.79 ***           76.86 ***          126.20 ***     

Error 60                  3.79                    1.18            8.69    
 *, **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 

         ns = non-significant 
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Fig.4.18. Different forms of tocopherols of 10 safflower lines when 28 day-old plants were 
subjected to salt stress for 56 days. (Mean ± S.E; n = 4)(L1=Saff-31, L2=Saff-32, L3=Saff-33, 
L4=Saff-34, L5=Saff-35, L6=Saff-36, L7=Saff-37, L8=Saff-38, L9=Saff-39, L10=Saff-78). 
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Chapter 5                                                                        

                                                                             Discussion 

 

Exploration of genetic variability at inter-cultivar level is a pre-requisite for a 

breeding program entailing crop improvement for different abiotic stresses including 

salinity (Ashraf, 1994; Munns, 2007). In the present study, 10 safflower lines were 

ranked on the basis of their performance at the germination stage, vegetative stage and 

the adult stage in the form of seed yield. Although a significant inter-cultivar variation 

was observed in the set of 10 safflower lines at each growth stage, the tolerance observed 

at one particular growth stage was not maintained at the other growth stages. For 

example, at the germination stage accessions Safflower-31 and Safflower-35 were found 

to be tolerant, however, at the vegetative growth stage and adult stage these lines were 

ranked as salt sensitive or moderately tolerant. Similarly, high seed yield producing lines 

Safflower-32, Safflower-34 and Safflower-39 under saline conditions were found to be 

either moderately salt tolerant or salt sensitive at the vegetative stage in terms of shoot 

biomass production and at the germination stage in terms of percent germination and 

seedling biomass. Likewise, line Safflower-37 which surpassed all lines in shoot biomass 

at the vegetative stage was found to be moderately tolerant in seed yield and sensitive in 

percent germination and seedling biomass.     

From these results it is amply clear that degree of salt tolerance varies in safflower 

with the change in growth stage as has earlier been observed in different crops e.g., 

canola (Qasim et al., 2003), lentil (Ashraf and Waheed, 1993), tomato (Foolad and Lin, 

1997) and radish (Noreen and Ashraf, 2008).   

Of various physiological traits, appraisal of all gas exchange attributes in a crop 

species is crucial so as to predict plant productivity under normal or saline conditions. 

Generally, salt-induced reduction in photosynthetic efficiency reduces biomass which 

ultimately results in reduced crop yield (Ashraf, 2004; Athar and Ashraf, 2005).
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Table: 5.1: Correlation between different variables of different lines of safflower under saline and non-saline conditions. 
 

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

  1 2 3           4 5         6 7 8 9         10 11         12        13       14 
  Shoot f. 

wt. 
Shoot d.       
wt. 

Seed yield      Chl a     Chl b  Chl a/b        A        E        gs       Ci    WUE      Ψw       Ψs      Ψp   

1 Shoot f. wt.                
2 Shoot d. wt. 0.81 **              
3 Seed yield 0.76 ** 0.78 **             
4 Chl a 0.61 ** 0.54 * 0.54 *            
5 Chl b 0.73 ** 0.79 ** 0.65 **             0.75 **          
6 Chl a/b -0.60 **  -0.71 ** -0.51 *   -0.49 * -0.81 **                                                     

7 A 0.83 ** 0.83 ** 0.79 ** 0.61 ** 0.81 ** -0.61 **         
8 E 0.57 ** 0.66 ** 0.53 * 0.48 * 0.63 ** -0.48 * 0.78 **        
9 gs 0.76 ** 0.83 ** 0.84 ** 0.42 ns 0.74 ** -0.61 ** 0.91 ** 0.77 **       

10 Ci 0.45 *  0.52 * 0.58 ** 0.23 ns 0.25 ns -0.02 ns 0.51 * 0.59 ** 0.61 **      
11 WUE 0.72 ** 0.62 ** 0.71 ** 0.52 * 0.62 ** -0.38 ns 0.76 ** 0.21 ns 0.63 ** 0.25 ns     
12 Ψw -0.81 ** -0.82 ** -0.88 ** -0.53 * -0.71 ** 0.52 * -0.86 ** -0.61 ** -0.87 ** -0.63 ** -0.76 **    
13 Ψs -0.81 ** -0.76 ** -0.91 ** -0.63 ** -0.67 ** 0.46 * -0.83 ** -0.52 * -0.81 ** -0.55 * -0.81 ** 0.93 **   
14 Ψp  0.72 **  0.64 **  0.78 ** -0.71 ** -0.54 * 0.37 ns 0.63 **  0.41 ns -0.58 ** -0.32 ns -0.63 ** 0.67 ** 0.85 **  
15 RWC 0.85 ** 0.82 ** 0.85 ** 0.61 ** 0.71 ** -0.54 * 0.87 ** 0.62 ** 0.84 ** 0.58 ** 0.77 ** -0.91 ** -0.91 ** -0.72 ** 
16 Leaf Na+ -0.86 ** -0.84 ** -0.87 ** -0.75 ** -0.75 ** 0.54 * -0.84 ** -0.61 ** -0.76 ** -0.47 * -0.71 ** 0.87 ** 0.91** 0.88 ** 
17 Leaf K+ 0.73 ** 0.51 * 0.47 * 0.37 ns 0.41 ns -0.28 ns 0.62 ** 0.31 ns 0.48 * 0.09 ns 0.64 ** -0.56 ** 0.65 **  -0.67 ** 
18 Leaf Cl- -0.82 ** -0.81 ** -0.77 ** -0.73 ** -0.72 ** 0.51 * -0.81 ** -0.63 ** -0.71 ** -0.36 ns -0.66 ** 0.75 ** 0.82 ** 0.87 ** 
19 Leaf Ca2+ 0.85 ** 0.69 ** 0.82 ** 0.73 ** 0.62 ** -0.48 * 0.73 ** 0.55 * 0.65 ** 0.47 * 0.61 ** -0.81 ** -0.89 **  -0.84 ** 
20 Proline -0.81 ** -0.71 ** -0.76 ** -0.72 ** -0.69 ** 0.45 * -0.81 ** -0.63 ** -0.71 ** -0.52 * -0.65 ** 0.83 ** 0.86 ** 0.75 ** 
21 SOD -0.54 * -0.51 * -0.55 * -0.22 ns -0.33 ns 0.32 ns -0.49 * -0.32 ns -0.51 * -0.49 * -0.49 * 0.61 ** 0.56 ** 0.41 ns 
22 POD -0.29 ns -0.27 ns -0.28 ns -0.47 * -0.41 ns 0.31 ns -0.36 ns -0.25 ns -0.22 ns 0.14 ns -0.37 ns 0.32 ns 0.38 ns 0.51 * 

23 CAT -0.54 * -0.49 * -0.61 **  -0.49 * -0.61 ** 0.41 ns -0.72 ** -0.68 ** -0.69 ** -0.43 ns -0.49 * 0.69 ** 0.63 ** 0.48 * 
24 100 seed wt. 0.55 * 0.52 * 0.52 * 0.37 ns 0.51 * -0.46 * 0.45 * 0.14 ns 0.38 ns -0.05 ns 0.55 * -0.51 * -0.53 * -0.57 ** 
25   
             

Seed oil 
content 

0.62 ** 0.59 ** 0.65 ** 0.69 ** 0.59 ** -0.43 ns 0.52 * 0.36 0.46 * 0.28 ns 0.48 * -0.57 **  -0.69 ** -0.81 ** 
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         15        16 17 18         19        20 21 22 23         24         25 
     RWC  Leaf Na+    Leaf K+   Leaf Cl-  Leaf Ca2+   Proline      SOD      POD      CAT  100 seed   

wt. 
Seed oil 
content 

           
           
           
           
           
           
           
           
           
           
           
           
           
           
           

-0.83 **           
0.49 * -0.66 **          
-0.79 ** 0.94 ** -0.71 **         
0.81 ** -0.91 ** 0.63 ** -0.83 **        
-0.81 ** 0.88 ** -0.64 ** 0.83 ** -0.91 **       
-0.51 * 0.51 * -0.28 ns 0.31 ns -0.41 ns 0.35 ns      
-0.35 ns 0.49 * -0.42 ns 0.43 * 0.45 * 0.55 * 0.25 ns     
-0.69 ** 0.61 ** -0.32 ns 0.51 * -0.55 ** 0.66 ** 0.47 * 0.55 *    
0.33 ns -0.63 ** 0.76 ** -0.66 ** 0.57 ** -0.59 ** -0.25 ns -0.52 * -0.27 ns   
0.47 * -0.81 ** 0.58 ** -0.81 ** 0.77 ** -0.74 ** -0.41 ns -0.51 * -0.31 ns 0.74 **  
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If we draw the relationship of net photosynthetic rate (A) with plant biomass and seed 

yield of all safflower lines under salt stress, a positive correlation (A vs shoot fresh 

weight, shoot dry weight, or seed yield r = 0.83 **; 0.83 **; 0.79 **) was observed, 

which shows that inter-cultivar variation for salt tolerance observed in safflower lines 

might have been due to differences in net CO2 assimilation rate. For example, the high 

biomass producing line Safflower-37 at the vegetative stage had higher net CO2 

assimilation rate (A), while line Safflower-31, being the lowest in biomass production, 

was lower in net CO2 assimilation rate under saline conditions. Since in most of the lines 

a positive relationship between growth and A can be observed, these results are closely 

related to earlier findings in which very close relationship has been found between these 

two variables in different crops, e.g., canola (Ulfat et al., 2007), wheat (Ashraf and 

Shahbaz, 2003; Arfan et al., 2007), Brassica spp. (Nazir et al., 2001) and Phaseolus 

vulgaris (Seemann and Critchley, 1985). From these findings, it is obvious that inter-

cultivar variation for salinity tolerance in safflower was due to genetic variation in net 

CO2 assimilation rate (A). On the basis of these findings it can be concluded that net CO2 

assimilation rate is a useful selection criterion for salinity tolerance in safflower.  

In the present study, the addition of salt to the growth medium also caused 

reduction in transpiration rate (E) of all safflower lines, which is in agreement with some 

earlier reports on different crops, e.g., sunflower (Hebbara et al. 2003), wheat (Ashraf 

and Shahbaz, 2003) and canola (Ulfat et al., 2007). A significant positive relationship of 

transpiration rate (E) with plant biomass and seed yield (shoot fresh weight, shoot dry 

weight, seed yield vs E  r = 0.57 **; 0.66 **; 0.56**) was found, which indicates that 

inter-cultivar variation for salt tolerance in safflower lines might have been due to 

variation in transpiration rate (E). Such a tight association between growth and E has 

already been reported in wheat (Ashraf and Shahbaz, 2003), sunflower (Hebbara et al., 

2003), and canola (Ulfat et al., 2007). However, if parallels are drawn of E with growth 

or yield attributes in individual lines, it is evident that most of the accessions varied 

significantly in their relationship. For example, Safflower-34, a high seed yield producing 

line under salt stress, was among the lines with highest values of E, but it had been salt 

sensitive or moderately tolerant in shoot fresh matter or shoot dry matter, respectively. In 

contrast, Safflower-31, one of the lower yielder, was among the lines with lowest values 
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of E. From the response of individual lines with respect to E and their relationship with 

biomass production or seed yield it is easy to conclude that such relationships were 

cultivar-specific.      

Salt stress also caused a significant reduction in stomatal conductance (gs) and 

sub-stomatal CO2 concentration (Ci) as has been earlier reported in different studies on 

different crops (Gibberd et al., 2002; Arfan et al., 2007). The results of the present study 

show that root zone salinity caused a decline in stomatal conductance (gs) and sub-

stomatal CO2 concentration in all safflower lines, analogous to what has been earlier 

reported in different crops, e.g., cotton  (Meloni et al., 2003), wheat (Ashraf and Shahbaz, 

2003) and canola (Ulfat et al., 2007). If we draw relationship between stomatal 

conductance (gs), sub-stomatal CO2 concentration (Ci) and biomass production, a positive 

correlation (shoot fresh weight, seed yield vs gs or Ci, r = 0.76 **; 0.45 *; 0.84 **; 

0.58*) was observed which showed that variation among the safflower cultivars might 

have been due to variation in stomatal conductance and sub-stomatal CO2 concentration. 

It was observed that the response of most of the lines to salt stress with respect to gs was 

almost similar to that observed in the case of E. For example, line Safflower-37, which 

showed highest values of E had also highest in gs. Furthermore, line Safflower-38, being 

lowest in E, was also lowest in gs. Salt-induced reduction in photosynthesis may be due to 

stomatal limitation by stomatal closure, non-stomatal factors, or both (Dubey, 2005). 

Since there was a significant positive association between A and Ci (A vs Ci, r = 0.51 *) 

so it can be inferred that salt-induced suppression partly occurred through stomatal 

closure.            

 Water use efficiency (WUE) is one of the prospective physiological attributes 

that contribute to plant growth under osmotic stress caused by drought or salinity stress. 

However, salt stress caused a marked reduction in WUE in all safflower lines. 

Furthermore, generally, a positive correlation of WUE was observed with biomass 

production or seed yield in the set of safflower lines. However, a variable response of 

different lines was observed with respect to WUE and biomass production or seed yield. 

For example, of lines Safflower-31, Safflower-38 and Safflower-39 with highest values 

of WUE, only the latter was among the high yielding lines in terms of seed yield,  but the 
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earlier two lines were poor performer in seed yield or shoot biomass. Thus, again the 

response of the lines to WUE was cultivar-specific.         

Photosynthetic pigments such as chlorophyll ‘a’ and ‘b’ are key components of 

photosynthesis because they play a vital role in electron transport wherein the light 

energy is transported into usable form of chemical energy (Santos, 2004; Taiz and Zieger, 

2006).  However, in general, reduction in photosynthesis, due to salt stress is partly 

ascribed to reduction in chlorophyll contents (Delphine et al., 1999; Ashraf, 2004). Salt-

induced reduction in chlorophyll contents can be due to deterioration of pigment protein 

complexes (Strogonove et al., 1970; Singh and Dubey, 1995) or the increased activities 

of chlophyllase, which hydrolyzes chlorophyll (Stivesev et al., 1973). The results of the 

present study show that salinity stress severely reduced leaf chlorophyll ‘a’ and ‘b’ 

contents in all safflower lines, analogous to what has been earlier observed in different 

crop species e.g., sunflower (Ashraf and Sultana, 2000), cowpea (Taffouo et al., 2009), 

soybean (Essa and Dawood, 2001), cotton (Meloni et al., 2003), wheat (Raza et al., 

2006), and pea (Yildirim et al., 2008). A considerable genetic variation in all safflower 

accessions was observed in terms of chlorophyll a and b contents under saline conditions. 

These results are in agreement with those of Salama et al. (1994) in which a significant 

inter-cultivar variation in wheat was observed with respect to photosynthetic pigments. In 

the present study, a positive correlation was found between chlorophyll ‘a’ and ‘b’ and 

net photosynthetic rate (A) (chlorophyll ‘a’ and ‘b’ vs A  r = 0.61 **; 0.81 **) suggesting 

that salt-induced reduction in photosynthetic efficiency might have been partly due to 

decrease in chlorophyll contents. Such a positive association between A and chlorophyll 

pigments has been earlier found in different crops, e.g., sunflower (Ashraf and Sultana, 

2000), wheat (Arfan et al., 2007), and pea (Yildirim et al., 2008). Comparison of the 

relationships of chlorophyll contents of individual lines with their photosynthetic capacity 

(A) or growth performance in terms of shoot biomass or seed yield shows that in most 

cases these relationships were cultivar-specific. For example, most of the lines such as 

Safflower-35, Safflower-36, Safflower-38, and Safflower-39 with highest values of 

chlorophyll a, showed high photosynthetic capacity (A) under saline conditions. 

Furthermore, they also did not produce high biomass or seed yield under saline 

conditions except Safflower-39 which was among the high seed yielding accessions. 
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Maintenance of water relations parameters such as leaf water potential, leaf 

osmotic potential and relative water content (RWC) help plants to sustain their growth on 

salt affected soils which cause osmotic stress to plants (Ashraf, 2004). Water status of 

plants can be maintained by the accumulation of different types of solutes which 

resultantly lower the osmotic potential of the tissues. The extent of solute accumulation 

varies among plant species or even among the plants of an individual cultivar (Ashraf and 

Foolad, 2007). The solute accumulation affects turgor potential of plants. However, in 

general, plants with high values of turgor potential are considered tolerant to salinity 

(Hsiao, 1973; Greenway and Munns, 1980). While drawing a parallel of biomass or seed 

yield with each of water potential, osmotic potential, or turgor potential (shoot fresh 

weight, or seed yield vs water potential, osmotic potential, or turgor potential, r = -0.81 

**; -0.81 **; 0.72 **; -0.88 **-0.91 **; 0.78 **; respectively) a significant association of 

growth or seed yield of safflower lines was found with each of the water relation 

parameters. However, while comparing the turgor pressure values of individual lines, it 

was observed that lines Safflower-31 and Safflower-32 with highest values of turgor 

potential under saline condition were poor performers in terms of shoot fresh and dry 

weight as well as seed yield except line Safflower-32 which was among the high seed 

yielding cultivars under saline conditions. Thus, again the relationship of turgor potential 

with seed yield or growth was dependent of the type of cultivars.   

Ionic balance in the plant vacuoles can be maintained by the accumulation of 

various compatible organic osmolytes in the cytoplasm (Yancey et al., 1982; Hasegawa 

et al., 2000; Ashraf and Harris, 2004). Of various compatible solutes, proline is the 

important one which accumulates to a great extent in salt stressed plants (Khatkar and 

Kuhad, 2000; Ashraf, 1994; Wyn Jones, 1981; Ali et al., 1999; Ashraf, 1993; Singh et 

al., 2000). Proline plays a vital role in plant salt tolerance as an osmoticum as well as an 

osmoprotectant (Ford, 1984; Zhifang and Loescher, 2003). In the present study, salt stress 

significantly increased leaf proline concentration in all safflower lines and there was 

considerable inter-accession variation in the set 10 safflower accessions with respect to 

proline content. While drawing a relationship of leaf proline with biomass or seed yield 

(shoot fresh weight, shoot dry weight or seed yield r = -0.81 **; -0.71 ** or -0.76 ** 

respectively), a negative correlation was observed, which was expected due to the reason 
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that shoot growth and seed yield decreased due to salt stress, while proline content 

increased under saline conditions. However, when the pattern of accumulation of leaf 

proline was observed in individual lines, the response of safflower accessions to salt 

stress with respect to leaf proline concentration was cultivar specific. For example, 

proline concentration was maximum in the leaves of Safflower-32 and Safflower-37, the 

former line being low biomass producing but amongst the lines with highest yields. In 

contrast, Safflower-37 was placed among the high biomass producers, while it was 

intermediate in terms of seed yield. Furthermore, the accessions Safflower-39 and 

Safflower-78 being lowest in proline accumulation showed varying response in terms of 

biomass or seed yield production, the former being among the highest seed yielder but in 

contrast lowest in shoot in shoot biomass. The latter accession was, however, moderately 

tolerant in terms of seed yield and shoot dry biomass. Such inconsistent correlation 

between proline accumulation and salt tolerance has earlier been observed in different 

crops, e.g., Vigna mungo (Ashraf, 1989), rice (Luttts et al., 1999), and tomato (Aziz et 

al., 1998).     

 Of various damaging effects of salinity stress on plants, ion toxicity or nutrient 

imbalance is the major one, which occurs due to accumulation of considerable amount of 

sodium or chloride ions in the leaves of most plant species (Munns et al., 2002; Ashraf, 

2004). Excessive amount of salt (NaCl) in the soil hampers the uptake of various 

essential nutrients, especially that of K+ and Ca2+, thereby causing nutrient deficiency in 

plants (Khan et al., 1999; 2000 b; Khan, 2001; Parida et al., 2004). However, low 

accumulation of Na+ or Cl- in plant tissues particularly in leaves is a potential selection 

criterion for salt tolerance in most plant species (Munns et al., 2000; Ashraf, 2004).     

As a general trend of accumulation of inorganic ions in most mesophytes, in the 

present study, salt stress significantly increased the accumulation of Na+ and Cl-, while 

decreased that of K+ and Ca2+ in the leaves of all safflower lines. While drawing the 

relationship of growth or seed yield of safflower lines with leaf Na+ or  Cl- (shoot fresh 

weight or seed yield vs leaf Na+ or Cl- r = -0.86 **; -0.82 **; -0.87 **; -0.77 **), a 

negative correlation, while of  K+ and Ca2+ with biomass or seed yield (shoot fresh weight 

or seed yield vs leaf K+ or Ca2+ r = 0.73 **; 0.85 **; 0.47 *; 0.82 **) a positive 

association was observed. However, when the pattern of accumulation of different ions 
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was observed in individual lines, again the response of most cultivars to ion accumulation 

was specific. For example, both low leaf Na+ accumulating lines, Safflower-35 and 

Safflower-36, were either salt sensitive or moderately tolerant in terms of seed yield or 

biomass production. Furthermore, of the two low Na+ accumulating accessions, 

Safflower-33 and Safflower-34, the latter was among the high seed yielding accessions, 

but it produced low biomass at the vegetative stage like many other safflower accessions. 

Accession Safflower-33, though accumulated high amounts of Na+ in the leaves, it was as 

good as the two low Na+ accumulating accessions, Safflower-35 and Safflower-36, in 

terms of seed yield or biomass.  

Chloride accumulation was maximum in the leaves of accessions Safflower-31, 

Safflower-32 and Safflower-33, while minimum in Safflower-78 of all 10 safflower lines. 

However, as in the case of leaf Na+, the pattern of accumulations of Cl- was different in 

different lines varying in salt tolerance with respect to shoot biomass or seed yield. For 

example, of the high Cl- accumulating accessions, Safflower-32 was among the high seed 

yielder, while Safflower-31 and Safflower-33 among the low seed yielder, though all 

these being salt sensitive or moderately tolerant in terms of shoot biomass production 

under saline conditions. 

Maintenance of high K+/Na+ and Ca2+/Na+ ratios in plant tissues particularly those 

of leaves or roots is considered as one of the important selection criteria of salt tolerance 

in different crop species (Munns and James, 2003; Ashraf, 2004; Poustini and 

Siosemardeh, 2004; Chen et al., 2001; Chen et al., 2005). Wyn Jones (1981) was of the 

view that for plants to sustain growth on salt affected soils a minimum requirement of 

K+/Na+ ratio in plant tissues is one. In most of safflower lines, the leaf K+/Na+ ratio was 

found to be more than or close to one, which reflects that the maintenance of growth of 

these lines on the saline medium may have been partly due to maintenance of high leaf 

K+/Na+ ratio. However, this criterion was not found helpful in discriminating the 

safflower accessions for salt tolerance. For example, accessions Safflower-35 and 

Safflower-78 were the highest in leaf K+/Na+ ratio under saline conditions, but in 

contrast, they were among the salt sensitive or moderately tolerant lines in terms of seed 

yield or shoot biomass. 
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If parallels are drawn between data for leaf K+/Na+ ratio and leaf Ca2+/Na+ ratio, 

the performance of lines in these attributes was highly variable, because the lines higher 

in leaf K+/Na+ ratio were otherwise in the case of leaf Ca2+/Na+. In addition, the latter 

attribute again was not found to be conducive to discriminate the accessions for salt 

tolerance. For example, accessions Safflower-32, Safflower-36 and Safflower-39 with 

higher values of leaf Ca2+/Na+ ratio were either salt sensitive or moderately tolerant in 

terms of shoot biomass and seed yield except accessions, Safflower-32 and Safflower-39 

which were among the high seed yielding accessions. The pattern of leaf K+/Na+ or 

Ca2+/Na+ ratio as observed in diverse safflower accessions are similar to what has been 

earlier observed in different studies on different crops, e.g., Lolium perenne (Ashraf et 

al., 1990), Lesquerella fendleri (Dierig et al., 2003), Atylosia spp. (Subbarao et at., 

1990). All these reports as well as the present study suggest that the variable pattern of 

uptake or accumulation of toxic ions in different plant species could be due to various 

mechanisms operating at the whole plant or cellular level to counteract the toxic ions 

(Tester and Davenport, 2003; Ashraf, 2004; Munns and Tester, 2008).      

     Environmental stresses including salinity stress can generate reactive oxygen 

species (ROS) in plants to a great extent (Wise and Naylor, 1987; Mittova et al., 2000, 

2002; Munns and Tester, 2008). ROS are produced in mitochondria and chloroplasts of 

plant species under salt stress (Apel and Hirt, 2004). Salt-induced production of various 

types of ROS such as singlet oxygen, hydroxyl radical, hydrogen peroxide and 

superoxide (Halliwell and Gutteridge, 1985; Elstner, 1987), are injurious to plant 

metabolism because they can easily damage the structures of nucleic acids, proteins and 

lipids (Fridovich, 1986; Imlay and Linn, 1988; Mittler, 2002). However, plants can 

counteract ROS through various antioxidant enzymes and non-enzymatic antioxidant 

compounds. The most promising antioxidant enzymes in plants are superoxide dismutase 

(SOD), peroxidase (POD), and catalase (CAT) (Apel and Hirt, 2004). It is widely 

established that most antioxidant enzymes play a significant role in plant salt tolerance of 

different plant species (Ashraf and Harris, 2004; Juan et al., 2005). In the results of the 

present study, saline growth medium significantly increased leaf SOD, POD and CAT 

activities in all safflower lines, and a significant inter-cultivar variation in the set of 10 

safflower lines was observed. If we draw a parallel between leaf SOD or CAT enzyme 
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activity with shoot biomass or seed yield (shoot fresh weight or seed yield vs leaf SOD or 

CAT r = -0.54 *; -0.54 *; -0.55 *; -0.61 **), a negative but significant correlation, while 

between leaf POD and shoot biomass or seed yield (shoot fresh weight or seed yield vs 

leaf POD r = -0.29 ns; -0.28 ns) a non-significant negative relationship was observed.  

While drawing the parallel of SOD, POD or CAT with growth or seed yield 

parameters in individual lines, it is obvious that most of the lines showed varying 

response in their relationships. For example, of all lines, Safflower-36 showed the highest 

activities of all three antioxidative enzymes, but it was moderately tolerant in shoot 

biomass under saline conditions, and sensitive in seed yield. The relationships of the 

activities of antioxidant enzymes of other lines with shoot biomass production or seed 

yield were also variable and hence cultivar-specific. Thus, the activities of antioxidant 

enzymes cannot be safely used as indicators of salt tolerance in safflower.               

In view of exiting literature, it is now evident that salt stress adversely affects the 

seed oil quantity and quality of different crops, e.g. canola (Sharma and Manchanda, 

1997; Qasim et al., 2000), sunflower (Flagella et al., 2004), and Matthiola incana (Heuer 

et al., 2005). In the present study, salt stress significantly decreased the seed oil content 

of all safflower accessions under consideration. However, the response of the accessions 

in terms of seed oil content was significantly variable. Such type of inter-cultivar 

variation in seed oil content was observed in five lines of Brassica juncea under saline 

conditions (Ashraf, 1992). If we draw relationships of seed oil content of the safflower 

accessions with growth or seed yield (shoot fresh weight, shoot dry weight or seed yield r 

= 0.62 **; 0.59 **; 0.65 **, respectively), a significant positive relationship was 

observed. Furthermore, while examining the response of individual lines to salt stress 

with respect to seed oil content, a cultivar-specific response was found. For example, of 

all accessions, Safflower-35 and Safflower-38 were the highest in seed oil content, but in 

contrast, these lines were salt-sensitive in terms of seed yield. However, Safflower-78 

being moderately tolerant in seed yield, was among the lines with low seed oil content.   

Quality of safflower seed oil depends on the composition of fatty acids such as 

palmitic, strearic, oleic and linoleic acid. Seed oil with higher percentage of oleic and 

linoleic acid is recommended as the best quality oil (Hilditch and Willians, 1964; Vles 

and Gottenbos, 1989; Bergman et al., 2000). It is reported that linoleic acid reduces the 
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blood cholesterol level and prevents from cardiovascular diseases (Jacocot, 1995). In the 

present study, salt stress altered the levels of palmitic, stearic, oleic and linoleic acids in 

all safflower lines. The pattern of decrease or increase in these fatty acids due to salt 

stress was cultivar-specific. For example, accession Safflower-34 was higher in palmitic, 

strearic and oleic acids, while lower in linoleic acid, but this line was tolerant with 

respect to seed yield. In contrast, line safflower-31 was higher in linoleic acid, while 

lower in palmitic and strearic acid content as compared to the lines, but this line was salt 

sensitive in terms of seed yield. Overall, it is obvious that salt stress adversely affected 

the quality and quantity of all safflower accessions, although all lines showed variable 

response in this attribute. These results are similar to what has been earlier found in 

different crops such as Oenothera biennis (Heuer et al., 2002), canola (Qasim, 2000), and 

sunflower (Flagella et al., 2004).  

Seed oils of all accessions show considerable resistance against oxidative process, 

when stored at high temperature. Such resistance depends on better stability of fatty acids 

as well as the amount of antioxidant compounds such as vitamin E in the oil (Kamal-

Eldin and Andersson, 1997). Long ago, it was observed that safflower oil with high 

linoleic acid shows less resistance against oxidative stress, due to which it is not 

commercially potential oil (Purdy, 1985). Tocopherols (vitamin E) are non-enzymatic 

antioxidant compounds found to a varying extent in seed oils. They counteract oxidative 

stress thereby maintaining quality of oils (Kamal-Eldin and Appelqvist, 1996). Although 

different types of tocopherols such as alpha, delta, gamma and sigma occur in oils, but α-

tocopherol is the most prominent one, as it performs considerable antioxidant activity 

(Pongracz et al., 1995). In safflower seed oil, α-tocopherol is the major component 

because it is about 95% of total tocopherols (Johnson et al., 1999). Salinity stress can 

generate reactive oxygen species (ROS) in plants to a great extent (Wise and Naylor, 

1987; Mittova et al., 2000, 2002; Munns and Tester, 2008), which damage seed lipids 

(Dat et al., 2000). To combat with reactive oxygen species, plants generate two types of 

defense mechanism; enzymatic and non-enzymatic antioxidants. Of the latter, 

tocopherols (vitamin E) are of great importance (Dat et al., 2000; Alscher and Health, 

2002; Foyer and Noctor, 2003).  
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In the present study, salt stress significantly increased α-, ∆- and total tocopherol 

contents in all safflower lines. These results are in agreement with those of Anwar et al. 

(2006) in which it was reported that salt stress increased tocopherol content in the seed 

oil of Moringa oleifera plant. A considerable variation was observed in the set of 

accessions with regards to this attribute. However, if parallels are drawn of tocopherol 

content with yield attributes in individual lines, some of the accessions showed positive 

associations. For example, accession Safflower-34 being highest in α-, ∆- and total 

tocopherol contents, was also among the accessions with highest seed yield. In contrast, 

Safflower-33 being lowest in α- and total tocopherol contents, was among the sensitive 

accessions in terms of seed yield.  

From the above discussion, it is concluded that considerable inter-accession 

variation for salt tolerance was observed in the set of 10 diverse lines of safflower 

(Carthamus tinctorius L.) examined in the present study. However, the variation 

observed at one particular stage was not maintained at the other. Examination of 

relationships of various physiological and biochemical attributes with growth 

performance of different accessions showed that water relations, accumulation of 

different ions, antioxidant enzymes (SOD, POD, and CAT), and proline accumulation 

were not effective in discriminating the accessions for salt tolerance. In all these 

attributes a cultivar-specific variation was observed. However, photosynthetic capacity 

was found to be the most effective selection criterion for salt tolerance in all safflower 

lines. Thus, screening and selection of safflower germplasm using photosynthetic 

efficiency may provide salt tolerant lines/accessions of safflower. 
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               General discussion 

 

Large areas of the world are affected by salinity. However, a number of strategies 

to counteract this menace have been proposed by different scientists (Azhar and 

McNeilly, 1988; Ashraf, 1994; 2004; Szabolcs, 1994; Munns et al., 2006). Of the 

different strategies, saline soil reclamation by physical or chemical amendments was 

considered as the most effective one, but it is highly cost-intensive so most of the 

developing or least developed countries cannot afford this means of overcoming the 

salinity problem. Thus, alternatively, biotic approach (utilization of salt affected soils by 

growing salt tolerant plants) of overcoming the salinity problem seems more effective, 

being more efficient, economical and less labor-intensive (Ashraf, 2009). The biotic 

approach is a multi-faceted strategy whereby either highly salt tolerant plant species are 

directly grown on salt-affected soils or salt tolerance of different commercial crops can 

be improved by utilizing the inherent variation at intra-specific (inter-cultivar or intra-

cultivar), inter-specific or inter-generic levels (Kingsbury and Epstein, 1984; Ashraf et 

al., 1986; Ashraf and Waheed, 1993; Belkhodja et al., 1994; Ashraf and Ahmad, 1999; 

Ulfat et al., 2007). Thus, in the present study inter-cultivar variation for salt tolerance was 

explored at different growth stages in a set of 10 safflower accessions under salt stress. 

While exploring inter-cultivar variation for salt tolerance in safflower accessions at 

different growth stages, it was revealed that the variation observed at the initial stage was 

not maintained at the latter growth stages i.e. vegetative and adult stage (seed yield). For 

example, two accessions, Safflower-31 and Safflower-35 were found to be tolerant at the 

germination and seedling stage, but they were sensitive when tested at the later growth 

stages. Likewise, accessions Safflower-32, Safflower-34 and Safflower-39 were found to 

be tolerant in terms of seed yield, but they proved to be moderately tolerant or salt 

sensitive at the vegetative stage in terms of growth or their germinability under saline 

conditions. Similarly, accession Safflower-37 found to be tolerant in terms of growth at 

the vegetative stage, was moderately tolerant in terms of seed yield and germinability. 

From the present study, it is clear that degree of salt tolerance in safflower varies with the 

change in growth stage as has earlier been observed in different crops e.g., canola (Qasim 
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et al., 2003), lentil (Ashraf and Waheed, 1993), tomato (Foolad and Lin, 1997), and 

radish (Noreen and Ashraf, 2008).      

It is now well established that salt-induced reduction in plant growth is associated 

with an array of physiological and biochemical processes. Thus, the inter-cultivar 

variation for salt tolerance observed in the set of 10 safflower accessions could have been 

due to variation in regulation of physiological phenomena such as photosynthesis, uptake 

and accumulation of organic and inorganic solutes, water relations, activities of 

antioxidant enzymes, etc.  

Gas exchange characteristics such as net CO2 assimilation rate, transpiration rate, 

and stomatal conductance play a vital role in maintaining plant growth under saline 

conditions. Photosynthetic capacity has been successfully used as an important selection 

criterion for salt tolerance in different crops, e.g., cotton (Faver et al., 1997), Asparagus 

officinalis (Faville et al., 1999), canola (Ulfat et al., 2007), and wheat (Arfan et al., 2007; 

Raza et al., 2007). While drawing a parallel of photosynthetic capacity with growth and 

yield of 10 diverse safflower accessions, a significant positive relationship was observed 

between these attributes, which suggests that net photosynthetic rate (A) can be used as 

an effective selection criterion for salt tolerance in the set of 10 diverse safflower lines 

examined in the present study. Similarly, Arfan et al. (2007), in which it was observed 

that photosynthetic capacity was higher in salt tolerant wheat cultivars than that in the salt 

sensitive ones. While working with maize cultivars, Crosbie and Pearce (1982) suggested 

that improvement in growth and yield of maize could be attained due to better 

photosynthetic capacity under stress conditions. Furthermore, Pettigrew and Meredith 

(1994), while evaluating salt tolerance of some cotton (Gossypium hirsutum L.) cultivars, 

found a positive association between yield and net photosynthetic rate (A) under salt 

stress. In cotton, Faver at al. (1997) documented that some cultivars had higher yield due 

to increase in net photosynthetic rate under saline conditions. Faville et al. (1999) found a 

positive relationship of net CO2 assimilation rate with growth and yield of Asparagus 

officinalis under stress conditions. In a similar study, Ulfat et al. (2007), while examining 

the effectiveness of net  CO2 assimilation rate as a selection criterion in 34 accessions of 

canola (Brassica napus L.), found a positive association of photosynthetic capacity with 

the differential salt tolerance of canola accessions. Such a positive association between 
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photosynthetic capacity and growth was earlier found in wheat cultivars grown under salt 

stress (Ashraf and Shahbaz, 2003). From the results of the present study and reports 

available in the literature, it is clear that high photosynthetic rate (A) plays a significant 

role in maintaining plant growth under saline conditions. Overall, photosynthetic capacity 

(A) was found to be an effective selection criterion for salt tolerance in the safflower lines 

examined in the present study.   

Maintenance of water relation attributes such as leaf water potential, osmotic 

potential, turgor potential, and relative water content (RWC) play a key role in sustaining 

growth and development of plants on saline areas (Ashraf, 2004). Water status of plants 

can be maintained by the accumulation of different types of inorganic or organic solutes 

which ultimately lower the osmotic potential of plant tissues. However, accumulation of 

solutes varies in plant species or even among the plants of an individual cultivar (Ashraf 

and Foolad, 2007). The solute accumulation directly affects turgor potential of plants. It 

is now well established that plants with high values of turgor potential are considered as 

salt tolerant (Hsiao, 1973; Greenway and Munns, 1980; Hernandez et al. 1999; Javed, 

2002). For example, Hernandez et al. (1999) observed higher values of leaf turgor 

potential in salt tolerant pea (Pisum sativum L.) cv. Punget. Similarly, in wheat, Javed 

(2002) found higher values of leaf turgor potential in salt tolerant genotype LU-26 than in 

salt sensitive Potohar. Although the earlier mentioned reports depict a positive 

association of leaf turgor with salt tolerance of different species, there are some other 

reports wherein no or negative relationship has been observed between the two traits 

(Munns, 1993; Ashraf and O’leary, 1996; Tattini et al., 2002; Ashraf and Shahbaz, 2003). 

In the present study, leaf turgor potential was not related to the salt tolerance of 10 

diverse safflower lines. The results of the present study can be supported with those of 

Netondo et al. (2004) in which a very weak association was observed between leaf turgor 

potential and salt tolerance in some sorghum (Sorghum bicolor L.) cultivars. Recently, 

Ali et al. (2008) found no correlation between leaf turgor potential and salt tolerance in 

some wheat cultivars under stress conditions. Such type of relationship between leaf 

turgor and salt tolerance was also observed in some other wheat cultivars (Ashraf and 

O’Leary 1996). Furthermore, Ashraf and Shahbaz (2003) while evaluating 25 wheat 

genotypes for salt tolerance, observed a negative association of leaf turgor potential with 
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salt tolerance under stress conditions. Although, turgor potential plays a key role in salt 

tolerance of different plant species under stress conditions, it cannot be used as an 

effective selection criterion for salt tolerance in the set of 10 diverse safflower lines.  

Excessive amount of salt (NaCl) in the soil impedes the uptake of various 

essential nutrients, especially that of K+ and Ca2+, thereby causing nutrient deficiency in 

plants (Khan et al., 1999, 2000; Khan, 2001; Parida et al., 2004). In the present study, salt 

stress caused a marked reduction in growth of all safflower lines which could have been 

due to higher accumulation of various toxic ions i.e. Na+ and Cl- in leaves and/or nutrient 

deficiency as has been earlier reported in different studies (Greenway and Munns, 1980; 

Ashraf, 1994, 2004; Hagemann and Erdmann, 1997; Hayashi and Murata, 1998). In the 

present study, salt stress significantly increased the accumulation of Na+ and Cl-, while 

decreased that of K+ and Ca2+ in the leaves of all safflower lines. The results of the 

present study are similar to what has been earlier observed in different studies in which 

accumulation of Na+ and Cl- increases with increase in sodium chloride in the growth 

medium (Khan et al., 1999, 2000; Khan, 2001). Similarly, while working with canola 

cultivars, Ulfat et al. (2007) reported that growth of canola cultivars was suppressed due 

to higher accumulation of Na+ and Cl- in the leaves and roots. Similarly, Sabir and Ashraf 

(2007) suggested that higher accumulation of Na+ in the leaves and roots was the main 

cause of growth reduction in 18 accessions of proso millet (Panicum maliaceum L.). 

Likewise, earlier Eker et al. (2006) documented that decline in growth and yield of maize 

cultivars was due to higher accumulation of Na+ and Cl- in their roots and leaves.   

From the results of the present study, it is evident that leaf Na+ and Cl- were not 

found to be useful selection criteria for salt tolerance in the set of 10 diverse safflower 

lines, because the response of each individual line to the accumulation of these ions was 

different. These results are in agreement with those of Foster et al. (1994), in which it 

was observed that leaf Na+ or Cl- accumulation had no positive correlation with growth 

and yield in wheat cultivars. Similarly, Colmer et al. (2005), while working with barley 

cultivars, found that accumulation of Na+ in the leaves and roots had no close association 

with seed yield under stress conditions. In a similar study, Ashraf and Waheed (1992), 

observed that salt tolerant lentil cultivars had higher Na+ accumulation, and had no 

relationship with growth and yield. In another study, Steveninck et al. (1982), suggested 
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that salt tolerant cultivars of Lupinus luteus had higher concentration of Na+ and Cl- in the 

leaves and roots, but they had a negative relationship with shoot biomass production 

under saline conditions. In wheat, Ashraf and McNeilly (1988) found that leaf Na+ 

exclusion in some cultivars had no relationship with salt tolerance. Furthermore, 

Subbarao et al. (1990) observed a negative relationship between leaf Na+ or Cl- 

accumulation and salt tolerance in Atylosia spp. under stress conditions.   

In salt affected soils, presence of high amount of exchangeable Na+ results into 

high Na+/K+ and Na+/Ca2+ ratios, thereby causing inhibition in plant growth (Wyn Jones 

and Lunt, 1967; Marschner, 1995; Davenport et al., 1997; Wenxue et al., 2003). In 

addition, concentrations of K+ and Ca2+ ions become reduced in plant tissues due to 

higher Na+ accumulation. However, plants need a reasonable amount of both K+ and Ca2+ 

ions to sustain their growth and development under stress conditions (Davenport et al., 

1997; Wenxue et al., 2003). Maintenance of K+ and Ca2+ in plants depends on the uptake 

of K+ and Ca2+ and sequestration of Na+ into the vacuoles of plant cells. Maintenance of 

high K+/Na+ and Ca2+/Na+ in plant tissues such as leaves or roots is contemplated as one 

of the important selection criteria of salt tolerance in different crop species (Ashraf, 2002, 

2004; Munns and James, 2003; Poustini and Siosemardeh, 2004; Chen et al., 2005). In 

the present study, leaf K+/Na+ and Ca2+/Na+ ratios were not found to be effective selection 

criteria for salt tolerance in the set of 10 diverse safflower lines. These results are in 

agreement with those of He and Cramer (1993), in which it was observed that leaf 

K+/Na+ had no positive relationship with the salt tolerance of six Brassica species, 

because growth and seed yield of the Brassica species was not related to leaf K+/Na+ at 

the cellular level. Similarly, Munns and James (2003) found a negligible or no 

relationship between leaf K+/Na+ ratio and degree of salt tolerance in wheat cultivars. In 

some barley cultivars differing in salt tolerance, Wenxue et al. (2003) observed a very 

weak association of leaf K+/Na+ with salt tolerance. Leaf Ca2+/Na+ ratio was also found to 

be poorly related with salt tolerance in some genetically diverse cultivars of pigeon pea 

(Subbarao et al., 1990). Earlier, Yeo and Flowers (1985) found a little association of 

Ca2+/Na+ ratio with salt tolerance in some rice cultivars under stress conditions.   

When a plant is subjected to environmental stresses such as drought and salinity, 

proline accumulates to a great extent in plant tissues particularly in the leaves (Ashraf, 
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1994; Ali et al., 1999; Ozturk and Demir, 2002; Kavi Kishore et al., 2005; Ashraf and 

Foolad, 2007). Under stress conditions, proline accumulates mostly in cytosol, where it 

plays an active role in osmoregulation (Leigh et al., 1981; Binzel et al., 1987; Ketchum et 

al., 1991). Besides its role in osmotic adjustment, proline plays a key role in stabilizing 

plant cell membranes and proteins (Srinivas and Balasubramanian, 1995), and also 

maintains NADP+/NADPH ratios for sustaining metabolic processes under saline 

conditions (Hare and Cress, 1997). Proline is one of the premier osmoprotectant that 

plays a crucial in plant salt tolerance (Ford, 1984; Zhifang and Loescher, 2003; Ashraf 

and Harris, 2004; Ashraf and Foolad, 2007). It is widely reported that higher 

accumulation of proline is a characteristic feature of most salt tolerant plants (Ashraf and 

Harris, 2004; Ashraf and Foolad, 2007). For example, Petrusa and Winicov (1997) 

observed higher accumulation of leaf proline in salt tolerant alfalfa (Medicago sativa L.) 

cultivars than that in salt sensitive ones. Long ago, Kirti et al. (1991), while working with 

some Brassica juncea cultivars, found that better growth of plants under salt stress was 

due to higher accumulation leaf proline. In rice, higher accumulation of proline was 

found in the leaves of salt tolerant plants than that in the salt sensitive ones (Hsu et al., 

2003). However, in contrast, in the present study, leaf proline accumulation was not 

found to be an effective selection criterion for salt tolerance in the set of 10 diverse 

safflower lines. Earlier, Lutts et al. (1996; 1999) observed that leaf proline accumulation 

had a negative correlation with growth and yield in rice cultivars under stress conditions. 

Similarly, a negative correlation was observed between leaf proline accumulation and 

growth in tomato cultivars under stress conditions (Aziz et al., 1998). In wheat, Colmer et 

al. (1995), found a negative association of leaf proline content with growth and yield 

under saline conditions. Ashraf (1997) observed no relationship of leaf proline 

accumulation with salt tolerance of mungbean. In soybean, a negative association was 

observed between accumulation of leaf proline and salt tolerance in 15 cultivars (Moftah 

and Michel, 1987). Such a negative association between leaf proline and salt tolerance 

has also been observed in broad bean (Vicia faba L.) (Katerji et al., 2002) and blackgram 

(Vigna mungo L.) (Ashraf, 1989). All these reports including that of the present study 

show that although proline is known as one of the potential osmolytes as well as 

osmoprotectants in plants subjected to salt stress, it is not a universal indicator of plant 
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salt tolerance. The effectiveness of proline as a potential selection criterion is a species- 

or cultivar-specific. 

When plants are exposed to different types of abiotic stresses such as salinity, 

water deficit, extremes of temperature or nutrient imbalances, they generally produce 

reactive oxygen species (ROS) to a great extent (Saran et al., 1997; Mittova et al., 2000; 

Munns and Tester, 2008). Chloroplasts and mitochondria are the main plant cell 

organelles wherein different types of ROS are generated under stress conditions (Asada, 

2006; Apel and Hirt, 2004). Of various reactive oxygen species (ROS), singlet oxygen, 

hydroxyl radical, and hydrogen peroxide are very harmful to plants (Elstner, 1987) which 

damage the structure of biomolecules such as nucleic acids, lipids, and proteins to a great 

extent (Imlay and Lin, 1988; Mittler, 2002). Various antioxidant enzymes and 

metabolites are generally produced to counteract the injurious effects of ROS in plants 

under stress conditions (Chang et al., 1984; Chen and Asada, 1989; Spychalla and 

Desborough, 1990; Hernandez et al., 1995; Garratt et al., 2002). Superoxide dismutase 

(SOD), peroxidase (POD) and catalase (CAT) are the most important and effective 

antioxidant enzymes (Apel and Hirt, 2004). It is widely reported that antioxidant enzymes 

play a vital role in the salt tolerance of different plant species (Sairam et al., 1998, 2000; 

Hernandez et al., 2000; Sreenivasulu et al., 2000; Lee et al., 2001; Mittova et al., 2002, 

2003, 2004; Ashraf and Harris, 2004; Juan et al., 2005). For example, Demiral et al. 

(2005) found higher activities of SOD and POD enzymes in salt tolerant barley cv. 

Scarlet than that in salt sensitive cv. Kaya. Likewise, Gueta-Dahan et al. (1997) observed 

that leaf POD had a very close relationship with salt tolerance in some citrus cultivars. In 

pea (Pisum sativum L.), Hernandez et al. (2000) observed high activities of SOD and 

POD in some salt tolerant cultivars. In a similar study, Sreenivasulu et al. (2000) 

suggested that salt tolerant cultivars of foxtail millet (Setaria italica L.) had higher 

concentration of leaf SOD than that in salt sensitive ones. In tomato, higher accumulation 

of leaf POD was found in some salt tolerant cultivars than that in salt-sensitive ones 

(Sancho et al., 1996). In another study, Lee et al. (2001) found higher accumulation of 

leaf SOD in some salt tolerant rice cultivars than in salt sensitive ones. Furthermore, a 

close association was observed between salt tolerance and the activities antioxidant 

enzymes (SOD, POD, and CAT) in some cultivars of potato (Solanum tuberosum L.) 



 100 
 
  

(Benavides et al. 2000). However, in contrast, in the present study, antioxidant enzymes 

(SOD, POD, and CAT) were not found to be effective indicators of salt tolerance in the 

set of 10 diverse safflower lines. Earlier, Tsai et al. (2004), in which it was observed that 

SOD and CAT activities had no close association with salt tolerance in some rice 

cultivars. In the same crop, Lee et al. (2001) observed that leaf CAT enzyme activity had 

no correlation with salt tolerance under saline conditions. In rice, Khan et al. (2002) also 

reported a negative association between CAT and salt tolerance under stress conditions. 

In another study, Bandeoglu et al. (2004) found no relationship between CAT activities 

and salt tolerance in some lentil cultivars. Although antioxidant enzymes protect plants 

from ROS by scavenging them, they are not a universal selection criterion which could 

be practically used for most plant species. Thus, effectiveness of antioxidant enzyme 

activity as an indicator of salt tolerance varies within a crop species or even among the 

plants of a same cultivar.  

In conclusion, salinity stress adversely affected growth and yield of all safflower 

lines. The reduction in growth and yield was found to be mainly due to accumulation of 

excessive amount of Na+ and Cl- in the roots and leaves. Although, inter-cultivar 

variation in the 10 safflower accessions was observed at both initial (germination and 

seedling) and adult growth stages, variation in salt tolerance observed at the germination 

and seedlings stage was not maintained at the vegetative and adult growth stages. Of 

various physiological parameters examined, net CO2 assimilation rate (A) was found to be 

an effective physiological selection criterion of salt tolerance in all safflower lines. Thus, 

this parameter can be used in any breeding program entailing improvement of salinity 

tolerance in safflower. A number of scientists are of the view that improvement in a trait 

through selection and breeding can be achieved conveniently if a plant species under 

study possesses prominent physiological/biochemical indicators of salinity tolerance at 

the cellular or whole plant level. Thus, unraveling of physiological mechanisms is of 

considerable practical value for devising appropriate breeding programs for improvement 

of stress tolerance. As is evident from the present study with some diverse safflower lines 

that except net CO2 assimilation rate, it was not possible to pinpoint a sensitive 

physiological attribute that could be effectively used for improving salinity tolerance in 

safflower through selection and breeding. This indicates that as with most plant species, 
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the mechanism of salinity tolerance in safflower is also very complex. Since the degree of 

salinity tolerance in safflower varied at different phases of plant development as observed 

in the present study, so the mechanism of salinity tolerance even becomes more complex 

because the extent of expression of genes for salt tolerance varies from stage to stage or 

the genes that express at a stage may differ from those expressing at other stages. Thus, 

detailed information of the genes expressing at a particular stage as well as the extent of 

up-regulation of physiological processes at that stage is of prime importance. 
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                                                                                                Chapter 6                                                  

                                                               Summary                                                             

 

Of various solutions to solve the problem of salinity stress, growing salt tolerant 

cultivar/line on salt affected soil is the imperative one. The objectives of carrying out the 

present study were to assess inter-cultivar variation as well as to draw relationships of 

various physiological and biochemical attributes with salt tolerance of diverse safflower 

accessions. Ten diverse safflower lines were evaluated at varying levels of salt (NaCl) (0, 

60, 120, 180, and 240 mM NaCl) to appraise inter-cultivar variation for salt tolerance at 

the germination and seedling stages. Growth medium salinity significantly reduced the 

germination percentage and biomass of the germinating seeds of all safflower lines at 

higher salt level (240 mM NaCl). A considerable inter-cultivar variation for salt tolerance 

was observed at the germination and seedling stages. Of 10 diverse safflower lines, 

accessions Safflower-31 and Safflower-35 were found to be tolerant, while Safflower-33, 

Safflower-37, Safflower-38, and Safflower-78 salt sensitive at both initial growth stages. 

To further evaluate the 10 diverse safflower lines at later growth stages, an 

experiment was conducted in a wire house in the Botanic Garden of the Department of 

Botany University of Agriculture, Faisalabad, Pakistan. In this adult experiment, the lines 

were grown in sand culture sanitized with no salt (control) and 150 mM NaCl in full 

strength Hoagland’s nutrient solution. Salt stress caused a marked reduction in the growth 

and yield of the 10 diverse safflower lines. The reduction in the growth and yield was 

found to be due to increase in toxic Na+ and Cl-, and decrease in K+ and Ca2+ in the roots 

and leaves, chlorophyll content, relative water content, net CO2 assimilation rate, etc. A 

significant inter-cultivar variation was also found at the vegetative and adult growth 

stages in the set of 10 diverse safflower lines. Although variation for salt tolerance was 

found at all growth stages, that found at the germination and seedling stage was not 

maintained at the vegetative or adult growth stages. On the basis of shoot biomass 

production at the vegetative stage, accession Safflower-37 was ranked as tolerant, while 

Safflower-31, Safflower-32, Safflower-34, Safflower-39, and Safflower-78 as salt 
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sensitive. In contrast, in terms of seed yield, accessions Safflower-32, Safflower-34, and 

Safflower-39 were ranked as tolerant, while Safflower-31, Safflower-33, Safflower-35, 

Safflower-36, and Safflower-38 as salt sensitive. A positive association of net 

photosynthetic rate (A) with growth and seed yield was observed in the 10 diverse 

safflower lines under saline conditions. On the basis of this positive association, net CO2 

assimilation rate (A) was found to be a potential physiological indicator for salinity 

tolerance in all safflower lines.   

Salt stress significantly decreased leaf water potential, osmotic potential, RWC, 

while increased turgor potential in all safflower lines, but parallels could not be drawn 

between these traits and growth or seed yield of the safflower lines. On the basis of this 

information, water relation components cannot be used as indicator of salt tolerance in all 

safflower lines. Root zone salinity substantially increased leaf proline content in all 

safflower lines, however, a negative association of leaf proline was observed with growth 

and seed yield of safflower lines. Although Na+ and Cl- increased markedly in the roots 

and leaves of all lines due to salt stress, which was possible one of the main factors of 

causing reduction in growth and seed yield  of all safflower lines, a negative relationship 

of these toxic ions  with growth and yield attributes was found. Salt stress substantially 

increased antioxidant enzymes (SOD, POD, and CAT) in all safflower lines, but a 

parallel between these antioxidant enzymes and growth or yield of the safflower lines 

could not be drawn, which suggests that the activities of antioxidant could not be used as 

an effective criterion for salt tolerance in the safflower lines. While analyzing the 

composition of seed oil of all safflower accessions grown under saline conditions, it was 

observed that the levels of palmitic, stearic, oleic and linoleic acids were altered in all 

safflower lines due to salt stress. However, such a decrease or increase in these fatty acids 

due to salt stress was cultivar-specific. Salt stress also increased α-, ∆- and total 

tocopherol contents in all safflower lines. A significant inter-cultivar variation was found 

in all safflower lines in terms of this attribute, but it was again cultivar-specific and had 

no relationship with the salt tolerance of the safflower accessions.   

Overall, salinity stress significantly reduced the growth and yield of all safflower 

lines. The decline in growth and seed yield was found to be due to increase in the 

concentrations of Na+ and Cl-, and decrease in K+ and Ca2+ in the roots and leaves, net 
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photosynthetic rate, leaf osmotic potential, leaf water potential, RWC, and chlorophyll 

content, etc. Although inter-cultivar variation was found in the set of 10 diverse safflower 

lines at all growth stages, the variation in salt tolerance found at the germination and 

seedling stages was not maintained at the later stages of growth and development. Of 

various attributes examined in the present study, only net photosynthetic rate (A) was 

found to be an effective selection criterion for salinity tolerance in the set of 10 diverse 

safflower lines.               
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  Conclusions                                                           

 

1. Salt stress caused a marked reduction in growth and yield of 10 safflower lines 

evaluated in this study at both initial (germination and seedling) and adult 

(vegetative) growth stages. 

2. A significant inter-cultivar variation for salt tolerance was found in the set of 10 

diverse safflower lines at all growth stages. 

3. Variation for salt tolerance was found at all growth stages, however, that found at 

the germination and seedling stage was not maintained at the vegetative or adult 

growth stages. 

4. Accession Safflower-37 was ranked as tolerant, while Safflower-31, Safflower-

32, Safflower-34, Safflower-39, and Safflower-78 salt sensitive in terms of shoot 

biomass production. On the basis of seed yield, accessions Safflower-32, 

Safflower-34, and Safflower-39 were ranked as tolerant, while Safflower-31, 

Safflower-33, Safflower-35, Safflower-36, and Safflower-38 salt sensitive.   

5. Salt-induced reduction in growth and yield was mainly due to increase in the 

concentration of Na+ and Cl-, and decrease in K+ and Ca2+ in the roots and leaves, 

chlorophyll contents, and net CO2 assimilation rate.  

6. Reduction in stomatal conductance caused a decline in net CO2 assimilation rate 

(A) in all safflower lines. 

7. Of various physiological and biochemical parameters examined in this study, net 

CO2 assimilation rate was found to be a potential physiological indicator of salt 

tolerance in the set of 10 diverse safflower lines.  
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                                                                                                 Future prospects 

 

Salinity in the soil or water limits crop production to a large extent all over the 

world. Human population is increasing progressively, which is existing more demand for 

food. However, it is difficult to fulfill such demand partly due to world salinity problem 

in the arid and semi-arid regions. At present, overall 20% of the world agricultural land is 

salt affected. However, various strategies such as soil reclamation and biotic approaches 

are being used to overcome the salinity problem in different countries. Growing salt 

tolerant crops on salt affected soil is an economical and efficient means of utilizing such 

marginal lands. Like cereal crops, oilseed crops also contribute substantially to food 

production, but certainly little work has been done related to their stress tolerance. 

Salt tolerant cultivars/lines of different potential crops have been developed by 

the exploitation of natural genetic variations. Such variations exist due to substantial 

differences in physiological and biochemical processes that mediate in mechanism of salt 

tolerance. It is now widely known that selection based on some potential physiological 

and biochemical indicators produces individuals with enhanced salt tolerance. Thus, to 

acquire information on the relationship of different physiological and biochemical 

attributes with salt tolerance of a crop is a pre-requisite. The selection procedures become 

very convenient if they are based on those physiological criteria that reveal a positive 

association with salt tolerance of a crop. Although in the present study, relationships of a 

number of physiological/biochemical attributes with the salt tolerance of safflower lines 

were found, only net photosynthetic rate showed a strong relationship with the salt 

tolerance of diverse safflower lines. Undoubtedly, net photosynthetic rate in most plant 

species is regulated simultaneously by stomatal and non-stomatal factors. Although the 

present study revealed that photosynthesis in safflower lines was regulated significantly 

by stomatal factors, it was not determined up to what extent non-stomatal factors 

contribute to photosynthesis in the safflower lines. This need to be determined in future 

as to what extent different key enzymes and metabolites involved in photosynthesis are 

affected by salt stress in safflower.  
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It is now widely accepted that oxidative defense system in plant plays a vital role 

in plant stress tolerance including tolerance to salinity. Both enzymatic and non-

enzymatic antioxidants are vital for the plant oxidative defense system. However, in the 

present study, the activities of antioxidant enzymes (SOD, POD, and CAT) were 

appraised and their relationships with salt tolerance of the safflower accessions drawn, 

but it was not certain how a non-enzymatic antioxidant metabolites such as glutathione, 

phenolics, ascorbic acid and tocopherols in the plant cells can contribute to the 

mechanism of salt tolerance in safflower. Thus, some studies need to be devised in the 

future to elucidate the role of different types of non-enzymatic antioxidants in the salt 

tolerance of safflower. 

Ion homeostasis is one of the key processes that play a crucial role in plant salt 

tolerance. In the present study, while drawing the parallels between accumulation of toxic 

ions such as Na+ and Cl- and salt tolerance of the 10 safflower lines, no clear-cut 

relationship was possible to be drawn between these two traits. Such a lack of 

relationship between these two traits could be due to a multitude of factors such as 

regulation of ion transport at vacuolar and plasma membranes, expression of genes 

responsible for ion transport, antagonistic effect of different essential elements with Na+ 

and Cl- etc. Elucidation of all these phenomena could be a plausible objective of some 

future studies on safflower crop.           

     A number of other physiological processes either showed little or no 

relationship with salt tolerance of the safflower lines. So the detailed analysis for 

underlying physiological and molecular mechanisms of salt tolerance in this crop using 

functional genomics is an important area of future research. As research on the 

physiology of salt tolerance has demonstrated that overall a trait is determined by several 

sub-traits, each of which may be governed by several genes. In future, when a gene 

related with salt tolerance is identified in diverse safflower lines, markers for salinity 

tolerance can be identified using appropriate molecular biology techniques. 
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