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                                   ABSTRACT 

Environmental stresses are among the most limiting factors to plant productivity. Among 

these, salinity is one of the biggest problems of Pakistan due to its arid to semi-arid 

climate. A rapid increase in demand for food due to increasing population, there is need 

to have salt tolerant crop genotypes in saline land for proper cultivation to meet this 

increasing demand. To investigate the effect of salinity on plant morphological, 

physiological and biochemical attributes and role of potassium in alleviating harmful 

effects of salinity in maize hybrids, two solution culture and one pot experiment were 

conducted. Initially, 9 maize hybrids were grown for four weeks in solution culture using 

three salinity levels (control, 50 and 100 mM NaCl). On the basis of biomass 

accumulation and K+/Na+ ratio, maize hybrids (26204, Hysun 33) and (8441, 33H25) 

emerged as salt tolerant and salt sensitive respectively. Subsequently, physiology and 

biochemistry of salt tolerant and salt sensitive maize hybrids were evaluated in solution 

culture and pot experiment under various levels of potassium and salinity. Results 

revealed that plant growth, RWC, MSI, chlorophyll contents and photosynthetic 

parameters of all maize hybrids decreased under salinity stress. But salt tolerant maize 

hybrids show significantly better plant growth relative to salt sensitive maize hybrids. 

Addition of potassium significantly alleviates the harmful effects of salinity by improving 

plant morphological, physiological attributes and enhancing antioxidant enzymes 

activities. The beneficial effects of potassium were more pronounced in salt tolerant 

maize hybrids than salt sensitive maize hybrids. Furthermore, salt tolerant and salt 

sensitive maize hybrids were grown in solution culture under salinity and heavy metal 

(Cd) stress. The results confirmed that salt tolerant maize hybrid 26204 is also Cd stress 

tolerant by showing better growth under both stress condition relative to maize hybrid 

8441. 

Keyword: maize hybrid, salinity, potassium, antioxidant enzymes 
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CHAPTER 1  

  INTRODUCTION 
 

Maize (Zea mays L.) is one of the most important cereal crops both for human and 

animals because its grain has high fat and protein contents while the green fodder are rich 

in proteins (10-15%). In Pakistan, maize is the third important cereal crop after wheat and 

rice. Being an important “Kharif” crop, maize is grown on an area of one million hectares 

with a total yield of about 3.13 million tones (Anonymous, 2010). Due to its increasing 

importance, improvement in agronomic characteristics of maize has received considerable 

attention in Pakistan (Mehdi and Ahsan, 2000). 

It is estimated that with the passage of time there would be an alarming increase in 

salt affected soil, about 30% land loss within next 25 years and up to 50% by the middle 

of 21st century (Wang et al., 2003; Mahajan and Tuteja, 2005). In addition to this, 

availability of good quality irrigation water is decreasing, thus compelling the farmers to 

irrigate their fields with poor quality water including saline water, agricultural drainage, 

municipal and industrial waste effluents (Shannon and Grieve, 1999). In this scenario, it 

is difficult to get high crop yields, especially in the presence of high concentration of salts 

(Akram et al., 2011). 

 In arid and semi-arid regions of the world, salinity is causing a considerable loss 

of agricultural sector (Shao et al., 2008; Wu et al., 2007). Effects of salinity are more 

apparent in regions where limited rainfall, high evapo-transpiration, and high temperature 

related with poor quality water and soil management practices are the major contributing 

factors (Azevedo Neto et al., 2006). More than 800 million hectares of land throughout 

the world is salt-affected, either by salinity (397 million ha) or by sodicity (434 million 

ha) (FAO, 2005). Geographical area of Pakistan is 80 Mha, with a good canal irrigated 

system (62,400 km long) that covers an area of 20.42 Mha in the Indus plains. 

Incidentally, salt-affected soils are mainly restricted to these plains and are expected to be 

6.17 Mha. Out of 20.4 Mha available for agriculture, irrigated agriculture is practiced on 

about 16 Mha. Rigorous and permanent use of surface irrigation has changed the 

hydrological stability of the irrigated lands, especially in the Indus basin. The ample rise 

in the water table has caused salinity and water logging in huge areas of all four provinces 

of the country, Punjab, Sindh, Khyber pakhtunkhwa and Balochistan. The extent of the 

problem can be accessed from the fact that the area of useful land is being spoiled by 
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salinity at the rate of about 40,000 ha annually (Alam et al., 2000). In the Punjab 

province, one hectare of irrigated land is being lost in every five minutes due to salinity 

(Rahman, 1998). The losses occurred due to salinity are of great anxiety for the countries 

like Pakistan where economy is mainly based on the agriculture.   

Plant responses to salt stresses have been discussed over the last three decades 

(Zhu, 2002; Qin et al., 2010). Salt stress is a complex mechanism which affects almost 

every physiological and biochemical pathways in the plants (Borsani et al., 2003; 

Cuartero et al., 2006; Nabati et al., 2011). Many morphological and physiological traits of 

plant are negatively effected by the soil salinity (Pitman and Lauchli, 2002; Prida and 

Das, 2005; Ahmad, 2010). The effects of salt stress are associated with low osmotic 

potential of soil solution resulting in water stress, nutritional imbalance, specific ion 

effect and any combination of these factors (Evelin et al., 2009). Salt stress  may cause 

membrane disorganization, generation of toxic metabolites, inhibition of photosynthesis, 

generation of reactive oxygen species and attenuated nutrient acquisition leading to cell 

and whole plant death (Hasegawa et al., 2000; Ashraf, 2004; Chartzoulakis and Psarras, 

2005; Sun et al., 2011).   

Another mechanism due to that salinity reduced plant growth and development is 

production of the reactive oxygen species (ROS). ROS are considered as the major cause 

of damage to plant cells under abiotic and biotic stresses (Ali et al., 2011; Bhutta et al., 

2011; Gara et al., 2003; Mittler, 2002). ROS are basically reduced forms of atmospheric 

O2, which are generated through major process like photosynthesis, photorespiration and 

respiration (Uchida et al., 2002; Mittler, 2002). Now it is very clear that plants have 

evolved numerous mechanisms to minimize or eliminate ROS (Beak and Skinner, 2003). 

There are two basic systems enzymatic antioxidant system (EAS) and non- enzymatic 

system (NEAS). EAS is one of the mechanisms which protects cell from ROS damage 

such as superoxide dismutase (SOD), which can be found in numerous cell parts and also 

catalyses O2 radicals to O2 and H2O2 (Scandalios, 1993). H2O2 is protected and eliminated 

by numerous EAS such as CAT (Scandalios, 1993) and POX (Gara et al., 2003) which 

change hydrogen peroxide to water.    

Ion exclusion and sequestration, osmotic adjustment, macromolecules protection, 

membrane lipids homeostasis, function of membrane transport systems (Hasegawa et a1., 

2000) change  in photosynthetic pathway, induction of plant hormones and acceleration 

of reactive oxygen species scavenging systems (Zhu, 2002) in saline environments are 
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important cellular strategies which may confer salinity tolerance in glycophytes. Despite 

the great deal of  research  regarding  salinity  tolerance  in  plants:  mainly on water 

relations, photosynthesis and accumulation  of  various  inorganic  ions  and  organic  

metabolites (Munns,  2007),  the metabolic  sites  at which  salt  stress  damages  plants  

and,  conversely, the adaptive mechanisms utilized by plants  to survive with saline stress 

are still not well understood. The mechanism of salt tolerance becomes even more 

complicated when the response of a plant varies within the concentration of saline 

medium and the environmental conditions in which the plant is grown (Ashraf, 2004). 

 Considerable progress in salinity tolerance has been made through conventional 

breeding methods (Ashraf, 2002). The selection for salt tolerance is more suitable and 

easy if plant species possess unique indicators in response to salinity stress (Ashraf, 2002; 

Munns, 2002). Physiological criteria have many advantages over agronomic parameters 

when plant scientists are involved in screening of salt tolerant genotypes (Yeo, 1994). 

The complex mechanism of salt tolerance and high extent of variation at intra-specific 

and inter-specific levels in plant contributing many difficulties to recognize a single 

indicator, which could be used as an effective selection criteria. Development  of methods  

and  strategies  to  ameliorate  injurious effects  of  salt  stress  on  plants  has  received  

considerable  attention. But currently, there are no economically viable technological 

means to facilitate crop production under saline conditions (Ashraf and Foolad, 2007).   

 Among various macro-nutrients, potassium (K+) occupies an important role in the 

survival of plant under salt stressed conditions (Mengel and Kirkby, 2001; Mahmood, 

2011). Potassium (K+) also plays a pivotal role to balance turgor potential,  membrane 

potential,  stoma movement, tropisms and activating enzymes (Cherel, 2004). A well 

balanced K+/Na+ ratio is very crucial for the proper adjustment of stomatal function, 

activation of enzymes, protein synthesis, cell osmoregulation, oxidants metabolism, 

photosynthesis and turgor maintenance (Shabala et al., 2003). Accumulation of low 

molecular weight carbohydrates in the leaves of plants with low K+ supply significantly 

reduced the transfer of sun energy into assimilates and excessive electrons released from 

the chloroplasts lead to the formation of reactive oxygen species (Cakmak, 2002). 

Furthermore, energy conversion, carbohydrate formation, translocation, N metabolism 

and other metabolic processes in plants are controlled by enzyme systems, about 60 of 

which are activated by K+ (Epstein and Bloom, 2005). From all these reports, it is 
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suggested that potassium is an important cation that plays major roles in plant growth and 

metabolism.   

 Keeping  in view  the beneficial effects of potassium on plant growth, 

research work was  conducted with  the  broad  objectives  to  understand  the  effect  of 

NaCl stress  on  maize (Zea mays L.) plants and the  role  of exogenous  application of 

potassium to improve salt tolerance through a morphological, physiological and   

biochemical approach. However, the specific objectives for the present research work 

were following:  
 To evaluate the ameliorative role of potassium regarding growth, physiological,  

              biochemical and water related changes induced by salt stress in maize plants 

 To evaluate the potassium-induced antioxidant system in maize leaves under salt                 

stress.  

 To evaluate the salinity and potassium interaction regarding leaf gas exchange 

and photosynthetic capacity in maize plants.  

 To evaluate how potassium application affects the uptake and partitioning of                           

Na+ and K+ in maize plants grown under different levels of salinity. 
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CHAPTER 2  

REVIEW OF LITERATURE 

 

2.1 Effects of salt stress on plant growth 
 An injurious effect of salinity stress on plant growth can be classified into four 

factors. 

2.1.1 Osmotic stress 

The salt-induced osmotic stress is the major reason of growth reduction at initial 

stage of salt stress, while at later stages accumulation of Na+ occurs in the leaves and 

reduces plant growth (Munns, 2005; Munns and Tester, 2008; Rahnama et al., 2010). 

High concentration of salt in the root zone limits water potential of soil solution that 

strictly reduces plant root water conductivity. As a result, cell membrane permeability 

drops and influx of water to the plant is greatly reduced (Munns, 2002). In jute, relative 

water content, leaf water potential, water uptake, transpiration rate, water retention, and 

water use efficiency reduced under short-term salt stress (Chaudhuri and Choudhuri, 

1997). The plant species that are  unable  to  regulate  osmotically  cannot maintain  their  

turgor  pressure which results in stomatal  closure  followed  by  reduced  photosynthetic  

activity. Cell division and cell elongation was badly affected by loss in turgor pressure 

(Shannon, 1998). The different studies revealed that growth of the cells is primarily 

correlated with turgor potential and reduction in turgor pressure is one of the major causes 

of inhibition of plant growth under saline conditions e.g., maize (Cramer  et al., 1996), 

rice (Moons  et al., 1995) and Shepherdia argentea (Qin et al., 2010). 

Adverse effect of salinity in the form of osmotic stress at cellular level is well 

documented in a number of comprehensive reviews (Hasegawa et al., 2000; Munns, 

2005; Munns and Tester, 2008). However, the extent of growth inhibition due to salt-

induced osmotic stress depends on the type of plant tissue and concentration of salts 

present in growing medium (Munns et al., 2000). In view of the above mentioned reports 

it is clear that salinity causes osmotic stress to plants but the extent of the effect of this 

stress varies from species to species. It is therefore necessary to understand the 

physiological mechanisms responsible for the salinity tolerance, so as to find out whether 

their growth is limited by the salt-induced osmotic stress, or the toxic effect of the salt 

within the plant. 
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2.1.2 Specific ion toxicity  

 Plants take up and accumulated certain toxic ions from the irrigation water that 

restricted plant growth. It is different from salinity problem. It may occur even when the 

salinity is low. These toxic ions are sodium, chloride, sulphate and bicarbonates which are 

found in excessive amounts in most salt affected soils which can cause severe ion 

toxicity. However, plant responses to specific toxic ions differ and depend on the type of 

species (Dogan et al., 2010). 

It is generally considered that excess amount of Na+ causes nutrient imbalance, 

thereby causing specific ion toxicity (Greenway and Munns, 1980; Ashraf, 1994). Salt 

sensitive species have no ability to control Na+ transport. It was observed that sodium ion 

appears to accumulate more rapidly to a toxic level than Cl- therefore most studies have 

focused on Na+ exclusion and the control of Na+ transport within the plant (Munns and 

Tester, 2008). For example, salinity stress increased the levels of Na+ and Cl- in all parts 

of guava, particularly in the leaves thereby resulting in growth reduction (Ferreira et al., 

2001). Similarly, high accumulation of Na+ in the leaves of different cultivars of Brassica 

napus reduces photosynthetic capacity (Ulfat et al., 2007). Qasim and Ashraf (2006) 

showed that differential salt tolerance in canola cultivars was due to low accumulation of 

Na+ in their leaves. In view of a huge number of published reports Amtmann and Sanders 

(1999) were able to suggest that high Na+ concentration in the cytoplasm interferes with 

normal ongoing metabolic processes. Consequently, plants try to avoid excessive 

accumulation of Na+ in the cytoplasm.  

Specific ion effect can further be assessed from salt sensitive and salt tolerant crop 

varieties. For example, leaf injuries and growth inhibition was observed in those cultivars 

that accumulate more Na+ in their leaves, e.g., in radish, cabbage and canola (Jamil et al., 

2007). In addition to Na+ being a toxic ion, in some species, such as soybean, citrus and 

grapevine, Cl- is considered to be the more toxic ion (Grattan and Grieve, 1999). Van 

Steveninc et al., (1982) found that salt tolerant species of Lupinus luteus accumulated 

more Na+ and Cl- in shoots than salt sensitive Lupinus angustifolius. In contrast, leaf 

injuries were only observed in those soybean varieties that accumulate a high 

concentration of Cl- in their leaves. The toxicity symptom for Cl- is a leaf burn or drying 

of leaf tissues at the extreme leaf tips of older leaves (Marschner, 1995)  

 Physiological basis of Cl- toxicity on plant growth can be explained in view of the 

arguments of White and Broadley (2001) that chloride (Cl-) is taken up through roots and 
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transported to shoot where it causes damaging effects on photosynthesis and other 

metabolic processes. From these reports, it can be concluded that excessive amounts of 

cations or anions in growth medium can cause ion toxicity which is genotypes specific. 

However, variation in specific ion toxicity at inter-specific or intra-specific level could be 

due to some adaptations to toxic ions, which is species specific. 

2.1.3 Nutritional imbalance 

It is now well established that the interactions between salts and mineral nutrients 

result in considerable nutrient instability (Azeem and Ahmad, 2011). Ionic imbalance 

occurs in the cells due to excessive accumulation of Na+ and Cl- and reduces the uptake of 

other mineral nutrients, such as K+, Ca2+ and Mn2+ (Karimi et al., 2005). A higher level, 

salinity limits the concentration of K+ and Ca2+ in the leaves and roots of Brassica napus 

(canola) cultivars (Ulfat et al., 2007; Ashraf and Ali, 2008). High Na+/K+ ratio adversely 

affects metabolic processes in plants (Dogan et al., 2010). 

High concentration of Na+ and Cl- ions in soil solution reduced the uptake of K+ 

ions which ultimately caused K+ deficiency in plants. K+ deficiency result in chlorosis and 

then necrosis in plant leaves (Gopal and Dube, 2003). Potassium is very important for 

enzymes activation, protein synthesis, osmoregulation, stimulating photosynthesis and 

maintaining cell turgor pressure (Freitas et al., 2001; Ashraf, 2004). Ca2+ and K+ both are 

very important for maintaining proper functioning and reliability of cell membranes 

(Wenxue et al., 2003). Maintenance of required K+ level in plant cell under saline 

condition depends upon selective uptake of K+, cellular compartmentation Na+ and K+ 

and distribution in the leaf tissues (Carden et al., 2003). Maintenance the adequate level 

of calcium and its transport in plant cells under salinity stress is also very important 

parameters for measuring salinity tolerance (Soussi et al., 2001; Unno et al., 2002).   

Moreover, numerous studies have revealed that salt stress can reduce K+, Ca2+ and 

N accumulation in different crop plants, e.g. wheat (Raza et al., 2006), sunflower (Akram  

et al., 2007), radish, cabbage (Jamil et al., 2007) and canola (Ulfat et al., 2007). Salinity 

reduces nutrient availability as well as transport to the growing regions of the plant, 

thereby affecting the quality of both vegetative and reproductive organs. For example, 

higher concentrations of Na+ in soil decreased the Ca2+ activity in the external medium 

leads to limit its availability in Celosia argentea (Carter et al., 2005).  

In view of these reports, it is quite clear that salt stress limits the accumulation of 

essential nutrients such as K+, Mg2+ and Ca2+ while increases the concentration of Na+ in 
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most of crop species thereby resulting in reduced growth and yield. This argument is 

further supported by a number of studies in which it was found that exogenous 

application of salt-induced deficient nutrient such as Ca, K or N can mitigate the adverse 

effects of salinity on growth of many crops e.g., wheat, sunflower and beans etc. (Shabala 

et al., 2006; Akram et al., 2007; Mahmood, 2011).  

2.1.4 Reactive oxygen species 

Plants exposure to salt stress enhanced the production of reactive oxygen species 

(ROS) such as H2O2 (hydrogen peroxide), O2
- (superoxide), 1O2 (singlet oxygen) and OH- 

(hydroxyl radical). Overproduction of ROS enhanced lipid peroxidation, protein 

degradation and DNA mutation (Pitzschke et al., 2006). In plant cells, ROS mainly H2O2, 

(O2
-), and OH are generated in the cytosol, chloroplasts, mitochondria and the apoplastic 

space (Mittler, 2002). A rise in reactive oxygen species (ROS) production may result in 

membrane injury (Shalata et al., 2001).  

Plants have developed antioxidant defense system to detoxify the ROS, which 

includes non-enzymatic antioxidant compounds (tocopherols and carotenoids) and 

enzymatic antioxidant like superoxide dismutase (SOD), catalase (CAT), peroxidase 

(POD) and others. The most important antioxidative enzymes are superoxide dismutase, 

peroxidases and catalase (Ali et al., 2011). There are many evidences that plants with 

higher levels of antioxidants have a greater resistance to salt-induced oxidative damage 

(Nabati et al., 2011; Bhutta, 2011). For instance, in a series of experiments with pea 

(Pisum sativum) plants, Hernandez et al., (1995) reported that a salt tolerant pea cultivar 

had higher  activities of mitochondrial Mn-SOD, chloroplastic CuZn-SOD and ascorbate 

peroxidase than that in a salt sensitive pea cultivar. Similarly, over-production of 

glutathione reductase (GSH) and APX have been shown to improve oxidative stress 

tolerance, resulting in enhanced salt tolerance in wheat (Sairam et al., 1998). While 

working with cowpea (Vigna radiata L.), Cavalcanti et al., (2004) concluded that 

efficient SOD-APX-CAT antioxidant system is not necessarily involved in enhancing 

salinity tolerance in plants. Kholova et al., (2010) reported that salt tolerant maize 

genotype have high activites of SOD, APX, CAT, GR and comparatively lower O2
-, H2O2 

and thiobarbituric acid reactive substance contents compared to salt sensitive maize 

genotypes under different salinity levels.   

Concluding from all these reports, we can suggest that increase in antioxidant 

enzymes is a part of the mechanism of salt tolerance and scavenging of ROS through any 
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enzymatic or non-enzymatic antioxidants are more important than simply higher activities 

of antioxidants. However, although a wide range of genetic adaptations to saline 

conditions has been observed in a number of crop species, underlying mechanisms of 

oxidative stress tolerance in crop plants is still not completely understood and thus further 

research should be done. 

2.2 Plant responses to salinity 
High salinity decreases the rate of leaf expansion which may result in reduction of 

total leaf area. The decrease in leaf area in salt sensitive genotypes is due to non effective 

exclusion of toxic ions from transpiration stream which leads to high build up of these 

toxic ions in the leaves, resulting in death of older leaves and new leaves become 

succulent (Munns and James, 2003). All plant growth stages including germination, 

seedling, vegetative, reproductive and maturity stages are affected by harmful effect of 

salinity. Different plant species have different abilities to tolerate the salinity stress at 

different plant growth stages. For instance, the extent of salinity tolerance at different 

growth stages differs in barley (Norlyn, 1980) and wheat (Ashraf and Khanum, 1997).  

Similarly, Ashraf and Fatima (1995) also found that salinity tolerance does not differ at 

different development growth stages in safflower. 

Different scientists have reported that variation in salt tolerance or ability to 

compartmentalize salts in the vacuole depends on the extent of sodium ion exclusion at 

root level (Munns, 2000, 2005; Ashraf, 2004). Carden et al., (2003) found that the salt 

tolerant genotype maintained a 10-fold lower cytosolic Na+ in the root cortical cells than 

the more sensitive genotype. It is well documented that high accumulation of Na+ in 

shoots hampers enzyme activity and other metabolic processes such as protein synthesis 

and photosynthesis (Ashraf, 2004; Munns, 2005). Thus, in most plant species, especially 

glycophytes, Na+ exclusion from the shoot and accumulation in the root is a general 

tendency and hence an important component of salt tolerance (Ashraf, 2004). However, 

Mansour et al., (2005) found that salt induced increase in Na+ accumulation compared 

with a decrease in K+ and Ca2+ was higher in salt tolerant maize cultivar Giza 2 compared 

with that in salt sensitive Trihybrid 321. Furthermore, it was found that high 

accumulation of proline and glycinebetaine was associated with salt tolerance in maize. 

The accumulation of toxic ions in the leaves at inter-specific or intra-specific level could 

be due to some adaptations to tolerate high levels of toxic ions. 
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The phonological responses to salt stress are complex. Zeng et al., (2002) found 

that in rice, tiller numbers were more affected by salinity than 1000 grain weight. In 

glycophytes, growth rate is generally reduced by salinity even at low concentrations 

(Greenway and Munns, 1980). The stunted growth is a consequence of several 

physiological responses, including drought stress, modification of ion balance, carbon 

allocation and utilization and toxic ions (Munns, 1993). Salinity stress greatly disturbs the 

physio-biochemical characteristics in plants. Ahmad and John (2005) studied that salinity 

stress caused significant reduction in relative water contents, potassium concentration, 

nitrate reductase activity and chlorophyll contents in pea plants and increases proline and 

sugar content. 

Photosynthesis is an important physiological process by which plants can 

synthesize their food. It is a main process in plant growth and development. However, the 

rate of photosynthesis varies with the change in environmental factors, thereby affecting 

plant growth (Taiz and Zeiger, 2006). While performing experiment on 34 canola 

genotypes, Ulfat et al., (2007) found that increasing salinity caused reduction in stomatal 

conductance and photosynthetic capacity which resulted in reduced growth. In tomato 

plants, salinity causes accumulation of toxic ions in root, stem and leaves that result in 

reduction in photosynthesis (Dogan et al., 2010).  

While analyzing various factors affecting net CO2 assimilation rate in durum 

wheat, James et al., (2002) observed that rates of photosynthesis in salt-treated plants are 

often unchanged, even though stomatal conductance is decreased. This contradiction 

could be explained by the changes in cell anatomy such as smaller but thicker leaves that 

result in a higher chloroplast density per unit leaf area. For example, both epidermal and 

mesophyll thickness and intercellular spaces were decreased in NaCl treated leaves of the 

mangrove Bruguiera parviflora (Parida et al., 2004). It is also observed that decline in 

leaf expansion under salt stress results in accumulation of unused photosynthates in 

growing tissues. However, the reduction in leaf area due to salinity means that 

photosynthesis per plant is reduced (Munns and Tester, 2008). 

Reduction in photosynthetic capacity due to salt stress could be attributable to 

reduced photosynthetic pigment. Salinity reduces the chlorophyll content and degree of 

reduction in total chlorophyll contents depends on salt tolerance of plant species (Dogan 

et al., 2010). Similarly, salinity level above 90 mM NaCl decreased total chlorophyll, 
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chlorophyll ‘a’, chlorophyll ‘b’ and carotenoids in Pisum sativum and could be one of the 

reasons of reduced growth above salinity threshold limits (Hernandez et al., 1999).  

In view of all these reports, it can be concluded that salt-induced growth reduction 

may have been due to reduction  in photosynthetic capacity, which in turn depends on a 

number of factors such as amount of photosynthesizing tissue (leaf area), photosynthetic 

pigments, leaf external and internal anatomical features that affect the CO2 assimilation 

(gas exchange and metabolism). Furthermore, photosynthesizing tissue is more sensitive 

to both ionic and osmotic components of salinity. Indeed tolerance of photosynthetic 

system to salinity depends on how effectively plant protects its photosynthetic machinery 

from toxic and osmotic effects of salt stress. However, extent of the adverse effects of salt 

stress on photosynthesizing tissue or on growth varies depending upon the type of 

species, level of stress and duration of stress. 

2.3 Salinity and maize growth  
In Pakistan, maize (Zea mays L.) is the third most important cereal crop after 

wheat and rice. Due to its increasing importance in food and fodder, improvement in 

agronomic characteristics of maize has received considerable attention in Pakistan (Mehdi 

and Ahsan, 2000). The area under maize cultivation is expanding continuously because of 

ever increasing population which would definitely demand food security. Many synthetic 

cultivars of maize have been recommended for cultivation in different regions of Pakistan 

like Sahiwal 2002, Golden, Kashmir Golden, Sarhad Sufaid and Ghori. Maize hybrids 

(26204, Hysun-33, 32B33, 6142, 32F10, 6525, 3335, 33H25, 8441), which are cultivated 

in Pakistan, have been studied in this project. 

Maize (Zea mays L.) is widely grown in many regions of the world where soil 

salinity is one of the major agricultural threats to its productivity. While comparing 

different crops for their response to salinity stress, this crop has been categorized as 

moderately salt-sensitive (Maas and Hoffman, 1977) but there is indication that 

considerable intra-specific genetic variation for salt tolerance exists in maize (Azevedo 

Neto et al., 2004; Mansour et al., 2005). Although the extent of salt tolerance in maize 

cultivars observed at early growth stages was not confirmed at later growth stages. The 

response of maize to salt stress varies depending on the stage of development. Vegetative 

stage appears to be most sensitive to salinity, while plants are much less affected at later 

growth stages (Cramer et al., 1996).  
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The most observable effect of salinity on maize plant growth is the reduction of 

leaf water potential. In general, the presence of salt in soil solution decreases the osmotic 

potential of soil, creating water stress and making it difficult for the plant to absorb water 

necessary for growth and hence decreases leaf water potential (Munns, 1993). The 

decrease in leaf water potential was accompanied by decrease in leaf osmotic potential 

(Tattini et al., 1995). Growth of cells is correlated with turgor pressure in the growing 

tissues, decrease in turgor is the major cause of reduction of plant cell expansion under 

salt stress. Sumer et al., (2004) clearly demonstrated the effect of Na+ toxicity along with 

a dominant osmotic effect during first phase in salt stressed maize plants. 

Salt stress decreased the assimilate supply to the growing shoot by inhibiting 

photosynthesis and by lowering the rate of transport of assimilates to the growing points 

in maize plants. This decrease of assimilate supply could be responsible for shoot growth 

inhibition during first phase of salt stress. In addition, its role in controlling growth, 

assimilate supply influence the plant capacity to maintain turgor through osmotic 

adjustment (Yang and Lu, 2005). Reduction in height and fodder yield of maize might be 

due to osmotic effect of salt in irrigation water (Greenway and Munns, 1980). The change 

in water status of plants causes growth reduction, inhibition of cell division and 

acceleration of cell death (Hasegawa et al., 2000). 

Salt sensitivity of maize plants has been observed due to higher accumulation of 

Na+ in the leaves (Fortmeier and Schubert, 1995). Benes et al., (1996) observed that salt 

tolerant maize cultivars restricted Na+ and Cl- in their roots with a subsequent transport of 

these ions to shoot. In contrast, Mansour et al., (2005) studied that salt sensitive maize 

cultivar “Trihybrid 321” was lower in leaf K+ and higher in leaf Na+ than that of salt 

tolerant maize cv. Giza 2. Similarly, Cramer et al., (1996) found that higher biomass 

producing hybrid pioneer 3578 accumulated Na+ two times higher than the low biomass 

producing hybrid pioneer 3578 and revealed that the growth response of maize to salinity 

was primarily affected by osmotic factor. 

Cicek and Cakirlar, (2002) observed the effect of salinity on physiological 

attributes of maize cultivars. They found that salinity caused a marked decrease in shoot 

length, fresh and dry weight, leaf area and relative water contents of maize plants. They 

further concluded that amount of proline, Na+ and Na+/K+ ratio increased under salt stress 

condition. Fortmeier and Schubert, (1995) studied an experiment to investigate the effect 

of salinity on the growth of maize (cv. Pioneer 3906 and across 8023). They concluded 
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that shoot Ca2+ concentration was decreased in both cultivars. The Na+ excluding 

cultivar” Pioneer 3906” showed although reduced growth compared with control while 

the Na+ concentration in the shoot decreased until flowering. It was concluded that Na+ 

exclusion contributes to the salt tolerance of maize. Cramer et al., (1996) in a solution 

culture experiment investigated the effect of salt stress on barley and maize plants and 

found that decrease in relative water content in maize is more pronounced as compared to 

barley under saline condition.   

Salinity stress causes decrease in plant growth due to generation of reactive 

oxygen species (ROS) (Ali et al., 2011; Nabati et al., 2011). To overcome salt- induced 

oxidative stress, plants up-regulate antioxidative mechanisms to detoxify these reactive 

oxygen species. Plants respond differently in their ability to scavenge ROS (Sun et al., 

2011). While dissecting the role of antioxidant enzymes in salt tolerance of maize, 

Azevedo Neto et al., (2006) observed that salt stress increased ascorbate peroxidase 

(APX), guaiacol peroxidase (GPX) and glutathione reductase (GR) in this crop. However, 

this increase in enzymatic activities was more pronounced in salt tolerant maize cultivars 

as compared to the salt sensitive ones. In contrary, salt stress did not change CAT activity 

in salt tolerant line, but the activity of this enzyme was decreased markedly in salt 

sensitive cultivars (Azevedo Neto et al., 2006). The results from different observations 

with maize show that salt tolerance is often correlated with either ion exclusion or with 

more efficient oxidative system to protect photosynthesizing tissues. Kholova et al., 

(2010) reported that salt tolerant maize genotype have higher activities of SOD, APX, 

CAT, GR and comparatively lower O2
-, H2O2 and MDA contents as compared to salt 

sensitive maize genotypes under different salinity levels.   

 2.4 Salinity tolerance of plants   
Salt tolerance of plants can be defined as the capability of plants to withstand the 

effects of higher salt concentrations in the root zone or in the leaves without marked bad 

effects (Shannon and Grieve, 1999). On  the  basis  of  salt  tolerance,  plants  are  divided  

into  two  main  categories: halophytes and glycophytes (Marschner, 1995). Halophytes 

are plants  that can grow  in  the presence of high concentrations  of  salt,  even  higher  

than  that  of  seawater  and  have  a  competitive advantage  over  non-halophytes  in  this  

environment. Glycophytes on the other hand are plants that are sensitive to relatively low 

salt concentrations. According to Munns, (2002) salt tolerance mechanisms in plants are 

mainly of two types, (i) those minimizing the entry of salt into the plant and (ii) those 
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minimizing the concentration of salt in the cytoplasm. Halophytes posses both types of 

mechanism; they exclude salt as well as can effectively compartmentalize the salt in the 

vacuoles. This allows them to grow for long periods of time in saline soils. Some 

glycophytes also can exclude the salts well, but are unable to compartmentalize the 

residual salts taken up as effectively as do halophytes. However, most glycophytes have a 

poor ability to exclude salts and they concentrate to toxic levels in the transpiring leaves. 

Salt tolerance differs among species and cultivars (Ashraf, 2002; 2004), all plants 

in general use the same salt tolerance mechanism (Zhu, 2001; 2002). Salt sensitivity of 

plants also depends on numerous environmental factors (Marschner, 1995), as well as 

plant developmental stage (Ashraf and Khanum, 1997; Vicente et al., 2004). However, 

plant salt tolerance can be achieved by avoiding high ion concentration, i.e., delayed 

germination or maturity until favorable conditions, salt exclusion at root level or 

preferential root growth in non-saline areas, compartmentation of salts in vacuole or  

specialized cells  such as salt glands and salt hairs  or storage in older leaves and selective 

discrimination of Na+ against K+ or Ca2+ (Greenway and Munns, 1980; Marschner, 1995; 

Hasegawa et al., 2000; Tester and Davenport, 2003; Ashraf, 2004; Flowers, 2004; Munns, 

2005).   

2.5 Strategies to improve salt tolerance  
2.5.1 Physiological and biochemical basis of salt tolerance 

 All the attempts to increase tolerance to salinity through conventional plant 

breeding methods are time consuming and laborious and rely on existing genetic 

variability. Moreover, it is difficult to modify single trait that are probably multi gene 

controlled. Taking advantage of the substantial increase knowledge about physiological 

responses, the use of physiological selection criteria can improve the success of empirical 

selection for agronomic traits (Noble and Rogers, 1992). When plants were exposed to 

salt stress conditions, the crop plants try to avoid that stress condition or adopt such 

mechanisms that can save them from the salt damage. 

2.5.1.1 Initial entry of salts into roots 

Roots of various plants showed the symptoms of salt stress as they were exposed 

to growth medium having high concentration of sodium and chloride alone with other 

cations. Uptake of different ions depends upon the plant genotype, temperature, relative 

humidity, growth stage and intensity of light. Presence of higher amount of NaCl in plants 

rhizosphere reduced the plant growth which ultimately decreased the crop yield. Plants 
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adopt different pathways such as apoplastic and symplastic pathways to uptake the ions 

from growth medium. These two pathways, symplastic is driven by energy while the 

other apoplastic pathway is non energy driven pathway. Different osmotic potential is the 

driving force of energy. So plants can check the uptake of Na+ ions by using pathway 

driving force of energy. Uptakes of sodium and potassium ions are affected by different 

transporters which are clearly described by Garciadebleas et al., (2003). . 

2.5.1.2 Intra-cellular compartmentation  

 It was reported that numerous mechanisms have been involved in salinity 

tolerance of plants at cell level. 

2.5.1.2.1 Ion homeostasis pathway 

 Ion pumps such as symporters, antiporters and protein carriers drive the ion 

homeostasis (IH) in the cell. The one best example IH is the salt overly sensitive (SOS) 

regulatory pathway. Salt-overly sensitive mutants (SOS) is one of the  three salt-overly 

sensitive mutants (SOS) that are hypersensitive to specific salt NaCl rather than osmotic 

effect as they are not sensitive to mannitol. SOS1, SOS2 and SOS3 are three mutants that 

show various phenotypes with reference to sodium accumulation (Liu and Zhu, 1998; 

Halfter et al., 2000). SOS3 induces SOS2 on plasma membrane, to enhance the Na+/H+ 

antiporters activities of Arabidopsis thaliana (Quintero et al., 2002; Guo et al., 2004). 

 Na+ is pumped into vacuole which enters into leaf cells before it approaches to 

toxic level for various enzymatic activities. A vacuolar Na+ /H+ antiporter control this 

activity (Blumwald et al., 2000). The Na+/H+ antiporters activity is induced by the 

addition of salt but it enhancement is more in salt tolerant than salt sensitive species 

(Staal et al., 1991). Certain experiments has given emphasis on the mechanism where 

over expressing of vacuolar transporter has improved salinity tolerance of tomato and rice 

(Zhang and Blumwald 2001; Fukuda et al., 2004). The storage of Na+ is facilitated and 

enhanced by the increased uptake of Na+ to short vacuoles and eventually conferring high 

tolerance by lessening Na+ in cytosol.   

 Glycophytes and halophytes have not been able to tolerate high level of sodium in 

the cytoplasm. Therefore, both these types of plants protect their metabolism by 

restricting excessive amounts of Na+ ions accumulation in the cytoplasm. While working 

with barley, Carden et al., (2003) found that a 10-fold lower cytosolic Na+ concentration 

in the root cells is maintained by a salt tolerant variety than a salt sensitive variety, mainly 

at 5 day of salinity stress. Wenxue et al., (2003) found that “Golden Promise” (salt 
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tolerant) when exposed to salt stress maintained significantly less Na+ concentrations but 

more K+/Na+ and Ca2+/Na+ ratios in young leaf blade and young sheath tissues than 

“Maythorpe (salt sensitive). Munns and James (2003) concluded that durum wheat 

genotypes which are more salt-sensitive did not exclude salt from transpiration stream, 

resultantly new leaves harmed and plants lead to ultimate death. 

 In the light of controversial results in various genotypes, it was concluded by Van 

Steveninck et al., (1982) that Lupinus luteus which are salt tolerant species accumulated 

more sodium contents in the stem as compared to L. angustifolius which is salt sensitive 

species. Such type of differences in sodium ion uptake can even be found within one 

species. For example, sodium accumulation differed among maize varieties having 

different salt tolerance index (Hajibagheri et al., 1987). These types of mechanisms may 

exist in all cells of the plant, or within special parts of plants, showing adaptations at 

whole plant level or cellular level (Carden et al., 2003; Tester and Davenport, 2003). It is 

obvious from these reports that glycophytes can adopt both these mechanisms such as ion 

inclusion and ion exclusion. But, these above mentioned two mechanisms rely on pattern 

of ion distribution between leaves and other plant parts (Munns, 2002; Ashraf, 2004; 

Dogan et al., 2010; Nemati et al., 2011).   

2.5.1.2.2 Synthesis of osmoprotectants  

 During osmotic stress, plants accumulate specific organic solutes such as proline, 

free amino acids, sugars and quarternary ammonium compounds which are called as 

compatible solutes. These chemicals do not interfere with plant enzymatic activities even 

when present in higher concentration (Nabati et al., 2011; Ashrafijou et al., 2010). These 

chemicals are present in cytoplasm and certain ions such as Na+ and Cl- are preferentially 

sequestered into vacuole which leads to help in turgor maintaince during osmotic stress 

(Bohnert et al., 1995).  

2.5.1.2.2.1 Sugars  

 Soluble sugars play a central role in osmotic adjustment in almost all plants under 

salinity stress condition. Many researchers reported that under drought or salinity stress, 

plants accumulate sucrose (Nabati et al., 2011; Namati et al., 2011).  Other soluble sugars 

such as fructose and glucose are also very important and had significant role under stress 

condition. Ashraf and Naqvi (1992) reported that under salinity stress soluble sugars in 

shoots of 4 Brassica species such as B. Carinata, B. juncea, B. campestris, and B. napus 

were increased, except B. carinata. When we apply salt in the plant growth medium, it 
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markedly decreased the total sugar contents in the leaves of all eight cultivars of canola 

except the line Oscar (Qasim, 2000).  

2.5.1.2.2.2 Free amino acids  

 Under salinity stress, free amino acids also play major role as a solute in osmotic 

adjustment of plants (Ashrafijou et al., 2010). Previously it was considered that osmotic 

adjustment does not give the physiological basis for this parameter in salinity tolerance 

(Munns, 1993). But identification of solutes in the cells under salinity stress could prove 

valuable information in identifying the plants which are more salt-tolerant. The several 

amino acids such as arginine, glycine, alanine, serine, valine, leucine, and proline, take 

part in osmotic adjustment of cell (Mansour, 2000). By increasing salt dose in the growth 

medium, total free amino acids were markedly increased in all eight cultivars under 

observation of canola lines (Qasim, 2000).  

2.5.1.2.2.3 Proline  

 Generally, in higher plants proline contents are higher and its contents further 

enhanced under salinity stress. (Nabati et al., 2011; Dogan et al., 2010). It is well known 

fact that proline play vital role in membrane stabilization in plant cells (Gadallah, 1999). 

The proline production has been narrated as a non specific response of plants under water 

stress condition (Ashraf, 1994). It was reported that proline contents were increased 

markedly in four Brassica species such as B. juncea, B. campestris, B. napus, and B. 

carinata under salinity stress by increasing in Na+/Ca2+ ratio of the growth solution 

(Ashraf and Naqvi, 1992). It was observed that salt tolerant cultivars of B. Juncea 

accumulate markedly higher concentration of proline in leaves than salt-sensitive 

cultivars under salinity stress (Kumar, 1984). In B. juncea, it was observed that proline 

played a significant role in decreasing lipid peroxidation (Alia et al., 1993). 

2.5.1.3 Up-regulation of the anti-oxidant system during stress  

 Under salinity stress conditions, plants have to face higher concentration of ROS 

such as superoxide, hydroxy-radicals and H2O2 as a result of impaired electron transport 

processes in mitochondria, photorespiration pathway and chloroplast. The production of 

ROS under normal conditions in cell is very low as 240 µMS-1 superoxide and hydrogen 

peroxide is 0.5µM (Mittler, 2002). However, when we apply some stress conditions such 

as heat stress, salinity, light, heavy metals, drought and water logging, the level of ROS 

production reach at very higher magnitudes. Plants have developed numerous systems for 
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scavenging and minimizing the ROS by using different antioxidant enzymes such as 

superoxide dismutase, peroxidases and catalases etc. 

2.5.2 Agronomic characters for salinity tolerance 

The most important criteria for assessing response to salinity stress are yield. 

However, yield components and growth parameters show differential responses to salinity 

stress. Yet, germination rate, shoot dry weight, root dry weight, shoot number, resistance 

to leaf damage, maintenance of flowering, seeds and fruit size, leaf size, plant survival 

have been suggested as practical index by various authors (Akram et al., 2011; Ghaloo et 

al., 2011). Salinity often affects the timing of development and also the tolerance at one 

growth stage usually is not related to another. In a review, Jones and Qualset (1984) claim 

that plant growth attributes must be measured throughout the growth period in order to 

identify the particular salt sensitive growth stages. Agronomic characters represent the 

integration of the physiological mechanisms, genetic and environmental effects on plant 

growth and yield due to salinity (Munns, 1993). Physiological criteria should be able to 

supply more direct and reliable information than agronomic characters (Yeo, 1994). 

Undoubtedly, success of indirect selection for salinity tolerance using physiological and 

biochemical attributes as markers depends on the strength of relationship of such markers 

with plant responses to salinity. 

2.5.3 K+/Na+ ratio 

Under saline condition, due to higher amounts of exchangeable Na+, high Na+/K+ 

ratio occur in soil. Plants subjected to such environment, take up high amount of Na+ 

while uptake of K+ is considerably reduced. Reasonable amount of K+ is required to 

maintain the integrity and functioning of cell membrane (Wenxue et al., 2003). So the 

maintance of adequate K+ in plant tissue under salt stress seems to be depend upon 

selective K+ uptake and selective cellular K+ and Na+ comparmentation and distribution in 

the shoots (Munns et al., 2000; Carden et al., 2003; Chen et al., 2005, 2007).  

Salt tolerant genotypes show high uptake of K+ over Na+  in maize (Fortmeier and 

Schubert, 1995; Akram et al., 2010), in wheat (Munns and James, 2003) and similar 

mechanism of ion uptake has also been observed in barley (Wenxue et al., 2003). High 

K+/Na+ selectivity in plants under saline condition has been suggested as an important 

selection criteria for salt tolerance (Wenxue et al., 2003; Akram et al., 2010). 
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2.5.4 Photosynthesis 

Excessive amount of salt in the photosynthetic tissue can cause shrinkage of 

thylakoids and stacking of adjacent membranes in grana. Ionic balance can cause 

reduction of K+ in chloroplasts and disintegration of the photo system. Positive 

association between photosynthesis and yield under saline condition has been found in 

other crops, e.g., wheat (Akram et al., 2011), Gossypium hirsutum (Pettigrew and 

Meredith, 1994) and Brassica species (Ashraf, 2001). Photosynthetic pigments are also 

amply used to determine the salt tolerance of plants. Thus, lower chlorophyll contents due 

to salinity have been reported in different crops like tomato (Dogan et al., 2010) and 

therefore, chlorophyll contents have been proposed as one of the attributes of salt 

tolerance in crops (Sairam et al., 2002). 

On the basis of varying relationship of rate of photosynthesis with salt tolerance in 

different plant species, it is concluded that the rate of photosynthesis is only useful as a 

selection criterion for salt tolerance in those species where close relationship is present 

between photosynthesis and growth under salt stress condition. It may be possible to 

select, breed or genetically engineer crop cultivars for higher photosynthetic rate to 

improve crop performance on saline soils. 

In order to develop practicable strategies for selecting salt tolerant genotypes of 

potential crops, it is important to know whether changes in physiological or biochemical 

parameters due to salt stress are attributable to detrimental effects of salt stress, or are the 

components of the adaptation mechanism. In view of all these information, it is evident 

that none of above indicators can be considered as universal selection criteria for salt 

tolerance. It would be much more valuable if these indicators are specified for individual 

species. 

2.5.5 Shot-gun approaches 

 To induce salt tolerance in plants, scientists proposed exogenous applications of 

compatible solutes, antioxidants, growth promoters, and inorganic salts (Hayat and 

Ahmad, 2003; Raza et al., 2006; Ashraf and Foolad; 2007). Although, a number of 

traditional plant breeding, molecular biology and genetic engineering techniques are in 

craze to develop  salt tolerant lines/cultivars of important commercial crops but a limited 

success has been achieved in developing salt-tolerant cultivars through them (Ashraf and 

Foolad, 2007). Alternatively, in some salt resistant varities has been developed by 

exogenous application of various inorganic and organic chemicals. Exogenous application 
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of these compounds has been proposed as an efficient and cost effective approach to 

improve crop productivity under stress conditions (Ashraf and Foolad, 2007). In the past 

few decades various types of inorganic and organic chemicals have been used to 

ameliorate the poor effects of salinity stress on a number of potential crops. However, the 

extent of their ameliorative effect depends on a number of factors including the type of 

chemical and its interaction with different types of salts in the growth medium of plants, 

type of crop, the mode of their application, growth stage at which they are applied etc.  

2.5.5.1 Effect of potassium on morphological, physiological and biochemical 

attributes 

2.5.5.1.1 Morphological attributes 

Salinity is an agro-environmental problem limiting plant growth and development 

in the arid and semi- arid regions of the world (Ashraf, 2004). Salinity stress reduces 

relative growth rate, net photosynthetic rate, net assimilation rate and alter biomass 

production (Akram et al., 2011; Sun et al., 2011). Kabir et al., (2004) reported that 

salinity reduced total dry matter of plants which ultimately cause reduction in crop yield 

but application of potassium improved growth and biomass yield of barley under saline 

condition (Mahmood et al., 2011) 

Nadia and Bardan (2006) conducted an experiment to investigate the effect of 

potassium rates on barley growth and mineral contents under saline conditions. They 

found that increasing potassium rates gradually increased the yield of straw and grains as 

well as plant height. It is clear that salinity affects crop production and agricultural 

sustainability in many regions of the world, mainly by decreasing the value and 

productivity of the affected lands (Mohammad et al., 1998). 

The inhibitory effect of salinity on potassium translocation was stronger with low 

potassium concentration in the nutrient solution, when compared at two levels of K+ 

supply in maize seedlings i.e. 0.1 and 1 mmol L-1 (Botella et al., 1997). Thereby, salinity 

did not affect root dry weight, but low levels of K+ in the nutrient solution significantly 

reduced shoot dry weight. Similar responses have been found in spinach plants, which 

responded to an increasing K+ concentration, reducing the differences in shoot growth 

between plants grown under low salinity and those grown under high salinity (Chow et 

al., 1990). The salinity-induced inhibition of shoot growth at low levels of K+ in the root 

medium was attributed to the effect of K+ deficiency and/or Na+ toxicity on the plants. 
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Endris and Muhammad (2007) conducted an experiment in a green house to 

observe the yield responses of barley exposed to salt stress under potassium nutrition. 

They concluded that application of potassium to barley grown under saline condition 

could bring improvement yield and yield components parameters, which would otherwise 

suffer badly. Aslam et al., (1998) compared different methods of potassium application in 

rice under saline soil medium and reported that paddy, straw yield and 1000-grain weight 

increased with potassium application. 

Potassium was applied at the rate of 0, 40, 80, and 120 Kg ha-1. Maximum grain 

yield and 1000-grain weight was obtained by applying potash at 120 Kg ha-1 (Sharif and 

Hussain, 1993). Yield components in maize like ear length, 1000-grain weight and 

number of grains per ears remained unaffected but ear yield was significantly affected by 

increasing potash rate. Similarly the parameters like plant height, days to tasseling and 

silking remained unaffected, however stalk yield and protein contents were significantly 

affected. The most recommended level of potash is 125-160 Kg ha-1 beyond this the 

application of potash is not profitable (Chaudhry and Malik, 2000). Applying potash at 

the rate of 150 Kg ha-1 increase yield and net profit, with grain yield increased by 10.8 Kg 

for each Kg potash applied (Zhang et al., 2000). 

2.5.5.1.2 Physiological attributes 

Potassium is essential for many physiological attributes like photosynthesis, 

activation of enzymes and reducing excess uptake of sodium under saline condition 

(Mengel and Kirkby, 2001; Reddya et al., 2004). Potassium is an important nutrient that 

maintains the turgidity in plants cells (Carroll et al., 1994). Salinity reduced adversely the 

relative water contents and water retaining capacity but application of higher amount of 

potassium significantly improved the plant water relation in mung bean plant (Kabir et 

al., 2004). High salinity caused a great reduction in growth such as leaf area, fresh and 

dry weight of leaves. These changes were related with a decrease in relative water content 

and K+ concentration (Ghoulam et al., 2002). The decreased relative water content 

(RWC) under saline condition was also reported in different crops such as in alfalfa 

(Serraj and Drevon, 1998), mungbean (Nandwal et al., 2000) and Kochia scoparia 

(Nabati et al., 2011) 

Effect of potassium on photosynthesis efficiency has been observed in sugarcane 

and it was noticed that salinity treatment significantly reduced photosynthetic efficiency 

but application of potassium significantly improved photosynthetic parameters (Noaman, 
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2004). The higher rates of photosynthesis were attributed to lower concentration of Na+ 

and Cl- in the leaves (Dogan et al., 2010). Perera et al., (1994) reported that transpiration 

and stomatal conductance decreased with salinity. Transpiration and stomatal 

conductance are directly involved in photosynthesis, decrease in transpiration and 

stomatal conductance results decrease in CO2 assimilation and photosynthesis. They 

further concluded that higher stomatal conductance in plants is known to increase CO2 

diffusion into leaf, thereby favoring higher photosynthetic rates. Higher CO2 assimilation 

rates could in turn favor a high growth and higher crop yield (Perera et al., 1995). Leaf 

growth, gas exchange and chlorophyll fluorescence of the sorghum varieties were 

measured in response to NaCl concentration by Netondo et al., (2004). Meloni (2004) 

also studied the effect of salinity on some growth and physiological parameters in 

algarrobo (Prosopis alba L) seedling and concluded that high salinity reduced root 

growth, shoot growth and relative water contents. 

Leaf relative water contents and osmotic potential were significantly decreased at 

low potassium content in red beet (Subbarao et al., 2000). Potassium in soil helped to 

absorb more water to reach turgidity under saline condition. It is also known that 

potassium is an important component of cell osmotic potential which is involved in 

physiological and biochemical processes including photosynthesis and maintain of 

turgidity in plants exposed to salt stress condition (Akram et al., 2009). 

2.5.5.1.3 Biochemical attributes 

 Salinity reduces plant growth by inhibiting many physiological and biochemical 

processes such as nutrient uptake and assimilation (Munns, 2002; Ali et al., 2011).  

Potassium is essential for protein synthesis, activation of enzymes and photosynthesis; an 

osmoticum mediating cell expansion and turgor driven movements and competitor of Na+ 

under salt stress (Hu and Schmidhalter, 2005). Several studies have shown that 

application of potassium mitigates the unfavorable effects of salinity through its role in 

stomatal regulation, osmoregulation, energy status, charge balance, protein synthesis and 

homeostasis (Sanjakkara et al., 2001; Mahmood, 2011).  

 Potassium in elemental form is generally required to activate at least 60 different 

enzymes, which take part in plant growth (Suelter, 1985). Enzymes are protein in nature 

and synthesis of proteins depends on the efficient nitrogen metabolism which is disturbed 

by salinity. Transport of amino acids to the sites of protein synthesis, act of enzymes 

syndrome and balancing of electrical charges are among key roles of potassium (Ashraf, 
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2004). Potassium is often considered to be a nutrient of primary importance for cereal and 

oil seed crops. Plants exposed to environmental stress factors, such as salinity, drought, 

high light intensity and nutrient limitations, suffer from oxidative damage catalyzed by 

reactive oxygen species (ROS) e.g. super oxide, hydrogen peroxide and hydroxyl radical, 

ion toxicity and K-deficiency. Salt tolerant genotypes respond to salinity by increasing 

anti-oxidative defense systems for detoxification of ROS (Zhu, 2001; Ali et al., 2011; Sun 

et al., 2011). 

 Increasing evidence suggests that improvement of potassium (K+) nutritional 

status of plants can greatly lower the ROS production (Cakmak, 2005). Potassium humate 

application increased the activities of superoxide dismutase (SOD), peroxidases (POD) 

and catalase (CAT), decreased the content of MDA, and delayed the senescence of ginger 

root (Liang et al., 2007). KNO3 application alleviates salinity effect in winter wheat by 

enhancing activities of antioxidant enzymes (Zheng et al., 2008). The scavenging of ROS 

by the scavenging system especially SOD, CAT and GPX activities improved by 

potassium application (Soleimanzadeh et al., 2010). Suelter (1985) reported that 

application of potassium accelerate the enzymatic activity of pyruvate kinase involved in 

conversion of 3-p-glyceraldehyde to pyruvate with associated energy production in the 

glycolytic pathway. For maintaining ionic balance in the vacuole, cytoplasm accumulates 

low molecular weight compound which are termed as compatible solutes. These 

compatible solutes included mainly proline (Sing et al., 2000) and glycinebetain (Khan et 

al., 1998). They do not interfere with normal biochemical function of plants. 

Accumulation of Na+ and impairment of potassium nutrition is major 

characteristic of salt-stressed plants. Therefore, K+/Na+ ratio in plants is considered a 

useful guide to assess salt tolerance (Akram et al., 2010). Selection or breeding genotypes 

with high K+/Na+ ratio is an important strategy to minimize growth deceases in saline 

soils (Santa-Maria and Epstein, 2001). Rascio et al., (2001) identified a wheat mutant 

with a high ability to accumulate K+ in the shoot and showed that this mutant compared to 

other wheat genotypes greatly improved tissue hydration, seed germination and seedling 

growth under increasing concentration of NaCl. Saline soils generally have higher 

concentrations of Na+ than K+ and Ca2+ which may result in passive accumulation of Na+ 

in root and shoot (Bohra and Doerffling, 1993). High levels of Na+ can displace Ca2+ 

from root membranes, changing their integrity and thus affecting the selectivity for K+ 

uptake (Cramer et al., 1987). Xylem loading of K+ is regulated by K+ uptake from 
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external solution (Engels and Marschner, 1992). This indicates that Na+ salinity besides 

reducing the K+ uptake rate; also interfere to a greater extent in K+ translocation from root 

to shoot, which results in a lower K+ shoot content and a higher K+ root content.  
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 CHAPTER 3  

RESULTS AND DISCUSSION 
 
 
Study 1 

3.1: Screening maize hybrids for salt tolerance by measuring K+ and        

Na+ concentration in leaf sap 

3.1.1 Introduction 
Soil salinity is one of the most serious problems which drastically affect crop 

productivity throughout the world. Effects of salinity are more obvious in regions where 

limited rainfall, high evapo-transpiration, and high temperature associated with poor 

water and soil management practices are the major contributing factors (Azevedo Neto et 

al., 2006). In saline soils, deleterious affects of soluble salts on plant growth are 

associated with (a) low osmotic potential of soil solution resulting in water stress (b) 

nutritional imbalance (c) specific ion effect (d) any combination of these factors (Ashraf 

and Harris, 2004). Generally, plants are able to tolerate salinity by reducing leaf osmotic 

potential via either the synthesis of organic solutes or the accumulation of inorganic ions 

(Hasegawa et al., 2000).  Therefore, genotypic differences in salt tolerance may also 

reflect the importance of the leaf water relations of the plants. 

The problem of soil salinity is best tackled by either altering farming practices to 

prevent soil salinization, or by using deep-rooted vegetation. To make successful, both 

approaches depends on the use of salt-tolerant species. Therefore, large-scale soil 

amelioration has to be complemented by efficient breeding programmes to increase the 

salt tolerance of plants by either traditional breeding or genetic manipulation technologies 

(Tester and Davenport, 2003). 

The bottleneck of breeding programmes is the lack of reliable, convenient, 

inexpensive and quick screening techniques (Zhu 2000; Munns and James, 2003). Many 

potential criteria or traits have been proposed for screening like according to growth rate 

(Greenway, 1962), plant survival at high salinity (Sayed, 1985), germination rate (Von 

Well and Fossey, 1998), leaf or root elongation rate (Cramer and Quarrie, 2002), loss of 

chlorophyll and damage to the photosynthetic apparatus (Krishnaraj  et al., 1993), Na+ 

exclusion (Garcia  et al., 1995), K+/Na+ discrimination (Asch et al. 2000) and Cl– 
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exclusion (Rogers and Nobel, 1992). Most of these selection criteria are not related to 

each other, resulting in different estimates of salt tolerance. Salt tolerance involves 

responses to cellular osmotic and ionic stresses and their consequent secondary stresses 

and whole-plant co-ordination. Flowers and Yeo (1995) have suggested that screening for 

salt tolerance should be made on the basis of physiological markers, either singly or in 

combination, rather than selection being simply upon yield. 

Screening of large number of genotypes of a crop is necessary to identify the salt 

tolerant germplasm for breeding programs to evolve the salt tolerant and high yielding 

crop varieties. This approach involves understanding the response of plants at different 

growth stages under saline conditions as reported in different crops such as wheat (Ali et 

al., 2002; Khan et al., 2003 b), soybean (Kamal et al., 2003), sorghum (Azhar and Khan, 

1997), rice (Shannon, 1998), cotton (Azhar and Ahmad, 2000). Salinity had more adverse 

effect on to growth of maize at germinating stage than other stages of growth (Khatoon et 

al., 2010). These also provide clues to breeders looking for plants of economic 

importance with improved salt tolerance. 

One of the key features of plant salt tolerance is the ability of plant cells to 

maintain optimal K+/Na+ ratio in the cytosol (Tester and Davenport, 2003) and K+ /Na+ 

ratio in plant tissues have been suggested as a potential screening tool for plant breeders  

to develop salt tolerance genotypes (Akram et al., 2010). There is evidence that a cell’s 

ability to retain K+ is at least as important for plant salt tolerance as its ability to exclude 

or compartmentalize toxic Na+ (Shabala, 2000; Shabala et al., 2003). On this basis K+ 

uptake measurement may provide a quick and reliable screening test on seedlings that 

will save field space and time. The above hypothesis was comprehensively tested in this 

study by using 9 maize hybrids in a solution culture experiment at 50 to 100 mM NaCl. 

This research describes the effect of soil salinity on the germination and seedling growth 

of these maize hybrids. The screened material can be recommended for cultivation on 

saline soil. 

3.1.2 Materials and methods 
3.1.2.1 Plant material, growth and treatment condition 

The solution culture studies were conducted in the rain protected wire house of 

Saline Agriculture Research Centre (SARC), University of Agriculture, Faisalabad. Seeds 

of 9 different maize (Zea mays L.) hybrids i.e., 26204, Hysun-33, 32B33, 6142, 32F10, 

6525, 3335, 33H25, 8441 were collected from four different seed companies i.e., Pioneer, 
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Soni Dharti, Syngenta and ICI. Healthy seed of these hybrids were sown in trays 

containing pre-washed sand.  

At two leaf stage, the seedlings were wrapped with foam at root shoot junction, 

were transplanted in thermo pole sheets with holes in them floating on 200 L capacity 

iron tub, lined with polythene sheet containing ½ strength Hoagland’s solution (Hoagland 

and Arnon, 1950) and aerated by air pump continuously. The culture solution was 

changed after one week. The design of the experiment was CRD with factorial 

arrangement having five replicates. After one week of transplanting, salinity levels 

(control, 50 and 100 mM) were developed with NaCl salt in three increments, whereas in 

control no salt were added. The pH was maintained 6.5± 0.1 throughout the experiment. 

3.1.2.2 Plant harvest 

After four weeks plants were harvested and washed thoroughly and shoot and root 

length was recorded. The youngest fully expanded leaves were separated at harvesting 

time and stored at freezing temperature to determine K+ and Na+ concentration. Plant 

samples were dried at 65±5 0C to constant weight in a forced air-driven oven and dry 

weight of root and shoot (g plant-1) were determined.  

3.1.2.3 Determination of chlorophyll content, leaf area, Na+ and K+ contents 

Total chlorophyll content of the leaves was determined by SPAD chlorophyll 

meter (Minolta, Japan), while leaf area was measured by using leaf area meter. Na+ and 

K+ concentration was determined in leaf sap by using Sherwood 410 Flame photometer. 

3.1.2.4 Statistical analysis   

All values reported in this study are mean of at least five replicates. A one-way 

analysis of variance (ANOVA) was performed by using a statistical package, SPSS 

version 16.0 (SPSS, Chicago, IL). 

3.1.3 Results 
3.1.3.1 Plant growth parameters 

Four weeks of salinity treatment had a strong impact on root and shoot growth, 

with both root and shoot length significantly reduced (Table 3.1.1). The impact of 

salinity, however, differed substantially between maize genotypes. Based on this data, we 

identified the most tolerant maize hybrid 26204 (on an average, 86 and 65% of control 

root length and 79 and 64% of control shoot length at low and high salt stress, 

respectively). Maize hybrid 8441, on the contrary, showed much greater sensitivity to  
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      Table 3.1.1: Root and shoot length of nine maize hybrids after 4 weeks exposure to NaCl 
Maize 
Hybrids 

Root length (cm) Shoot length (cm) 

Control 50mM 100mM Control 50mM 100mM 

26204 44.6±10.0 ab 38.4±2.7 b-e(86) 29.4±1.3 g-l(66) 108.2±7.3 ab 85.8±4.2 c(79) 70.0±4.6 de(65) 

Hysun-33 43.0±7.7 abc 36.6±3.4 c-g(85) 27.6±2.0 h-m(64) 110.6±6.4 ab 78.4±5.9 cd(71) 64.8±4.0 efg(59) 

32B33 48.6±3.6 a 36.4±3.3 c-g(75) 25.8±8.0 i-n(53) 107.8±7.4 ab 74.4±6.5 de(69) 57.2±14.9 fgh(53) 

6142 45.0±8.7 ab 33.6±3.0  d-h(75) 25.0±2.0 i-n(56) 115.8±12.7 a 72.6±6.3 de(63) 54.6±6.2 gh(47) 

32F10 41.4±11.5 abc 32.6±2.4 e-i(79) 23.8±3.8 j-n(58) 106.2±4.2 ab 69.8±6.4 de(66) 50.0±7.1 h(47) 

6525 38.4±5.2 b-e 31.2±2.3 e-j(81) 23.4±4.9 k-n(61) 106.6±8.2 ab 68.6±5.3 def(64) 49.2±12.3 h(46) 

3335 40.8±5.1 bcd 30.6±5.3 f-k(75) 22.2±4.3 lmn(54) 102.6±11.3 b 67.2±6.2 def(65) 48.8±9.9 h(48) 

33H25 36.8±3.7 c-g 29.6±2.0 g-l(80) 20.6±2.8 mn(56) 104.2±9.4 b 67.0±9.0 def(64) 47.6±10.9 h(46) 

8441 38±3.9 b-f 26.4±2.4 h-m(69) 18.6±5.3 n(49) 104.8±8.0 b 64.6±6.3 efg(61) 33.6±9.1 i(32) 
      Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of      

probability and values in parenthesis are the percent of control.   
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NaCl treatment (on an average 69 and 48% of control of root length and 61 and 32% at 

low and high salt stress, respectively). In general, shoot and root length of tolerant 

genotype was less affected as compared to salt sensitive maize genotypes. All the other 

were in between these two hybrids. 

3.1.3.2 Plant biomass 

Plant biomass was severely affected due to increase in salinity level consequently; 

fresh and dry weights were reduced. The data indicates the means of root and shoot fresh 

weight of maize hybrids under control and different levels of salinity are presented in 

(Table 3.1.2). The minimum reduction in root and shoot fresh weight was exhibited by 

maize hybrid 26204. However, at 50 and 100 mM NaCl stress, reduction was up to 79, 

66% in root and 70, 52%  relative to control in shoot fresh weight respectively at low and 

high salinity. At maximum level of salinization (100mM) maize hybrid 8441 proved 

sensitive and root and shoot fresh weight was severely reduced up to 44 and 40% 

respectively relative to control. Hybrid Hysun-33 and hybrid 6142 successfully tolerated 

100 mM NaCl salinity and exhibited less than 50% reduction in root fresh weight of 

seedling.  

The data regarding mean root and shoot dry weight of various maize hybrids 

under control, 50 and 100 mM of NaCl salinity are presented in (Table 3.1.3). Plant root 

and shoot dry weight reduced to varying degree among these hybrids showed the same 

pattern as in fresh weight. Root and shoot dry weight of plant when compared on the 

basis of percent reduction under different levels of salinity in comparisons of their 

respective control. The highest reduction in root and shoot dry weight was observed in 

maize hybrid 8441 where degree of reduction was 27 and 26% at 100 mM of NaCl. At 

100 mM NaCl, only maize hybrids (26204) exhibited more than 50% reduction in root 

and shoot dry weight while the remaining 8 hybrids maintained less than 50% reduction. 

The maximum decrease in shoot dry weight was observed in maize hybrid 8441 and 

minimum in maize hybrid 26204.  
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      Table 3.1.2: Root and shoot fresh weight of nine maize hybrids after 4 weeks exposure to NaCl 
Maize 
Hybrids 

Root fresh weight  (g plant-1) Shoot fresh weight (g plant-1) 

Control 50mM 100mM Control 50mM 100mM 

26204 8.9±0.2 a 7.1±0.4 bcd(79) 5.9±0.5 d-g(66) 55.8±13.0 a 39.3±4.5cdc(71) 29.4±3.3 fgh(53) 

Hysun-33 8.0±0.9 ab 6.2±0.8 def(78) 5.0±0.9 fgh(63) 50.5±6.8 ab 34.8±1.9 ef(69) 24.6±3.5 g-k(49) 

32B33 9.0±0.7 a 6.2±0.8 def(70) 4.1±0.5 h-k(47) 56.3±7.1 a 35.4±3.8 ef(63) 23.9±2.1 h-k(43) 

6142 7.6±1.4 bc 5.9±0.3 d-g(77) 4.3±1.0 hij(57) 47.1±7.0 bc 31.8±5.5fgh(67) 20.3±7.0 ijk(43) 

32F10 7.0±0.7 bcd 5.2±0.9 e-g(75) 3.6±0.6 i-l(51) 46.6±4.8 bc 32.0±3.6 efg(69) 20.1±3.5 ijk(43) 

6525 6.6±0.8 cd 5.1±0.5 fgh(77) 3.1±0.6 jkl(48) 44.4±7.1 bc 30.4±2.7fgh(68) 19.6±2.8 jk(44) 

3335 6.3±1.0 def 4.7±0.4 ghi(66) 3.0±0.4 kl(49) 44.5±7.7 bc 29.2±3.3fgh(66) 19.1±2.7 jk(43) 

33H25 6.5±2.2 cde 4.7±0.6 ghi(73) 2.9±0.3 kl(45) 42.2±7.2 cd 27.5±2.4 f-i(65) 19.1±2.3 jk(45) 

8441 6.1±0.5 def 4.0±0.6 h-k(66) 2.7±1.4 l(44) 43.9±7.6 bc 26.6±1.7 g-j(61) 17.8±2.2 k(41) 
Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of   
probability and values in parenthesis are the percent of control.   
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      Table 3.1.3: Root and shoot dry weight of nine maize hybrids after 4 weeks exposure to NaCl 

Maize 
Hybrids 

Root dry weight  (g plant-1) Shoot dry weight (g plant-1) 

Control 50mM 100mM Control 50mM 100mM 

26204 2.18±0.21 a 1.53±0.17 bcd(70) 1.20±0.29 d-g(55) 8.8±0.1 a 6.3±0.3 cd(72) 4.6±0.3 fgh(53) 

Hysun-33 2.20±0.20 a 1.35±0.26 e-f(61) 1.08±0.36 e-h(49) 7.6±1.4 b 5.2±0.2 ef(69) 3.8±0.6 hij(50) 

32B33 1.74±0.42 bc 1.01±0.29 f-i(58) 0.87±0.38 g-j(50) 7.7±0.2 b 5.0±0.4 fg(65) 3.5±0.3 ij(46) 

6142 1.86±0.30 ab 0.99±0.15 f-i(54) 0.86±0.36 g-j(46) 7.0±0.4 bc 4.7±0.6 fgh(68) 2.4±0.3 kl(35) 

32F10 1.58±0.25 bcd 0.98±0.47 f-i(62) 0.69±0.14 h-k(44) 6.6±0.8 cd 4.3±0.2 ghi(65) 2.1±0.3 l(32) 

6525 1.60±0.28 bcd 0.92±0.28 f-j(58) 0.63±0.22 h-k(40) 6.1±0.5 de 4.0±0.1 hij(66) 2.0±0.2 l(34) 

3335 1.35±0.35 c-f 0.79±0.22 g-k(58) 0.60±0.45 ijk(44) 6.5±2.2 cd 4.1±0.4 hij(63) 2.1±0.4 l(33) 

33H25 1.36±0.36 c-f 0.76±0.41 g-k(56) 0.49±0.12 jk(36) 6.0±0.4 de 3.4±0.3 ij(57) 1.8±0.5 l(31) 

8441 1.50±0.38 b-e 0.75±0.15 g-k(51) 0.41±0.16 k(27) 5.9±0.4 de 3.1±0.1 jk(54) 1.6±0.3 l(27) 

Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of 
probability and values in parenthesis are the percent of control.   
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3.1.3.3 Chlorophyll concentration (SPAD value) and leaf area  

Exposure of plants to NaCl stress resulted in a significant decrease in chlorophyll 

contents and leaf area (Table 3.1.4). The maximum decrease in leaf area was observed in 

maize hybrid 8441 at both salinity levels (50 and 100mM NaCl) and minimum decrease 

in leaf area was observed in maize hybrid 26204. No clear trend was observed due to 

NaCl stress on chlorophyll content. However, at higher salinity level (100mM NaCl) 

chlorophyll content was significantly reduced.  

3.1.3.4 Concentration of K+ and Na+ and K+/Na+ ratio 

Salinity caused drasatic increases in shoot Na+ concentration as well as a 

significant decrease in K+ concentration in leaf sap (Table 3.1.5). The results showed that 

there was a gradual increase in sodium concentration in all hybrids with increase in the 

salinity levels. At highest level of salinity, the maximum Na+ concentration was recorded 

in maize hybrid 8441 which was closely followed by maize hybrid 33H25 and maize 

hybrid 3335 while minimum was recorded in maize hybrid 26204. The trend in case of 

potassium was almost reverse, showing decreased K+ concentration in all the hybrids. 

Maize hybrid 26204 has successful by maintaining high level of K+ concentration at all 

the salinity levels. The increasing uptake of Na+ concentration with increase in the 

salinity levels resulted in a decrease of K+/Na+ ratio (Table 3.1.6). The highest potassium 

concentration at higher salinity level had resulted in maintaining higher K+/Na+ ratio in 

maize hybrid 26204, showed better performance under saline conditions. From the data it 

is clear that salt tolerant hybrids maintained higher shoot K+ concentration as compared to 

Na+ concentration while accumulation of Na+ concentration was high in the shoot of salt 

sensitive hybrids. In general, hybrids with higher root and shoot length, root and shoot 

fresh and dry weights, leaf area and chlorophyll content and higher concentration of K+ in 

their shoots had shown more salt tolerance. 
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Table 3.1.4: Chlorophyll content and leaf area of nine maize hybrids after 4 weeks exposure to various NaCl levels 
Maize 
Hybrids Chlorophyll content (SPAD) value Leaf area (cm-2) 

Control 50mM 100mM Control 50mM 100mM 

26204 34.2±2.9 abc  33.7±2.7 a-e(98) 29.5±2.2 c-h(86) 902.8±98.9 a  670.0±94.9 d(74) 530.4±31.2 fgh(59) 

Hysun-33 34.9±3.9 ab 32.0±2.2 a-g(92) 29.2±3.5 c-h(84) 910.6±75.7 a  621.2±35.5 de(68) 493.6±57.6 hi(54) 

32B33 35.8±1.3 a  31.6±2.7 a-g(88) 28.9±2.6 d-h(81) 827.2±85.3 abc  596.6±63.8 def(72) 430.2±50.6 ij(52) 

6142 33.4±4.9 a-f  31.2±4.1 a-g(93) 28.3±3.3 fgh(85) 870.8±92.5 ab  591.0±41.8 d-g(68) 411.2±82.3 jk(47) 

32F10 34.0±2.3 a-d  31.0±2.4 a-g(91) 28.2±5.5 fgh(83) 913.0±55.5 a  605.6±34.9 def(66) 403.6±29.5 jk(44) 

6525 33.7±2.8 a-e  30.8±4.5 a-g(92) 27.5±3.0 gh(82) 837.6±91.1 abc  555.0±26.4 e-h(66) 363.0±24.8 jkl(43) 

3335 31.9±1.3 a-g  30.1±2.8 b-h(94) 27.1±2.8 gh(85) 792.2±68.8 bc  548.8±27.3 e-h(69) 330.6±93.7 kl(42) 

33H25 31.5±3.7 a-g  29.3±2.4 c-h(93) 27.1±3.7 gh(86) 810.4±35.9 bc  540.6±34.4 e-h(67) 318.6±59.6 l(39) 

8441 31.9±4.5 a-g  28.6±5.8 e-h(90) 25.5±2.0 h(80) 771.8±64.9 c  503.4±44.0 ghi(65) 304.2±48.0 l(39) 

Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of probability 
and values in parenthesis are the percent of control.   
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Table 3.1.5: K+ and Na+ concentration in leaf sap of nine maize hybrids after 4 weeks exposure to NaCl 

Maize 
Hybrids K+  contents in leaf sap (molm-3) Na+ contents in leaf  sap (molm-3) 

Control 50mM 100mM Control 50mM 100mM 

26204 156.8±8.4 bc 115.6±5.8 e(74) 86.0±7.7 ij(55) 50.0±8.9 i 82.8±4.6 h(166) 105.0±4.1 fg(210) 

Hysun-33 162.6±7.1 ab 110.6±7.6 ef(68) 79.4±7.4 jk(49) 49.0±5.3 i 86.6±6.9 h(177) 120.2±3.9 de(245) 

32B33 166.6±9.4 a 103.4±7.6 fg(62) 76.8±5.0 jk(46) 46.0±4.3 i 90.6±4.4 h(197) 127.2±3.9 d(277) 

6142 155.0±6.2 bc 102.4±5.4 fgh(66) 75.6±7.0 k(49) 51.6±7.1 i 103.2±11.6 g(200) 143.8±15.8 c(279) 

32F10 152.8±6.3 c 102.2±10.4 fgh(67) 74.8±5.8 kl(49) 55.8±8.7 i 105.4±11.6 fg(189) 147.4±14.5 bc(264) 

6525 150.6±7.1 cd 101.6±7.1 fgh(67) 73.0±5.3 kl(48) 53.2±7.4 i 113.0±9.5 efg(212) 148.0±6.8 bc(278) 

3335 149.4±9.0 cd 100.8±7.2 fgh(67) 71.4±6.0 klm(48) 57.4±6.0 i 116.4±8.3 def(203) 157.0±10.6 b(274) 

33H25 141.4±5.0 d 96.2±8.1 gh(68) 65.6±5.7 lm(46) 55.2±4.1 i 117.4±7.5 de(213) 157.2±11.6 b(285) 

8441 147.4±7.1 cd 92.8±6.5 hi(63) 63.2±7.2 m(43) 56.6±8.2 i 122.8±5.4 de(217) 170.4±6.8 a(301) 

Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of probability 
and values in parenthesis are the percent of control.   
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Table 3.1.6: K+/ Na+ concentration in leaf sap of nine maize hybrids after 4 weeks exposure to NaCl 

Maize Hybrids 
K+/ Na+ ratio 

Control 50mM 100mM 

26204 
3.21±0.58 b 1.39±0.07 e(43) 0.82±0.10 g-k(26) 

Hysun-33 
3.35±0.42 ab 1.28±0.13 ef(38) 0.66±0.05 h-m(20) 

32B33 
3.63±0.26 a 1.14±0.04 efg(31) 0.60±0.04 i-m(17) 

6142 
3.05±0.45 bc 1.00±0.18 fgh(33) 0.53±0.07 j-m(17) 

32F10 
2.79±0.45 cd 0.97±0.10 fgh(35) 0.51±0.08 j-m(18) 

6525 
2.87±0.43 cd 0.90±0.09 ghi(31) 0.49±0.03 klm(17) 

3335 
2.63±0.44 d 0.87±0.11 g-j(33) 0.45±0.04 klm(17) 

33H25 
2.57±0.22 d 0.81±0.04 g-k(32) 0.42±0.06 lm(16) 

8441 2.64±0.37 d 0.75±0.07 h-l(29) 0.37±0.03 m(14) 
Each value is an average of 5 replicates± S.D, figures not sharing the same letters in column differ significantly  
at P ≤ 0.05 level of probability and values in parenthesis are the percent of control.   
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3.1.3.5 Pearson correlation coefficients among qualitative traits of maize 

The relationships among qualitative traits in maize hybrid plants are presented in 

(Table 3.1.7). The results showed that K+ concentration was correlated positively with the 

root and shoot length, root and shoot fresh and dry weight, chlorophyll content and leaf 

area but significantly and negatively correlated with Na+ contents in shoot. There was a 

strong and positive correlation between root and shoot length, root and shoot fresh and 

dry weight, chlorophyll content, leaf area, K+ content and K+/Na+ ratio. 

By  considering  the K+/Na+ ratio, the  correlation coefficients  calculated  were  

0.916 for  root length,  0.958 for shoot length,  0.877 for root fresh weight, 0.963 shoot 

fresh weight, 0.910 for root dry weight, 0.915 shoot dry weight,0.947 for leaf area, 0.877 

for chlorophyll content, 0.980 for K+  and -0.934 for Na+ contents in shoot. These results 

may indicate the use of high K+ and K+/Na+ ratios as selection criteria may help breeders 

in selection of the genotypes with better salt tolerance. 
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Table 3.1.7: Pearson correlation coefficients among qualitative and quantitative traits of maize hybrids 

**Significance at 1% probability level; RL: Root length, SL: Shoot length, RFW: Root fresh weight, SFW: Shoot fresh weight, RDW: Root dry 

weight, SDW: Shoot dry weight, LA: Leaf area, CHL: Chlorophyll contents, K+: Potassium concentration, Na+: Sodium concentration, K+/Na+: 

Potassium and sodium ratio.  

 

 

 

 

 SL RFW SFW RDW SDW LA CHL K+ Na+ K+/Na+ 

SL 0.953**          

RFW 0.970** 0.913**         

SFW 0.977** 0.966** 0.957**        

RDW 0.918** 0.926** 0.946** 0.936**       

SDW 0.973** 0.950** 0.979** 0.981** 0.959**      

LA 0.956** 0.986** 0.924** 0.971** 0.927** 0.957**     

CHL 0.974** 0.922** 0.962** 0.951** 0.918** 0.956** 0.936**    

K+ 0.954** 0.982** 0.900** 0.979** 0.906** 0.940** 0.981** 0.922**   

Na+ -0.967** -0.988** -0.935** -0.971** -0.919** -0.965** -0.983** -0.941** -0.970**  

K+/Na+ 0.916** 0.958** 0.877** 0.963** 0.910** 0.915** 0.947** 0.877** -0.980** 0.934** 
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3.1.4 Discussion 
This study showed the  existence  of  an  impressive variation  in  tolerance  to  

increasing NaCl  stress during  the  early  growth  stage. Of the 9 maize genotypes tested, 

there was a significant variation in salt tolerance among these genotypes especially at 

high salinity (100 mM NaCl).  The existence  of  such  impressive  genotypic  variation  

in tolerance  to  NaCl  could  be  very  useful  for  the development of high-yielding salt-

tolerant genotypes and better understanding of  the physiological  and molecular 

mechanisms  contributing  to  salt-stress  tolerance  in maize. Genotypic  variation  in  

tolerance  to  NaCl  stress  has been  reported  several  times  for  wheat  (Ashraf and 

Khanum, 1997; Munns  et  al.,  2000).  It is reported that the salt tolerance at the early 

growth stage differs from that developed during the late growth stages (Ashraf and 

Khanum, 1997; Mano and Takeda, 1997; Almansouri et al., 2001). However, increasing 

evidence  shows  that  better  germination  and  seedling growth  have  a great  effect  on  

final  yield  as  shown  in different  cereals  (Grieve  et  al., 2001 and Willenborg et al., 

2005). 

Plant roots which supplies all the nutrients from growth medium to growing plant 

and has direct contact with the medium so rooting behavior provides a very helpfull 

information about the salt tolerance potential of plants. In the present study, root growth 

was severely affected due to salinity. It is reported that root growth is sensitive to high 

salt concentrations in the medium. That is why roots growth was rapidly reduced (Ashraf 

et al., 2005). Root and shoot length, root and shoot fresh and dry biomass was 

significantly reduced by increasing salinity (Table 3.1.1, 3.1.2 and 3.1.3). Similar results 

were reported by Mohammad et al., (1998) in tomato. In the present study, almost all the 

maize hybrids responded varyingly to different salinity levels. Maize hybrid 26204 

showed better performance in term of plant root and shoots fresh and dry weights and 

proved to be salt tolerant to low and high levels of salinity. Similar results were reported 

by Meloni et al., (2001) for cotton and Sarwar and Ashraf (2003) for wheat. Increasing 

salinity decreased the shoot and the root length and the seedling dry weight of maize 

hybrids (Maiti et al., 2010). 

Potassium is very essential macronutrient for plant survival in saline environment. 

It contributes in osmotic adjustment and overall water balance of plants. Sodium transport 

from the external media to cytoplasm of plant cell is a passive process. It depends on 

electrochemical potential gradient of Na+ and presence of Na+ permeable channels in the 
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plasma membranes, which allow Na+ permeation. Regulation and selectivity of such 

channel seems to be responsible for Na+ exclusion in many salt tolerant plants (Jacoby, 

1999). This differential selectivity of plasma membrane may be contributing factor in 

sensitivity/tolerance of these hybrids as high salt (NaCl) uptake competes with the uptake 

of other nutrient ions, especially K+, leading to K+ deficiency. High NaCl induces increase 

in Na+ and decrease in Ca2+ and K+ in plants (Khan et al., 2000; Khan, 2001). In the 

present study, a higher concentration of Na+ in plant tissues adversely affected the growth 

of the maize seedlings under saline conditions. Na+ concentration increased with 

increasing salinity levels, similar to observations made by Munns et al., (1995) and this 

caused salt injury to plants (Serrano et al., 1999).  

The ability of plant cells to retain K+ is crucial for salt tolerance, rather than their 

ability to restrict Na+ from uptake. As a result of a better ability to retain K+, salt-tolerant 

cultivars were able to maintain higher K+/Na+ in the root, enabling better performance in 

saline conditions. This is consistent with literature reports (Zhu et al., 1998; Santa- Cruz 

et al., 1999; Nublat et al., 2001; Tester and Davenport, 2003). Although the studies were 

based on seedling stage, the literature (Al-Khatib et al., 1993; Maiti et al., 1996; Salam et 

al., 1999) supports the results that there is a positive correlation between seedling 

performance and adult plant performance. Salt tolerance maize genotypes had more plant 

biomass, root and shoot fresh weight and higher K+/Na+ ratio than salt sensitive maize 

genotypes (Akram et al., 2010). So it is concluded that the maize genotypes appearing as 

tolerant could be exploited in a breeding programme for salinity tolerance. 

The results of this study show that increasing attention should be paid to high 

uptake of K+ by root when a maize hybrid is tested for salt stress tolerance.  The maize 

hybrid 26204 with the highest tolerance and maize hybrid 8441 with the largest 

susceptibility to salt stress are currently being investigated for characterization of 

molecular mechanisms explaining the differential expression of salt stress tolerance 

within the maize hybrids. 

Present study revealed that at seedling stage root length, shoot length, shoot dry 

weights, root dry weight, chlorophyll contents, leaf area and K+/Na+ ratio can be a good 

precursor while screening genotypes against salinity. These results can a good source for 

the plant breeders and plant physiologists engaged in the development of salt tolerant 

maize genotypes. Further this screened material can be directly used for cultivation on 

saline soils.      
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Study 2 

3.2: Exogenous potassium differentially mitigates salt stress in tolerant 

and sensitive maize hybrids 

3.2.1 Introduction 

Salinity is a major abiotic stress which affects the growth and productivity of wide 

variety of crops all over the world (Tester and Davenport, 2003; Ashraf and Foolad, 

2007). About 100 million hectares of arable land worldwide is adversely affected by high 

salinity which ultimately decreases crop production (Ghassemi et al., 1995). The  

restriction  of plant growth and yield due  to salinity  is especially rigorous  in  arid  and  

semi-arid  regions of the  world (Kuznetsov  and  Shevyakova, 1997). 

Salinity is known to  hinder multiple  physiological  processes  like photosynthesis  

by decreasing  the  chlorophyll  content  (Soussi  et  al.,  1998)  and inducing the stomatal 

closure, thereby, decreases partial CO2 pressure (Bethke and Drew, 1992) within the leaf. 

Salinity disturbs plant water status by decreasing membrane stability index and relative 

water contents (Sairam et al., 2002). Responses of plant species to salt stress depend on 

several interacting variables, including the extent (salt concentration and time of 

exposure) of the stress, genotype, developmental stage and cultural environment (Sultana 

et al., 1999; Jaleel et al., 2007).  

The inhibitory effects of salinity on plant growth are also attributed to specific ion 

cytotoxicity, low external osmotic potential and nutrient deficiency (Parida and Das, 

2005).  Ion  cytotoxicity  is  caused  by  the  replacement  of  K+  by  Na+  ions  in  

biochemical reactions  and  by  the  loss  of  function  of  proteins,  as  Na+   and  Cl– ions  

penetrate  the hydration  shells  and  interfere with  the  non-covalent  interaction  among  

the amino acids (Zhu, 2002). Hence, the ability of plants to maintain a high cytosolic 

K+/Na+ ratio is a key feature of plant salt tolerance (Maathuis and Amtmann, 1999; Chen 

et al., 2005, 2007; Akram et al., 2010). 

Salt  stress,  in  addition  to  the  known  components  of osmotic  stress  and  ion  

toxicity,  is  also  manifested as  an oxidative stress by the production of reactive oxygen 

species (ROS), such as superoxide (O2•-), hydrogen peroxide (H2O2), hydroxyl radical 

(OH-) and singlet oxygen, which enhance membrane lipid peroxidation and electrolyte 
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leakage (Ashraf, 2004; Gunes et al., 2007) and cause  damage  to  the  mitochondria  and  

chloroplasts by disrupting their cellular structures (Mittler, 2002). Plants activate several 

mechanisms to neutralize harmful effects of ROS. Among such mechanisms, efficient 

antioxidant defense system may scavenge ROS and protects plants against oxidative 

damage. Plants containing high activities of antioxidant enzymes have shown 

considerable resistance to oxidative damage caused by ROS (Khan et al., 2009 and 

Gapinska et al., 2008).  

 Mineral nutrient status of plants plays a crucial role in increasing plant resistance to 

environmental stresses including salinity. Among various mineral nutrients, potassium 

(K+) has a particular role in contributing to plant survival in salt stressed environment 

(Marschner, 1995; Mengel and Kirkby, 2001). Potassium plays an important role in 

balancing membrane potential and turgor, activating enzymes, regulating osmotic 

pressure, stomatal movement and tropisms (Cherel, 2004). A suitable K+/Na+ ratio is 

important for the adjustment of cell osmoregulation, turgor maintenance, stomatal 

function, activation of enzymes, protein synthesis, oxidants metabolism and 

photosynthesis (Shabala et al., 2003). However, overproduction of reactive oxygen 

species (ROS) caused by salinity usually leads to lipid peroxidation and induces K+ leak 

from the cell by activating the K+ efflux channels (Demidchik et al., 2003; Cuin and 

Shabala, 2007). Improvement of salt tolerance by the addition of K has been reported in 

wheat (Shirazi et al., 2001), rice (Bohra and Doerffling, 1993) and corn (Bar-Tal et al., 

2004). Increasing evidence suggests that improvement of potassium (K+) nutritional status 

of plants can greatly lower the ROS production (Cakmak, 2005). Potassium humate 

application increased the activities of superoxide dismutase (SOD), peroxidases (POD) 

and catalase (CAT), decreased the content of MDA, and delayed the senescence of ginger 

root (Liang et al., 2007). KNO3 application alleviates salinity effect in winter wheat by 

enhancing activities of antioxidant enzymes (Zheng et al., 2008). The scavenging of ROS 

by the scavenging system especially SOD, CAT and GPX activities improve by 

potassium application (Soleimanzadeh et al., 2010). 

 Keeping in view the beneficial effects of K+ on the growth of other crops, a study was 

planned to investigate the alleviating role of K+ regarding the salinity induced 

morphological, physiological and antioxidant activity changes in maize hybrids differing 

in salinity tolerance. 
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3.2.2 Materials and methods 
3.2.2.1 Plant material, growth and treatment conditions 

The solution culture experiment was conducted in the rain protected wire house of 

Saline Agriculture Research Centre (SARC), University of Agriculture, Faisalabad. Seeds 

of four different maize hybrid (Zea mays L.) 8441 and 33H25 identified as salt-sensitive 

and 26204 and Hysun-33 recognized as salt-tolerant in previous study experiment of 

screening. Healthy seed of these hybrids were sown in trays containing pre-washed sand. 

Separate trays were used for the germination of each hybrid. Water was sprinkled daily 

over these trays to maintain optimum moisture contents for seed germination. At two leaf 

stage, the seedlings were wrapped with foam at root shoot junction, were transplanted in 

thermo pole sheets with holes in them floating on 200 L capacity iron tub, lined with 

polythene sheet containing half strength Hoagland’s solution (Hoagland and Arnon, 

1950). Aeration was given by bubbling air through the nutrient solution 8 hours per day 

by air pump. The culture solution was renewed twice a week. The design of the 

experiment was CRD with factorial arrangement using four replicates. After one week of 

transplanting, salinity levels (control, 70 and 140 mM) were developed with NaCl salt in 

three increments, whereas in control no salt was added. Three mM K in half strength 

Hoagland’s solution was considered as control and other two potassium levels: 6 mM K 

(moderate) and 9 mM K (adequate) were developed by adding KCl. The solution pH was 

adjusted to 6.5± 0.5 throughout the experiment with 1 M NaOH or HCl, as required. 

3.2.2.2 Plant harvest 

Two harvests were made 10 and 20 days after the onset of salt stress. Plants were 

washed thoroughly with distilled water and dried using blotting paper. The youngest fully 

expanded leaves were separated at harvesting time and stored at freezing temperature to 

determine K+ and Na+. The rest of plant samples were dried at 65 ±2°C for 2 days in a 

forced air-driven oven to determine shoot dry weight.  

3.2.2.3 Photosynthetic pigments 

Fresh leaves (0.2 g) were cut and extracted overnight with 80% acetone at -4°C. 

The extract was centrifuged at 10, 000× g for 5 minutes. Absorbance of the supernatant 

was recorded at 645 and 663 nm using a spectrophotometer (Hitachi-220, Japan). The 

chlorophyll a and b were calculated by the following Arnon (1949) formulae:  
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Chl a (mg  g-1 f.wt.) = [12.7(OD 663)-2.69(OD 645) ×V/1000×W] 

Chl b (mg  g-1 f.wt.) = [22.9(OD 645)-4.68(OD 663) ×V/1000×W] 

Where   

 V = volume of the sample, W = weight of fresh tissue. 

3.2.2.4 Relative water contents (RWC) 

  Fresh leaves were detached from each treatment with four replications and 

weighed immediately to record leaf fresh weight, followed by dipping half of their 

portion in distilled water for 12 h. The leaves were blotted to wipe off excess water, 

weighed to record fully leaf turgid weight and subject to oven drying at 75 °C for 20 h to 

record the leaf dry weight. The RWC were determined using equation proposes by Turner 

(1986). 

Leaf fresh weight - Leaf dry weight 
Relative water content (%) = ------------------------------------------------ × 100 

Leaf turgid weight - Leaf dry weight 

3.2.2.5 Membrane stability index (MSI) 

The membrane stability index (MSI) was determined according to Sairam et al., 

(2002). Leaf samples (0.1 g) were placed in 10 ml of double-distilled water in two sets. 

One set was kept at 40 °C for 30 min and its conductivity recorded (C1) using a 

conductivity meter. The second set was kept in a boiling water bath (100 °C) for 15 min 

and its conductivity was also recorded (C2). The membrane stability index (MSI) was 

calculated as:  

MSI = [1– (C1/C2)] × 100. 

3.2.2.6 Measurements of gas exchange characteristics and leaf area  

Measurements of net photosynthetic rate (A), transpiration rate (E), stomatal   

conductance (Gs), and sub-stomatal CO2 concentration (Ci) were made on a fully 

expanded youngest leaf by using an open system LCA-4 ADC portable infrared gas 

analyzer. These measurements were made from 10 a.m. to 2.00 p.m. with the following 

specifications/adjustments: leaf surface area 11.35 cm2, temperature of leaf chamber 

(Tch) varied from 39.2 to 43.9 0C, leaf chamber volume gas flow rate (v) 396 mL min-1, 

leaf chamber molar gas flow rate (U) 251 µmol S-1, ambient pressure (P) 99.95 kPa, 

molar flow of air per unit leaf area  (Us) 221.06 mol m-2 S-1, PAR (Qleaf) at leaf surface 
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was maximum up to 918 µmol m-2. Leaf area (cm2 plant-1) was measured by using leaf 

area meter. 

3.2.2.7 Leaf sap extraction and determination of Na+ and K+ concentration 

Frozen leaf samples were crushed with a stainless steel rod having tapered end. By 

using Gilson pipette sap of leaf was stored in other eppendorf tubes and centrifuged at 

6500 rpm for 10 minutes. The supernatant sap was used for determination of Na+ and K+ 

.by using a flame photometer (Jenway PFP-7).The leaf sap was diluted by adding distilled 

water if required. This dilution factor was correlated with original value.  

3.2.2.8 Antioxidant enzyme assay 

 Fresh leaves (0.5 g) were homogenized in 5 mL of 50 mM cooled phosphate buffer (pH 

7.8) by using pestle and mortar. After filtration through cheesecloth, the homogenate was 

centrifuged at 15000 rpm for 20 min at 4°C and the supernatant used for enzymes assays. 

The protein concentration in the homogenate was determined following Bradford (1976).  

Superoxide dismutase (SOD) activity was measured by following the method of 

Giannopolitis and Ries (1977) while catalase (CAT) and peroxidase (POD) activities 

were assayed by using the method of Chance and Maehly (1955).  

3.2.2.9 Statistical Analysis   

All data presented in this study are mean of four replicates and standard errors 

(SE). Analysis of variance (ANOVA) was performed by using a statistical package, SPSS 

version 16.0 (SPSS, Chicago, IL). Significant differences among treatments were 

considered at the P ≤ 0.05 levels. 

3.2.3 Results 
3.2.3.1 Effect of salinity and potassium application on plant growth parameters 

Effect of salinity and potassium on plant height, leaf area, shoot length, shoot 

fresh weight and shoot dry weight in two salt tolerant maize hybrids  26204 and Hysun-

33 and two salt sensitive maize hybrids 33H25 and 8441 is given in Tables 3.2.1 and 

3.2.2. NaCl addition caused significant decrease in plant height, leaf area, shoot length, 

shoot fresh weight and shoot dry weight as compared to control in all four maize hybrids 

irrespective of time interval and salinity level. The higher reduction in these parameters 

was observed in salt sensitive maize hybrids as evaluated with salt tolerant maize hybrids. 

Maximum plant height at 10 and 20 days intervals (63.3, 90.2 cm), leaf area (275, 542 

cm2), shoot length (45.2, 65.3 cm), shoot fresh weight (19.1, 27.1g) and shoot dry weight 

(3.47, 4.26 g) was observed in maize hybrids 26204 while the minimum plant height 
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(44.8, 64.01 cm), leaf area (183, 243 cm2), shoot length (32.5, 44.3 cm), shoot fresh 

weight (9.9, 13.8g) and shoot dry weight (1.51, 3.62 g) was observed in maize hybrids 

8441 at 140 mM NaCl level. However, potassium application significantly alleviated the 

effects of salinity in these plant growth parameters in both salt tolerant maize hybrids 

especially at higher 9mM K level but addition of potassium had no significant effect on 

plant growth parameters in both salt sensitive maize hybrids at both intervals except leaf 

area of both salt sensitive hybrids at 20 days was significantly improved under salt 

stressed conditions.  
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Table 3.2.1: Effect of salt treatment and potassium application on plant height and leaf area of maize 

Each value is an average of 4 replicates±SE, figures not sharing the same letters in column differ 
significantly at P ≤ 0.05 level of probability and values in parenthesis are the percent of control. 
 
 
 
 
 

 
 
Plant height (cm) Leaf area (cm2) 

Maize 
Hybrids Treatments 10 days 20 days 10 days 20 days 

26204 

Control 102.0±2.41a  150.0±2.74a  490.0±3.36a 911.7±2.65a 

70 mM NaCl 80.0±2.02fgh (78) 118.7±2.75de (79) 380.2±2.39g (77) 716.5±2.21g (79) 

140 mM NaCl 63.3± 2.58mno (62) 90.2±1.69ij (60) 275.0±2.64op (56) 542.0±2.85no (59) 

70 mM NaCl + 6 mM K 85.1± 2.13ef (83) 125.0±2.01cd (83) 402.2±2.56ef (82) 753.5±3.17e (83) 

70 mM NaCl + 9 mM K 92.7±2.29cde (91) 133.7±1.12b (89) 439.0±2.34b (90) 810.0±2.08c (89) 

140 mM NaCl + 6 mM K 66.8±3.34k-o (66) 95.1±2.09f-i (63) 292.0±1.82mn (60) 576.0±2.58k (63) 

140 mM NaCl + 9 mM K 72.4±3.33h-l (71) 102.0±2.10fg (68) 309.5±2.32kl (63) 621.5±3.01i (68) 

Hysun-
33 

Control 101.1±3.26ab 149.1±2.72a 480.8±3.67a 899.5±3.11b 

70 mM NaCl 76.3±1.20ghi (75) 113.8±2.55e (76) 370.1±1.97g (77) 704.1±2.60 h(78) 

140 mM NaCl 59.3±1.31op (59) 85.3±1.06j (57) 265.4±2.71 p(55) 528.9±3.44pq (59) 

70 mM NaCl + 6 mM K 81.2±2.20fg (80) 119.9±2.26cde(80) 393.1±2.43f (82) 740.7±3.49f (82) 

70 mM NaCl + 9 mM K 86.1±2.17def (85) 126.8±2.31c (85) 429.6±2.46 bc(89) 791.6±4.09d(88) 

140 mM NaCl + 6 mM K 62.6±2.98no (62) 90.6±1.98ij (61) 279.7±1.90no (58) 562.7±2.96l (63) 

140 mM NaCl + 9 mM K 65.9±1.36k-o (65) 95.2±2.47f-i (64) 297.6±4.45lm (62) 599.8±3.64j (67) 

33H25 

Control 96.0±1.78abc 140.5±2.48b 419.5±4.11cd 789.8±3.98d 

70 mM NaCl 67.6±3.87j-o (70) 94.4±2.08ghi (67) 310.0±4.98jkl (74) 519.6±2.45 qr(66) 

140 mM NaCl 47.7±4.44qr (50) 68.2±3.11kl (49) 190.7±2.28r (45) 250.7±3.03vw (32) 

70 mM NaCl + 6 mM K 71.6±1.60h-m (75) 99.6±1.62 fgh(71) 320.2±8.34ij (76) 540.5±4.94no (68) 

70 mM NaCl + 9 mM K 75.9±3.28g-j (79) 102.5±2.10f (73) 337.7±10.3h (81) 553.7±4.26 lm(70) 

140 mM NaCl + 6 mM K 51.4±2.52pqr (54) 72.9±1.90k (52) 197.2±9.87qr (47) 261.2±4.19tu (33) 

140 mM NaCl + 9 mM K 54.4±2.25pq (57) 74.8±3.16k (53) 209.5±7.32 q(50) 280.5±2.75s (36) 

8441 

Control 93.7±1.60bcd 136.6±1.24b 413.0±2.31de 782.7±4.17d 

70 mM NaCl 64.7±3.28l-o (69) 91.9±0.85hij (67) 303.7±2.43klm 
(74) 512.7±2.51r (65) 

140 mM NaCl 44.8±3.38r (48) 64.0±3.05l (47) 183.9±2.64r (45) 243.5±2.68w (31) 

70 mM NaCl + 6 mM K 70.5±3.30i-n (75) 94.9±2.48 f-i(69) 313.6±4.20 jk(76) 534.6±4.38op (68) 

70 mM NaCl + 9 mM K 74.5±2.90g-k (79) 97.3±3.25f-i (71) 327.5±5.20hi (79) 548.3±3.92 mn(70) 

140 mM NaCl + 6 mM K 48.9±1.39qr (52) 67.7±2.71 kl(50) 191.2±4.27 r(46) 255.9±2.46uv (33) 

140 mM NaCl + 9 mM K 51.2±3.06pqr (55) 69.0±3.93kl (51) 196.7±5.15qr (48) 266.8±4.28t (34) 
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Table 3.2.2: Effect of salt treatments and potassium application on shoot length, shoot fresh and dry weight of maize.  
 

Each value is an average of 4 replicates ± SE, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of probability and values in parenthesis are the percent of 
control.

  Shoot length (cm) Shoot fresh weight (g) Shoot dry weight  (g) 
Maize hybrids Treatments 10 days 20 days 10 days 20 days 10 days 20 days 

26204 

Control 78.1±1.23a 110.4±0.91a 33.1±0.80a 49.9±0.75a 5.85±0.57a 7.36±0.36a 
70 mM NaCl 62.7±1.12 de(80) 85.4±1.06fg (77) 25.6±1.08c-g (77) 35.2±0.83ef (71) 4.57±0.69bcd (78) 5.72±0.45bcd (78) 
140 mM NaCl 45.2±1.15hi (58) 65.3±0.78jk (59) 19.1±1.19i-l (58) 27.1±0.91h-k (54) 3.47±0.37d-i (59) 4.26±0.24e-h (58) 
70 mM NaCl + 6 mM K 66.3±1.34cd (85) 90.5±2.37ef (82) 27.6±1.04bcd (83) 37.8±1.21de (76) 4.97±0.43abc (85) 6.05±0.45bc (82) 
70 mM NaCl + 9 mM K 69.7±1.04c (89) 93.3±2.88de (84) 29.4±1.34abc (89) 40.1±1.05cd (80) 5.32±0.50ab (91) 6.51±0.41ab (89) 
140 mM NaCl + 6 mM K 48.0±1.00gh (61) 68.7±1.47hij (62) 20.5±2.10h-l (62) 29.5±1.63g-j (59) 3.70±0.34d-h (63) 4.54±.0.21def (62) 
140 mM NaCl + 9 mM K 51.5±1.24fg(66) 72.8±2.34hi (66) 22.0±2.46f-j (66) 30.9±1.54fgh (62) 3.90±0.36c-g (67) 4.75±0.25de (65) 

Hysun-33 

Control 74.7±1.45ab 106.4±1.39ab 30.4±1.05ab 45.9±0.94ab 5.19±0.74ab 6.05±0.68bc 

70 mM NaCl 58.8±1.32e (79) 81.2±1.44g (76) 23.0±1.59e-i (76) 30.9±1.35fgh (67) 3.86±0.52c-g (74) 4.46±0.45ef (74) 
140 mM NaCl 41.9±1.30ij (56) 61.5±0.93k (58) 16.1±1.44lm (53) 23.4±1.30k (51) 2.81±0.45ghi (54) 3.19±0.62ghi (53) 
70 mM NaCl + 6 mM K 63.0±1.63de (84) 86.3±2.38fg (81) 24.5±1.30d-h (81) 33.1±1.61fg (72) 4.12±0.61b-f (79) 4.77±0.43de (79) 
70 mM NaCl + 9 mM K 66.5±1.43cd (89) 90.9±2.39ef (85) 25.8±2.35c-f (85) 35.0±1.08ef (76) 4.35±0.29b-e (84) 4.96±0.33cde (82) 
140 mM NaCl + 6 mM K 44.7±1.31hi (60) 65.8±1.95jk (62) 17.2±1.88kl (57) 25.0±2.25jk (55) 3.05±0.38f-i (59) 3.40±0.32f-i (56) 
140 mM NaCl + 9 mM K 47.8±2.26gh (64) 69.7±2.17hij (66) 17.9±1.83jkl (59) 26.8±2.16h-k (58) 3.13±0.23e-i (60) 3.49±0.25f-i (58) 

33H25 

Control 70.7±1.15bc 102.8±1.50bc 29.5±1.10abc 43.3±1.10bc 4.64±0.23bcd 6.34±0.33ab 

70 mM NaCl 51.0±0.97fg (72) 70.8 ±1.17hij (69) 19.8±0.88i-l (67) 29.2±0.89g-j (67) 3.22±0.33e-i (69) 4.17±0.30e-h (66) 
140 mM NaCl 36.4±1.14kl (52) 49.0±0.58lm (48) 11.9±0.94mn (40) 17.3±0.91l (40) 2.36±0.28ij (51) 3.07±0.17hi (48) 
70 mM NaCl + 6 mM K 52.6±1.71fg (74) 72.7±1.42hi (71) 20.7±0.73h-l (70) 30.1±1.18ghi (70) 3.38±0.17d-i (73) 4.34±0.55efg (68) 
70 mM NaCl + 9 mM K 53.9±2.89f (76) 74.2±1.94h (72) 21.3±0.77g-k (72) 31.3±1.20fgh (72) 3.55±0.26d-i (76) 4.50±0.57def (71) 
140 mM NaCl + 6 mM K 37.5±1.88 jkl(53) 50.5±2.21l (49) 12.6±1.03mn (43) 17.8±0.66l (41) 2.50±0.20hij (54) 3.18±0.10ghi (50) 
140 mM NaCl + 9 mM K 39.0±2.38jk (55) 51.6±2.82l (50) 13.0±1.47mn (44) 18.4±1.36l (42) 2.55±0.10hij (55) 3.38±0.10f-i (53) 

8441 

Control 66.6±1.63cd 98.2±1.92cd 27.0±1.25b-e 40.1±1.44cd 4.17±0.26b-f  5.13±0.31cde 

70 mM NaCl 47.4±1.49gh (71) 66.0±1.41jk (67) 17.2±1.11kl (63) 26.0±1.20ijk (65) 2.52±0.20hij (60) 2.59±0.25ij (51) 
140 mM NaCl 32.5±1.51l (49) 44.3±0.86m (45) 9.90±1.67n (37) 13.8±0.98l (34) 1.51±0.15j (36) 1.62±0.08j (31) 
70 mM NaCl + 6 mM K 49.2±2.20 fgh(74) 67.1±1.77ijk (68) 18.0±1.44jkl (67) 27.0±2.41h-k (67) 2.56±0.23hij (62) 2.65±0.22ij(52) 
70 mM NaCl + 9 mM K 49.8±2.22fgh (75) 69.0±1.74hij (70) 18.3±1.32jkl (68) 27.6±2.31h-k (69) 2.68±0.19g-j (64) 2.71±0.64ij (53) 
140 mM NaCl + 6 mM K 33.8±1.15l (51) 45.7±2.55lm (47) 10.2±0.61n (38) 14.5±2.22l (36) 1.55±0.20j (37) 1.65±0.33j (32) 
140 mM NaCl + 9 mM K 35.0±2.40kl (53) 47.0±2.93lm (48) 10.4±0.79n (39) 15.0±1.29l (37) 1.57±0.24j (38) 1.69±0.25j (33) 
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3.2.3.2 Effect of salinity and potassium application on relative water contents and 

membrane stability index 
Data regarding RWC and MSI are presented in Table 3.2.3. Higher salinity (140 

mM NaCl) level, significantly decreased RWC and MSI in all four genotypes but low salt 

stress (70 mM NaCl) showed no significant effect on these parameters in salt tolerant 

maize hybrids at both intervals. In salt sensitive 33H25 and 8441, RWC and MSI 

significantly decreased at both salinity levels. Addition of potassium improved RWC and 

MSI more effectively at adequate level (9 mM K) in salt tolerant maize hybrids as 

compared to salt sensitive maize hybrids. 

3.2.3.3 Effect of salinity and potassium application on K+ and Na+ concentration and 

K+/Na+ ratio 

Considerable differences were observed for concentrations of Na+, K+, and K+/ 

Na+ ratio in the leaf sap (Table 3.2.4). Concentration of Na+ differed significantly between 

control and 70mM NaCl. By increasing salinity, a significant increase in Na+ 

concentration was observed in each maize hybrid at both intervals. The lowest Na+ 

concentrations were observed in maize hybrids 26204 and the highest in maize hybrids 

33H25 at all salinity levels. The trend in case of potassium concentration was almost 

reverse, showing decreased K+ concentration in all four maize hybrids. However, this 

decrease in potassium was more prominent in salt sensitive genotypes as compared to salt 

tolerant maize hybrids. Maize hybrid 26204 performed better as it maintained high level 

of K+ at all the salinity levels in comparison to the other three hybrids. The increasing 

uptake of Na+ with increase in the salinity levels resulted in a decrease of K+/Na+ ratio 

(Table3.2.4). The highest potassium concentration at high salinity level resulted in 

maintaining higher K+/Na+ ratio in maize hybrid 26204, showing better performance 

under saline conditions. Addition of potassium in solution significantly improved K+/Na+ 

ratio in salt tolerant maize hybrids but no significant effect of potassium on K+/Na+ ratio 

in salt sensitive maize hybrids was observed at both intervals. 

3.2.3.4 Effect of salinity and potassium application on gas exchange parameters 

Compared to control, significant reduction in gas exchange parameters 

photosynthetic rate (A), transpiration rate (E), stomatal conductance (Gs), and internal 

CO2 concentration (Ci) was observed at two salinity stress levels at both intervals in all 

four maize hybrids (Table 3.2.5). Significant improvement in Gs and Ci at both salinity 

levels was observed in salt tolerant maize hybrids (26204, Hysun-33) at 10 and 20 days 
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while in salt sensitive maize hybrids (33H25, 8441) Gs and Ci significantly improved 

only at high potassium level with mild salinity stress. Addition of potassium in solution 

medium improved photosynthetic rate and transpiration rate in salt tolerant maize hybrids 

more predominantly at both salinity levels while it had no significant effect on these 

parameters in salt sensitive maize hybrids. 
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Table 3.2.3: Effect of salt treatment and potassium application on relative water content and membrane 
stability index of maize 

 Relative water contents (%) Membrane stability index (%) 

Maize hybrids Treatments 10 days 20 days 10 days 20 days 

26204 

Control 90.2±1.78a  92.0±1.47a 84.1±1.25a 86.1±1.64a 

70 mM NaCl 84.2±1.62abc (93) 85.3±1.58a-d (93) 79.1±2.24a-d (94) 79.2±3.19a-d (92) 
140 mM NaCl 75.7±1.42ef (84) 76.4±1.85efg (83) 71.7±3.21d-g (85) 71.9±2.89d-h (84) 
70 mM NaCl + 6 mM K 86.9±2.70a (96) 87.7±2.09abc (95) 82.4±3.90ab (98) 82.1±2.87abc (95) 
70 mM NaCl + 9 mM K 89.4±2.03a (99) 90.0±2.31ab (98) 83.6±3.17a (99) 82.7±3.07ab (96) 
140 mM NaCl + 6 mM K 77.8±3.16c-f (86) 78.7±2.75def (86) 73.5±2.34 c-g(87) 73.5±2.35c-g (85) 
140 mM NaCl + 9 mM K 79.0±2.79b-e (88) 79.5±3.21def (86) 74.9±2.50b-g (89) 73.7±2.54c-g (86) 

Hysun-33 

Control 89.9±2.08a 91.3±1.69 a 83.3±1.42a 85.1±1.76a 

70 mM NaCl 83.3±1.80a-d (93) 81.6±3.19c-f (89) 75.0±1.55b-g (90) 76.2±2.10b-f (90) 
140 mM NaCl 71.3±2.23f (79) 68.4±3.61hij (75) 68.0±1.80g (82) 64.5±3.95hij (76) 
70 mM NaCl + 6 mM K 85.2±2.98ab (95) 83.3±2.79b-e (91) 77.2±1.96a-f (93) 78.1±2.43a-e (92) 
70 mM NaCl + 9 mM K 86.6±1.91a (96) 84.5±3.57a-d (93) 77.8±3.17a-e (93) 78.6±2.32a-e (92) 
140 mM NaCl + 6 mM K 72.7±2.42ef (81) 70.0±2.55ghi (77) 69.1±2.49fg (83) 65.7±3.39ghi (77) 
140 mM NaCl + 9 mM K 73.8±3.17ef(82) 70.4±3.36gh (77) 69.9±2.53efg (84) 66.8±1.94gh (78) 

33H25 

Control 89.7±1.94a 91.5±1.99a 82.0±1.70ab 83.0±1.65ab  
70 mM NaCl 75.2±1.52ef (84) 76.0±1.15e-h (83) 69.0±1.53g (84) 70.2±1.86a-h (85) 

140 mM NaCl 62.2±1.78g (69) 60.5±1.90k (66)  57.8±1.41h (70) 56.5±1.31jk (68)  
70 mM NaCl + 6 mM K 76.7±2.06def (86) 78.5±2.30def (86) 70.2±1.86efg (86) 71.3±1.72d-h (86)  
70 mM NaCl + 9 mM K 79.1±2.30b-e (88) 80.0±1.93c-f (87) 70.9±3.00efg (86) 71.6±2.32d-h (86) 
140 mM NaCl + 6 mM K 63.1±2.37g (70) 61.6±1.65jk (67) 58.9±2.45h (72) 57.2±2.08jk (67) 
140 mM NaCl + 9 mM K 64.4±1.99g (72) 62.8±2.22ijk (69) 59.5±2.13h (73) 57.8±2.91ijk (70) 

8441 

Control 89.4±2.36a 90.2±2.26ab 81.1±1.88abc 82.2±1.85abc 
70 mM NaCl 74.4±1.80ef (83) 74.8±1.26fgh (83) 68.1±1.66g (84) 67.9±2.99fgh (83) 

140 mM NaCl 61.2±1.88g (68) 58.3±2.73k (65) 55.6±2.33h (68) 53.1±2.79k (65) 
70 mM NaCl + 6 mM K 75.9±2.39ef (85) 76.3±3.35efg (85) 69.2±1.92 fg(85) 68.9±3.33fgh (84) 
70 mM NaCl + 9 mM K 76.8±3.09def (86) 77.5±2.29d-g (86) 70.1±2.45efg (86) 69.1±2.89fgh (84) 
140 mM NaCl + 6 mM K 62.2±2.56g(70) 59.9±2.12k (66) 56.0±3.18h (69) 53.4±2.26k (65) 
140 mM NaCl + 9 mM K 63.4±2.15g (71) 60.5±2.24k (67) 56.6±3.81h (70) 54.2±4.99k (66) 

Each value is an average of 4 replicates ± SE, figures not sharing the same letters in column differ significantly 
at P ≤ 0.05 level of probability  and values in parenthesis are the percent of control.
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Table 3.2.4: Effect of salt treatment and potassium application on K+, Na+ (mol m-3) and K+/Na+ ratio of maize 
 K+ concentration (mol m-3) Na+ concentration (mol m-3) K+/Na+ ratio 
Maize hybrids Treatments 10 days 20 days 10 days 20 days 10 days 20 days 

26204 

Control 167.8±3.45a  171.4±1.60a 48.0±1.75n 50.3±1.74k 3.50±0.11a  3.42±0.14a 
70 mM NaCl 136.1±5.98de (81) 135.8±5.26cd (79)  78.9±2.48ij (164) 84.6±2.92g (168) 1.73±0.12g (49) 1.60±0.08e (47) 
140 mM NaCl 99.40±9.68hij (59) 94.60±6.44ef (55) 104.8±4.49def (218) 113.7±3.43e (226) 0.95±0.09ij (27) 0.82±0.03fg (24) 
70 mM NaCl + 6 mM K 149.1±4.99bcd (89) 144.8±2.95bc (85) 68.6±1.08jk (143) 72.8±4.23hi (145) 2.17±0.07ef (62) 2.00±0.11d (59) 
70 mM NaCl + 9 mM K 153.5±6.87abc (92) 152.5±3.64b (89) 62.6±0.98klm (130) 66.6±4.43ij (132) 2.45±0.13d (70) 2.32±0.19c (68) 
140 mM NaCl + 6 mM K 108.1±5.94ghi (64) 104.1±3.95ef (61) 94.8±1.86fg (197) 103.5±5.23ef (206) 1.14±0.08hi (33) 1.01±0.04fg (30) 
140 mM NaCl + 9 mM K 114.8±5.15fgh (68) 109.5±5.38e (64) 91.4±2.02gh (190) 99.1±3.49f (197) 1.25±0.03h (36) 1.10±0.07f (32) 

Hysun-33 

Control 166.5±5.90a 171.0±4.17a 51.9±1.70mn 50.3±1.87k 3.22±0.20b 3.41±0.16a 
70 mM NaCl 128.8±8.23ef (77) 128.3±4.15d (75) 82.0±2.01hi (158) 81.0±2.22gh (161) 1.57±0.12g (49) 1.58±0.06e (47) 
140 mM NaCl 95.70±4.72ijk (57) 90.5±3.86f (53) 112.3±3.41cd (216) 112.0±4.29e (222) 0.85±0.06ij (27) 0.81±0.05fg (24) 
70 mM NaCl + 6 mM K 142.3±4.77cde (85) 138.1±6.06cd (81) 72.4±3.04ijk (139) 71.6±5.56hi (142) 1.98±0.15f (61) 1.97±0.22d (58) 
70 mM NaCl + 9 mM K 146.2±3.49bcd (88) 146.3±3.37bc (86) 64.0±4.20kl (123) 65.6±5.37ij (130) 2.30±0.14de (72) 2.29±0.25c (67) 
140 mM NaCl + 6 mM K 104.0±5.99ghi (62) 97.9±4.57ef (57) 105.9±2.75def (204) 103.7±3.48ef (206) 0.98±0.08hij (31) 0.94±0.06fg (28) 
140 mM NaCl + 9 mM K 108.4±5.13ghi (65) 102.4±6.49ef (60) 98.0±4.39efg (187) 99.2±3.98f (197) 1.10±0.04hij (34) 1.03±0.08fg (30) 

33H25 

Control 160.6±1.02ab 157.2±3.16b 55.0±1.49lmn 57.5±1.51jk 2.92±0.06c 2.73±0.03b 
70 mM NaCl 105.4±4.19ghi (66) 100.6±4.57ef (64) 123.4±2.68c (224) 140.8±1.85c (245) 0.85±0.03ij (29) 0.71±0.03ghi (26) 
140 mM NaCl 75.70±5.41lmn (47) 70.2±6.93gh (45) 171.9±2.75a (313) 180.6±2.52a (314) 0.44±0.03k (15) 0.38±0.04j (14) 
70 mM NaCl + 6 mM K 113.0±6.42gh (70) 103.8±4.41ef (66) 110.0±2.59 d(200) 134.6±2.16cd (234) 1.02±0.07hij (35) 0.77±0.03g (28) 
70 mM NaCl + 9 mM K 116.7±4.14fg (73) 107.5±5.04e (68) 107.8±2.22de (196) 130.6±2.40cd (227) 1.08±0.04hij (37) 0.82±0.04fg (30) 
140 mM NaCl + 6 mM K 80.7±4.51klm (50) 73.2±5.27g (47) 161.2±5.64ab (293) 172.7±2.57ab (300) 0.50±0.02k (17) 0.42±0.03ij (16) 
140 mM NaCl + 9 mM K 84.5±4.27jkl (53) 74.0±4.23g (47) 158.1±7.58b (288) 168.9±3.80b (294) 0.53±0.02k (18) 0.44±0.03hij (16) 

8441 

Control 158.2±1.44abc 156.6±5.12b 53.1±2.98lmn 55.6±3.41jk 3.00±0.15bc 2.85±0.20b 
70 mM NaCl 102.8±5.48ghi (65) 97.3±3.71ef (62) 123.0±5.05c (233) 132.3±4.34cd (238) 0.83±0.07j (28) 0.73±0.03gh (26) 
140 mM NaCl 64.3±4.08n (41) 57.1±4.36h (36) 165.0±5.07ab (311) 177.3±4.65ab (319) 0.38±0.02k (13) 0.32±0.02j (11) 
70 mM NaCl + 6 mM K 106.9±4.59ghi (68) 100.6±3.44ef (64) 115.9±5.94cd (218) 128.6±2.45d (231)  0.92±0.02ij (31) 0.78±0.03fg (27) 
70 mM NaCl + 9 mM K 109.1±3.56ghi (69) 102.9±4.67ef (66) 111.2±3.35d (209) 124.7±2.81d (224) 0.98±0.05hij(33) 0.82±0.04fg (29) 
140 mM NaCl + 6 mM K 66.1±3.45mn (42) 58.0±3.39h (37) 157.9±3.84b (297) 173.0±6.18ab (311) 0.41±0.02k (14) 0.33±0.02 j(12) 
140 mM NaCl + 9 mM K 67.9±3.35mn (43) 59.5±4.22h (38) 156.2±5.64b (294) 170.5±3.87ab (306) 0.43±0.04k (15) 0.34±0.02j (12) 

Each value is an average of 4 replicates ± SE, figures not sharing the same letters in column differ significantly at P ≤ 0.05 level of probability and values in parenthesis are 
the percent of control 
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Table 3.2.5: Effect of salt treatment and potassium application on photosynthetic rate (A), transpiration rate (E), stomatal conductance (Gs), intracellular CO2 concentration (Ci) of maize  
Maize 
hybrids 

 Photosynthetic rate (A)  
(µmol CO2 m-2 s-1) 

Transpiration rate 
 (E)  (mmol H2O m-2 s-1) 

Stomatal conductance (Gs)  
(mmol  m-2 s-1) 

Internal CO2 concentration (Ci) 
(µmol mol-1) 

Treatments 10 days 20 days 10 days 20 days 10 days 20 days 10 days 20 days 

26204 Control 16.4±0.77a 23.0±1.29a 2.82±0.14a 4.02±0.09a 251.6±2.98a 320.8±2.96a 200.5±1.66a 245.4±2.07a 
70 mM NaCl 13.0±0.75b-g (80) 17.2±1.25c-f (75) 2.12±0.13b-f (75) 3.0±0.09c-f (75) 217.9±5.90d (87) 268.5±6.44ef (84) 160.9±2.56ef (80) 195.6±1.55f (80) 
140 mM NaCl 10.0±0.92e-h (61) 13.0±1.47fgh (57) 1.57±0.16e-i (56) 2.07±0.13hij (52) 166.5±5.52ij (66) 201.1±2.19i (63) 125.3±4.31kl (62) 150.6±2.71jk (61) 
70 mM NaCl + 6 mM K 14.0±0.71a-e (85) 18.8±1.52a-d (82) 2.30±0.28abc (82) 3.27±0.13bcd (81) 238.2±2.56b (95) 294.1±4.00cd (92) 177.4±3.91d (88) 214.7±5.63de (87) 
70 mM NaCl + 9 mM K 15.3±0.75ab (94) 20.2±1.25abc (88) 2.55±0.12abc (90) 3.52±0.09abc (88) 253.5±3.68a (101) 313.0±2.87ab (98) 189.6±4.10bc (95) 228.9±8.35bc (93) 
140 mM NaCl + 6 mM K 10.7±1.01f-i (66) 13.7±1.79e-h (60) 1.70±0.11d-h (60) 2.25±0.16hi (56) 182.1±6.95gh (72) 217.4±3.07h (68) 136.9±6.85ij (68) 159.6±2.54ij (65) 
140 mM NaCl + 9 mM K 12.0±1.06c-h (73) 14.7±1.81d-h (64) 1.98±0.17c-g (70) 2.52±0.19f-i (63) 195.6±1.55ef (78) 236.2±3.12g (74) 144.5±4.41hi (72) 168.3±2.22hi (69) 

Hysun-
33 

Control 15.6±1.02ab 21.9±1.41ab 2.67±0.35ab 3.70±0.16ab 248.7±5.18a 318.9±4.23a 195.2±1.66ab 237.2±2.32ab 
70 mM NaCl 12.2±0.92c-g (78) 16.3±1.51c-g (75) 1.99±0.12c-g (75) 2.67±0.16e-h (72) 205.6±7.15e (83) 255.7±5.28f (80) 155.6±2.56fg (80) 183.3±5.40g (77) 
140 mM NaCl 9.18±1.13h-k (59) 11.8±1.35hij (54) 1.39±0.17g-k (52) 1.92±0.32ijk (52) 144.6±3.25k (58) 166.7±4.33k (52) 110.4±1.52 mn(57) 127.3±5.06mn (54) 
70 mM NaCl + 6 mM K 13.1±0.89b-f (85) 17.7±1.53b-e (81) 2.16±0.23b-e (81) 2.91±0.09d-g (79) 225.9±3.99cd (91) 276.0±5.74e (87) 165.5±2.73e (85) 196.9±6.37f (83) 
70 mM NaCl + 9 mM K 14.4±0.93abc (93) 19.3±1.35abc (88) 2.40±0.14abc (90) 3.17±0.13b-e (86) 237.9±2.83b (96) 283.3±6.54de (89) 177.3±2.62d (91) 209.0±5.86e (88) 
140 mM NaCl + 6 mM K 9.90±1.23g-j (63) 12.7±1.63ghi (58) 1.50±0.30ghi (56) 2.05±0.15hij (55) 158.0±4.78 j(64) 182.5±5.20j (57) 117.0±1.84lm (60) 136.0±4.34lm (57) 
140 mM NaCl + 9 mM K 10.9±1.06e-h (70) 13.2±1.76fgh (60) 1.72±0.21d-h (64) 2.36±0.12ghi (64) 163.0±3.14j (66) 187.0±5.31ij (59) 127.3±3.19k (65) 144.1±5.06kl (61) 

 33H25 Control 14.2±0.85a-d 20.0±1.08abc 2.25±0.10bcd 3.52±0.09abc 231.0±2.90bc 300.7±2.99bc 190.2±1.96bc 231.0±2.90bc 
70 mM NaCl 10.0±1.10g-j (70) 11.2±0.85hij (56) 1.55±0.06f-i (69) 1.93±0.32ijk (55) 180.7±2.62gh (78) 220.7±5.97gh (73) 139.9±1.78hij (74) 160.9±2.56ij (70) 
140 mM NaCl 6.75±0.54kl (47) 7.50±1.04jk (37) 1.07±0.25ijk (48) 1.38±0.12kl (39) 115.7±1.52mn (50) 140.9±6.93lm (47) 98.3±1.45op (52) 114.9±4.44o (50) 
70 mM NaCl + 6 mM K 10.6±1.36f-i (74) 11.7±1.11hij (59) 1.65±0.10e-i (73) 2.08±0.23hij (59) 185.6±2.43fgh (80) 228.1±7.41gh (76) 146.7±2.68gh (77) 169.3±1.80hi (73) 
70 mM NaCl + 9 mM K 11.3±1.17d-h (79) 12.2±1.11ghi (61) 1.69±0.19d-h (75) 2.14±0.42hi (61) 194.0±1.73f (84) 231.6±5.43gh (77) 154.1±2.21fg (81) 177.3±2.43gh (77) 
140 mM NaCl + 6 mM K 7.17±0.49jkl (50) 7.80±0.65jk (39) 1.15±0.26h-k (51) 1.49±0. 21jkl (42) 122.3±1.84lm (53) 145.8±11.45l (48) 103.5±1.47no (54) 120.3±4.79no (52) 
140 mM NaCl + 9 mM K 7.71±0.96i-l (54) 8.36±1.63ijk (42) 1.16±0.06h-k (52) 1.48±0.24jkl (42) 128.1±2.60l (55) 150.4±7.94l (50) 110.0±3.27mn (58) 127.7±4.97mn (55) 

8441 Control 13.4±1.01a-f 18.9±1.10a-d 1.99±0.13c-g 3.35±0.14bcd 225.6±3.27cd 293.2±3.39cd 183.7±2.46cd 223.3±3.38cd 
70 mM NaCl 9.18±1.05h-k (69) 11.3±0.77hij (60) 1.34±0.05h-k (67) 1.98±0.08ijk (59) 175.0±2.78hi (78) 217.9±2.17h (74) 133.0±1.94jk ()72 153.0±2.94jk (69) 
140 mM NaCl 5.02±0.56l (37) 5.82±0.45k (31) 0.86±0.24k (44) 1.28±0.13l (38) 110.2±1.89n (49) 123.2±5.38n (42) 91.3±1.56 p(50) 97.7±3.30p (44) 
70 mM NaCl + 6 mM K 9.47±1.32h-k (71) 11.7±1.31hij (62) 1.40±0.04g-k (71) 2.07±0.07hij (62) 180.1±2.73gh (80) 225.5±3.01gh (77) 137.3±3.98hij (75) 157.3±2.81ij (70) 
70 mM NaCl + 9 mM K 9.71±1.12h-k (72) 11.9±2.21hij (63) 1.46±0.12g-j (73) 2.12±0.27hi (63) 188.4±2.02fg (84) 231.4±2.85gh (79) 143.4±2.21hi (78) 163.5±4.23ij (73) 
140 mM NaCl + 6 mM K 5.19±0.88l (39) 6.36±1.01k (34) 0.90±0.15jk (45) 1.38±0.18kl (41) 116.9±2.02mn (52) 127.0±3.63mn (43) 94.5±3.83op (51) 100.0±4.56p (45) 
140 mM NaCl + 9 mM K 5.39±0.60l (40) 6.46±1.00k (34) 0.90±0.07jk (46) 1.42±0.22kl (42) 117.0±2.13mn (52) 130.0±5.40n (44) 95.6±4.18op (52) 101.5±3.75p (45) 

Each value is an average of 4 replicates± S.E, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the percent of control.
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.2.3.5 Effect of salinity and potassium application on photosynthetic pigments 

Effect of NaCl and potassium application on chl a, chl b and total chlorophyll 

contents in four maize hybrids are depicted in Table 3.2.6. Salinity treatment caused 

significant decrease in chl a, chl b and total chlorophyll contents as compared to control of all 

four maize hybrids, except chl b in 10 days at both salinity levels and in 20 days only at mild 

salt stress (70 mM NaCl) of both salt tolerant maize hybrids (26204, Hysun-33) and in 10 

days only at mild salinity stress of both salt sensitive maize hybrids (33H25, 8441). 

Potassium application improved chl a, chl b and total chlorophyll contents in all four maize 

hybrids but statically its effect was not significant (P>0.05?). 

3.2.3.6 Effect of salinity and potassium application on antioxidant enzymes activity 

The activity of SOD was significantly increased in salt tolerant maize hybrids (26204, 

Hysun-33) but no significant improvement was observed in salt sensitive maize hybrids 

(33H25, 8441) at 70 mM NaCl (Table 3.2.7). At high salinity level, SOD activity decrease in 

all four maize hybrids as compared to control. POD and CAT activities are markedly 

improved at low salinity stress but significantly decreased at high salinity stress level as 

compared to control in all four maize hybrids. At low salinity stress, improvement in CAT 

and POD activities was high but reduction at high salinity level was less in salt tolerant maize 

hybrids as compared to salt sensitive maize hybrids. Addition of K+ significantly improved 

CAT activity at both salinity and K+ levels in salt tolerant maize hybrids. Marked increase in 

SOD and POD activities were observed in salt tolerant maize hybrids at low salinity level at 

high potassium level (9 mM K). No significant effect of K+ on SOD, POD and CAT activities 

were observed in salt sensitive maize hybrids. 
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Table 3.2.6: Effect of salt treatment and potassium application on chlorophyll a, chlorophyll b and total chlorophyll contents of maize 
  chl a (mg g-1 F.W) chl b (mg g-1 F.W) chl a+b (mg g-1 F.W) 

Maize hybrids Treatments 10 days 20 days 10 days 20 days 10 days 20 days 

26204 

Control 3.50±0.15a  4.08±0.10ab 1.87±0.02a 2.38±0.03a 5.37±0.16a 6.47±0.11ab 
70 mM NaCl 2.40±0.02d-g (69) 2.73±0.16d-g (66) 1.50±0.04a-d (80) 1.89±0.23a-e (79) 3.90±0.06c-f (73) 4.62±0.21de (71) 
140 mM NaCl 1.69±0.07h-l (48) 1.93±0.13ghi (47) 1.09±0.09a-d (59) 1.30±0.21d-g (55) 2.79±0.10g-j (52) 3.23±0.33f (50) 
70 mM NaCl + 6 mM K 2.63±0.02cde (75) 2.97±0.24def (73) 1.65±0.06ab (88) 2.05±0.26abc (86) 4.28±0.08bcd (80) 5.03±0.44d (78) 

70 mM NaCl + 9 mM K 2.80±0.02bcd (80) 3.05±0.37cde (75) 1.75±0.07ab (94) 2.15±0.26ab (90) 4.56±0.08abc (85) 5.20±0.26cd (80) 
140 mM NaCl + 6 mM K 1.85±0.14g-j (53) 2.07±0.24fg (51) 1.17±0.17a-d (63) 1.39±0.19c-g (58) 3.03±0.09fgh (56) 3.46±0.20f (54) 
140 mM NaCl + 9 mM K 1.95±0.07f-j (56) 2.21±0.22efg (54) 1.28±0.22a-d (68) 1.49±0.31b-f (63) 3.23±0.29fgh (60) 3.71±0.24ef (57) 

Hysun-33 

Control 3.16±0.21abc 4.80±0.39a 1.85±0.22ab 2.28±0.08a 5.01±0.22ab 7.08±0.43a 
70 mM NaCl 2.22±0.14d-h (70) 3.35±0.36bcd (69) 1.45±0.16a-d (79) 1.72±0.18a-e (76) 3.67±0.23d-g (73) 5.08±0.19d (72) 
140 mM NaCl 1.49±0.21j-n (47) 2.19±0.05efg (46) 1.06±0.26bcd (58) 1.12±0.23efg (49) 2.56±0.22h-l (51) 3.32±0.24f (47) 
70 mM NaCl + 6 mM K 2.37±0.11d-g (75) 3.52±0.48bcd (73) 1.56±0.20abc (85) 1.82±0.26a-e (80) 3.93±0.17c-f (78) 5.34±0.67bcd (75) 
70 mM NaCl + 9 mM K 2.50±0.12def (79) 3.57±0.59bcd (74) 1.67±0.34ab (90) 1.93±0.33a-d (85) 4.17±0.44b-e (83) 5.51±0.59bcd (78) 

140 mM NaCl + 6 mM K 1.59±0.30h-m (59) 2.33±0.13efg (48) 1.16±0.29a-d (63) 1.20±0.27d-g (53) 2.75±0.38g-k (55) 3.53±0.28ef (50) 
140 mM NaCl + 9 mM K 1.70±0.12h-k (54) 2.37±0.11efg (49) 1.22±0.30a-d (66) 1.28±0.27d-g (56) 2.92±0.34ghi (58) 3.65±0.24ef (52) 

33H25 

Control 3.31±0.10ab 3.95±0.02abc 1.82±0.03ab 2.34±0.03a 5.13±0.12a 6.29±0.35abc 
70 mM NaCl 2.05±0.20e-j (62) 1.96±0.02gh (50) 1.24±0.26a-d (68) 1.21±0.15d-g (52) 3.29±0.35e-h (64) 3.18±0.25f (51)  
140 mM NaCl 1.10±0.21lmn (33) 1.00±0.05j (25) 0.80±0.23cd (44) 0.73±0.22fg (31) 1.90±0.32kl (37) 1.73±0.25g (28) 
70 mM NaCl + 6 mM K 2.13±0.25e-i (64) 2.01±0.02gh (51) 1.31±0.30a-d (72) 1.27±0.24d-g (54) 3.44±0.44d-h (67) 3.29±0.39f (52) 
70 mM NaCl + 9 mM K 2.22±0.29d-h (67) 2.13±0.01efg (54) 1.33±0.27a-d(73) 1.29±0.22d-g (55) 3.55±0.30d-g (69) 3.43±0.39f (54) 

140 mM NaCl + 6 mM K 1.16±0.24k-n (35) 1.05±0.05ij (27) 0.85±0.27cd (47) 0.76±0.18fg (33) 2.01±0.48jkl (39) 1.81±0.17g (29) 
140 mM NaCl + 9 mM K 1.22±0.22k-n (37) 1.11±0.05hij (28) 0.86±0.24cd (48) 0.80±0.25fg (34) 2.09±0.04i-l (41) 1.91±0.33g (30) 

8441 

Control 3.38±0.13a 4.02±0.02ab 1.82±0.05ab 2.36±0.06a 5.20±0.18a 6.38±0.61ab 
70 mM NaCl 2.01±0.34e-j (60) 1.92±0.02ghi (48) 1.26±0.25a-d (69) 1.22±0.31d-g (52) 3.27±0.11e-h (63) 3.14±0.25f (49) 
140 mM NaCl 0.94±0.18n (28) 0.91±0.05j (23) 0.76±0.23d (42) 0.69±0.21g (29) 1.71±0.24l (33) 1.60±0.28g (25) 
70 mM NaCl + 6 mM K 2.06±0.25e-j (61) 1.98±0.02gh (49) 1.30±0.34a-d (72) 1.27±0.12d-g (54) 3.37±0.32d-h (65) 3.26±0.65f (51) 
70 mM NaCl + 9 mM K 2.17±0.23e-i (64) 2.07±0.01fg (52) 1.34±0.27a-d (74) 1.30±0.30d-g (55) 3.52±0.30d-g (68) 3.38±0.48f (53) 

140 mM NaCl + 6 mM K 0.98±0.19n (28) 1.00±0.05j (25) 0.80±0.23cd (44) 0.72±0.29fg (31) 1.78±0.33l (34) 1.72±0.33g (27) 
140 mM NaCl + 9 mM K 1.06±0.19mn (31) 0.98±0.05j (24) 0.82±0.30cd (45) 0.74±0.16fg (31) 1.89±0.46kl (36) 1.72±0.23g (27) 

Each value is an average of 4 replicates± S.E, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in 
parenthesis are the percent of control. 
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Table 3.2.7: Effect of salt treatment and potassium application on superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of maize 
 SOD (unit mg-1 of protein) POD (unit mg-1 of protein) CAT (unit mg-1 of protein) 

Maize hybrids Treatments 10 days 20 days 10 days 20 days 10 days 20 days 
26204 Control 29.8±1.94cd 32.6±1.39cd 59.0±2.47de 62.2±3.17cde 86.5±4.45cd 91.3±3.56cde 

70 mM NaCl 38.1±1.46ab (128) 42.1±3.01ab (129) 64.2±3.78bcd (109) 71.0±4.01abc (114) 93.8±1.75bc (108) 96.9±3.55c (106) 
140 mM NaCl 26.0±1.84de (87) 26.7±3.10d-i (82) 46.8±3.52f-i (79) 50.2±3.52f-j (81) 74.5±3.09ef (86) 77.1±3.19f-j (84) 

70 mM NaCl + 6 mM K 42.4±4.21a (142) 45.6±1.59ab (140) 72.2±4.06ab (122) 77.8±5.04a (125) 104.2±3.96a (120) 110.9±3.69ab (122) 
70 mM NaCl + 9 mM K 44.1±2.84a (148) 47.4±3.71a (145) 76.0±5.35a (129) 79.4±4.08a (128) 108.5±3.41a (125) 118.2±3.80a (129) 
140 mM NaCl + 6 mM K 28.1±1.21d (94) 29.5±2.12d-g (90) 54.3±3.41d-g (92) 57.5±4.47d-g (92) 80.2±3.68de (93) 83.8±2.43d-h (92) 
140 mM NaCl + 9 mM K 29.5±3.95cd (99) 31.2±2.12def (95) 55.2±3.30def (94) 58.7±3.79def (94) 85.1±3.43cd (98) 87.0±2.58def (95) 

Hysun-33 Control 28.0±1.24d 32.0±1.54cde 57.3±2.53de 59.3±2.49def 87.2±4.67cd 88.7±2.86cde 
70 mM NaCl 35.6±0.96bc (127) 38.7±1.67bc (121) 60.2±1.89cde (105) 66.6±1.98bcd (112) 92.1±1.88bc (106) 92.6±2.05cd (104) 
140 mM NaCl 23.4±0.95d-h (84) 24.8±2.19e-j (78) 42.5±1.39hij (74) 45.8±1.60h-k (77) 72.8±3.18efg (84) 72.8±1.50ijk (82) 
70 mM NaCl + 6 mM K 37.5±0.59ab (134) 41.2±1.56ab (129) 68.8±4.75abc (120) 73.6±4.49ab (124) 99.7±1.79ab (114) 106.6±2.17b (120) 

70 mM NaCl + 9 mM K 40.7±1.64ab (145) 43.7±1.47ab (136) 74.5±5.17a (130) 77.6±3.95a (131) 104.1±1.78a (119) 115.7±3.80ab (130) 
140 mM NaCl + 6 mM K 25.4±0.58def (91) 27.4±0.98d-h (86) 50.3±2.79e-h (88) 53.0±4.10e-i (89) 76.0±1.73ef (87) 81.4±2.37e-i (92) 
140 mM NaCl + 9 mM K 26.2±1.89de (94) 29.6±2.13d-g (93) 51.0±2.25e-h (89) 54.4±3.10e-h (92) 80.7±1.38de (93) 85.0±2.67d-g (96) 

33H25 Control 20.8±1.95e-i 24.1±0.69f-k 37.9±1.38i-l 39.9±1.30j-n 61.2±3.50ij 63.0±3.55lm 
70 mM NaCl 26.6±1.42de (128) 29.3±2.93d-g (122) 41.2±1.18hij (109) 44.3±1.25h-l (111) 65.1±1.77g-j (106) 69.1±2.86j-m (110) 
140 mM NaCl 16.4±0.98i (79) 18.6±1.17jk (77) 29.9±1.34kl (79) 31.2±1.28n (78) 46.2±3.32l (76) 46.6±3.14n (74) 
70 mM NaCl + 6 mM K 28.0±3.26d (134) 31.1±2.80def (129) 44.3±1.26ghi (117) 46.7±2.57g-k (117) 70.5±1.65fgh (115) 74.9±1.37h-k (119) 

70 mM NaCl + 9 mM K 29.1±3.31d (139) 32.4±4.40cde (135) 45.1±4.68f-i (119) 47.5±3.85g-j (119) 72.6±4.74efg (119) 77.5±3.75f-j (123) 
140 mM NaCl + 6 mM K 18.3±1.23ghi (88) 20.8±0.88h-k (87) 32.1±1.40jkl (85) 33.7±2.39l-n (84) 49.7±1.23kl (81) 49.3±2.28n (78) 
140 mM NaCl + 9 mM K 18.5±2.24ghi (89) 21.5±1.76h-k (89) 33.3±2.78jkl (88) 35.1±3.34k-n (88) 50.2±1.08kl (82) 50.0±3.44n (79) 

8441 Control 18.8±1.16f-i 23.3±2.10g-k 37.4±2.69i-l 40.4±3.56j-n 56.9±1.48jk 61.1±3.61m 
70 mM NaCl 24.0±1.32d-g (128) 27.5±2.14d-h (118) 39.5±1.41ijk (106) 42.7±1.50i-m (106) 63.3±1.85hij (111) 67.0±2.89klm (110) 
140 mM NaCl 15.8±0.97i (84) 16.9±0.89k (73) 28.4±1.69l (76) 29.8±1.72n (74) 44.5±3.36l (78) 44.5±3.23n (73) 
70 mM NaCl + 6 mM K 25.2±3.23d-g (134) 29.6±2.40d-g (127) 41.6±2.46hij (111) 44.3±5.72h-l (110) 68.6±1.73f-i (120) 72.0±4.38i-l (118) 
70 mM NaCl + 9 mM K 25.9±3.18de (138) 29.9±3.64d-g (128) 41.9±4.76hij (112) 45.5±4.28h-k (113) 70.8±4.54fgh (124) 75.1±3.80g-k (123) 
140 mM NaCl + 6 mM K 16.6±0.81hi (89) 18.4±1.45jk (79) 29.7±2.47kl (79) 31.1±3.97n (77) 48.1±1.56kl (84) 47.0±2.35n (77) 
140 mM NaCl + 9 mM K 18.3±1.47ghi (97) 19.5±1.49ijk (84) 30.0±5.48kl (80) 33.0±5.33lmn (82) 50.0±2.85kl (88) 48.2±3.80n (79) 

Each value is an average of 4 replicates± S.E, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in 
parenthesis are the percent of control. 
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3.2.4 Discussion 
Crop production by artificial irrigation in many arid and semiarid regions of the world 

is exposed by salinity. Screening of germplasm of various crops for salinity tolerance, 

transfer of genes for salt tolerance into adapted cultivars and adequate regulation of mineral 

nutrients are needed to supplement the chemical and engineering approaches to sustain crop 

productivity of salt affected soils (Akhtar et al., 2001; Mahar et al., 2003)  

The present study showed that salinity markedly reduced plant growth and plant 

biomass, confirming many previous findings that salinity reduce plant height (Agong et al., 

2004; Hajer et al., 2006), leaf area (Mulholland et  al., 2002; Agong et al.,  (2004), fresh 

weight (Hajer et al., 2006) as well as dry weight (Yurtseven et al., 2003). Reduction in shoot 

fresh and dry weight of four maize hybrids in the presence of NaCl was attributed to ion 

toxicity as excess Na+ resulted in nutritional and metabolic imbalances. Zhu (2002) reported 

that higher accumulation of Na+ damaged plant metabolism and reduced plant growth. Four 

maize hybrids responded differently to salt stress depending upon their capabilities to 

selectively absorb K+ over Na+. Better growth of salt-tolerant genotypes under salt stress was 

related to their higher accumulation of K+ than salt-sensitive genotypes which is also evident 

by studies in barley (Chen et al., 2005 2007). Also, Munns and James (2003) confirmed that 

genotype with lowest Na+ concentration produced greatest biomass. Application of K+ 

significantly reduced the toxic effects of NaCl and improved plant growth in maize hybrids. 

This was certified to antagonistic effect of K+ with Na+ (Lynch and Lauchli, 1984). Similarly, 

enhancement in growth and dry matter yield was reported in rice by the addition of K+ in 

saline soil (Bohra and Doerffing, 1993). 

Tolerant maize hybrids showed higher RWC contents at all salinity levels and at both 

intervals as compared to sensitive ones. The decrease in RWC contents under salinity stress 

in all maize hybrids is in confirmation of already reported results (Sairam et al., 2002; 

Gadallah, 1999). Potassium played an important role in maize hybrids water relation under 

salinity stress and helped the plants to absorb more water to reach turgidity. Subbarao et al., 

(2000) reported that RWC and osmotic potential were significantly reduced at low potassium 

level in red beat. These results can be related to the findings of some previous studies in 

which it was concluded that increase in leaf K+ due to supplemental K+ increased the leaf 

turgor and RWC under water stressed conditions, e.g., in maize (Premachandra et al., 1990) 

and Vigna radiata (Nandwal et al., 1998).  Higher salinity level resulted in marked 

production of ROS which significantly decreased MSI in all four maize hybrids at both 
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intervals. But, ROS levels were lower while MSI was higher, relatively in salt tolerant maize 

hybrids than salt sensitive maize hybrids. MSI have been suggested as index of salt 

injury/tolerance in Amaranthus (Bhattacharjee and Mukherjee, 1996). In the present study, 

salinity significantly decreased MSI, but application of potassium had no significant effect in 

improving MSI. These results are not in conformity with Kaya et al., (2001) in which it was 

concluded that potassium application reduced the ion leakage in spinach grown under saline 

conditions. 

High sodium accumulation under salinity stress in maize hybrids (33H25 and 8441)  

could be one of the reasons of its sensitivity to salt stress, while more potassium content in 

the case of maize hybrids (26204 and Hysun-33) must have contributed towards its 

discriminating tolerance to salinity stress. The higher K+ uptake of salt-tolerant genotypes 

may be related to their selectivity of K+ over Na+. Carden et al., (2003) also demonstrated 

that salt-tolerant barley plants accumulated higher K+ due to selective absorption of K+ and 

by a preferential loading of K+ rather than Na+ into the xylem. However, salt-tolerant maize 

hybrids exhibited strong affinity for K+ over Na+ by maintaining higher K+/Na+ ratio as 

compared to salt-sensitive maize hybrids. Numerous studies had shown that addition of K+ 

mitigated the undesirable effects of Na+ and improved K+ uptake of cucumber and pepper 

(Kaya et al., 2001), olive (Chartzoulakis et al., 2006) and juvenile mulloway (Doroudi et al., 

2006) and improved K+/Na+ ratio under salt stress (Marschner, 1995 and Carden et al., 2003). 

K+/Na+ ratio was higher in salt tolerant maize hybrids. It was suggested that the plant’s 

tolerance response is characterized by distinctly higher K+/Na+ ratio, which may be used as 

indicator of tolerance or sensitivity in crop varieties (Joshi et al., 1979). 

It is generally known as that lower photosynthetic rate leads to decreased plant growth 

in many crop plants. The decrease in plant photosynthesis under salt stress occurs due to 

closing of stomata which reduced leaf transpiration rate and leaf internal CO2 concentration. 

In the present study, although imposition of salt stress significantly reduced the 

photosynthetic rate (A), transpiration rate (E) stomatal conductance (Gs), and internal CO2 

concentration (Ci) in all four maize hybrids. However, addition of potassium enhanced these 

photosynthetic characteristics in salt tolerant maize hybrids especially at 9 mM potassium 

level. It is well known that photosynthetic ability in crop plants is very important for dry 

matter production. In the present study, different concentrations of K+ improved stomatal 

conductance and internal CO2 concentration particularly of the salt-tolerant maize hybrids. 

Stomatal regulation is a major factor in controlling photosynthetic rate as well as water 
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balance of plants growing under salinity stress (Athar and Ashraf, 2005; Dubey, 2005). This 

could be due to a significant role of K+ as a major osmoticum in vacuole, for maintaining 

high tissue water content under stress condition (Marschner, 1995). In view of some previous 

reports, stomatal regulation largely depends upon the distribution of K+ in epidermal cells, 

guard cells and leaf apoplast (Shabala et al., 2002).  Working with cotton, Bednarz et al., 

(1998) reported that under mild K+ deficiency, stomatal limitations are the major factors 

affecting the photosynthetic ability of plants, whereas metabolic limitations become a 

dominant limiting factor under high K+ deficiency. Basile et al., (2003) concluded that low 

K+ availability in soil caused a reduction in leaf K+ and reduced the photosynthetic ability of 

plants. 

During photosynthesis superoxide radicals are produced due to direct electron transfer 

to oxygen, from which H2O2 is produced (Mittler, 2002). Intercellular level of H2O2 is 

regulated by a wide range of enzymes, where CAT (Willekens et al., 1995) and POD are 

more important (Foyer and Noctor, 2003). However, antioxidant enzymes and metabolites are 

both reported to increase/decrease under various environmental stresses (Hernandez et al., 

1995; Yu and Rengel, 1999). In the present study, salt stress increased the activities of SOD, 

CAT and POD in all four maize hybrids at mild salinity stress but activities of all these 

enzymes declined at high salinity stress in all four maize hybrids, indicating that genes 

encoding SOD, CAT and POD antioxidative system were up-regulated so as to scavenge 

ROS in the maize hybrids. However, addition of potassium enhanced the CAT activities in 

salt tolerant maize hybrids under both salinity levels. These findings about the behavior of the 

antioxidant enzymes from the present study suggest that an accumulation of ROS might have 

occurred in response to salt stress which was reduced by enhanced CAT. These finding also 

parallel to the argument that antioxidant activities in plants under salinity stress are improved 

by potassium application (Zheng et al., 2008; Soleimanzadeh et al., 2010). This view is 

further supported by the arguments that major detoxification of ROS produced during 

photosynthesis are mediated by CAT and by reductive processes involving the major redox 

buffers of plant cells such as ascorbate and glutathione (Noctor et al., 2002; Foyer and 

Noctor, 2003). Furthermore, such a mechanism may be important in certain abiotic stresses 

which decrease stomatal conductance such as drought and salinity (Foyer and Noctor, 2003). 

 In conclusion, the salt-tolerant maize hybrids exhibited a strong affinity for K+ over 

Na+ and showed relatively less reduction in plant height, leaf area, shoot length; shoot fresh 

and dry weight and K+/Na+ ratios because reduction in growth of maize hybrids under salt 
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stress was due to toxicity of Na+ and its imbalances with K+.  It is obvious that salt sensitive 

maize hybrids with decreased plant growth, low K+/Na+ ratios, poor antioxidant enzyme and 

photosynthetic activities, is poorly- prepared to face salt stress as it fails to respond in a way 

similar to salt-tolerant maize hybrids, resulting in lower RWC, increased ROS contents and 

consequently lower MSI and Chlorophyll content under salt stress.  Addition of potassium 

created marked difference in the activity of CAT, stomatal conductance and K+/Na+ ratios, 

leaf area, shoot length and shoot fresh weight in tolerant maize hybrids as compared to 

susceptible maize hybrids suggest that maize hybrids from different pedigrees are differed in 

some specific mechanisms of salinity tolerance. 
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Study 3 

3.3: Role of potassium in mitigating salinity stress at different growth 

stages of maize 

3.3.1 Introduction 
 

Increases in salinity tolerance for the world’s food supply, is an important goal as the 

world’s population is increasing more quickly than the area of agricultural land to support it 

(FAO, 2010). Urban spread has reduced the area of land available for agriculture, so 

production must increase to maintain global food supply. Meanwhile, increasing water tables 

due to land clearing or irrigation are causing salinization and desertification of formerly 

productive land globally (Rengasamy, 2006). Food production is restricted by this human-

induced salinity, together with the natural and complex salinity found in soils of most semi-

arid regions of the world (Rengasamy, 2010). Worldwide, over 800 million hectares of land 

is badly affected by salinity (Munns, 2005).  

Salinity reduces rate of leaf expansion, closes stomata and thereby reduces 

photosynthesis, through the soil water deficit caused by the osmotic stress (Rahnama et al., 

2010). Over time, soil salinity causes toxic concentrations of Na+ to accumulate in leaves 

(Munns, 2002). This imposes an additional limitation to growth by reducing the longevity of 

photosynthetic tissues (Munns, 2002). However, the inhibitory role of salinity stress on 

overall photosynthetic machinery of plant is found to be dependent on various factors such as 

gas exchange characteristics, photochemical quenching capacity, photosynthetic pigments, 

type of species and cultivar (Dubey, 2005). 

The inhibitory effects of salinity on plant growth are also attributed to specific ion 

cytotoxicity, low external osmotic potential and nutrients deficiencies (Parida and Das, 2005).  

Ion  cytotoxicity  is  caused  by  the  replacement  of  K+ by  Na+ in  biochemical reactions  

and  by  the  loss  of  function  of  proteins,  as  Na+ and  Cl–  ions  penetrate  the  hydration  

shells  and  interfere with the non-covalent interaction among the amino acids (Zhu, 2002). 

Sodium translocation from the leaves (Lauchli, 1984) and lower leaf accumulation of Na+ 

(Ashraf and O’Leary, 1996) could result in the maintenance of higher K+ /Na+  ratios, which 

would be suitable for the metabolic processes occurring within the plants (Ashraf and 

Khanum, 1997). Hence, the ability of plants to maintain a high cytosolic K+ /Na+ ratio is 
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considered to be one of the important physiological mechanisms contributing to salt tolerance 

in many plant species (Maathuis and Amtmann, 1999; Chen et al., 2005, 2007; Akram et al., 

2010). 

 Plants have developed different strategies to endure salinity problem. These include 

mechanisms, which assist ion exclusion/sequestration (Yeo and Flowers, 1983), accumulation 

of compatible solutes allowing pressure potential maintenance such as proline or 

glycinebetaine (Bohnert and Jensen, 1996, Serrano and Gaxiola, 1994). Proline is an 

important osmoprotectants and its accumulation is extensively observed in various organisms 

under salt stress. High amount of proline can be beneficial to stressed plants (Hyun et al., 

2003). In addition to act as an osmoprotectant, several possible physiological roles also have 

been attributed to supraoptimal level of proline such as stabilization of proteins, prevention of 

heat denaturation of enzymes and as a hydroxyl radical scavenger (Hsu et al., 2003) 

 Salinity stress caused the production of reactive oxygen species (ROS) for instance 

superoxide radicals (O-
2), hydroxyl radicals (OH-), singlet oxygen (1O2) and concomitantly 

hydrogen peroxide (H2O2) which can injure mitochondria and chloroplasts by disturbing 

cellular structures (Mittler, 2002; Misra and Gupta, 2006). Plants under stress display some 

defense mechanisms to protect themselves from the damaging effect of reactive oxygen 

species by the number of antioxidant enzymes including superoxide dismutase (SOD), 

peroxidase (POD) and catalase (CAT) (Mittler, 2002). Salinity tolerance has been found to be 

positively linked with a more efficient antioxidant system (Mittler, 2002). In vision of these 

in sequence, it was suggested that salt tolerance could be induced by enhancing antioxidant 

capacity of plants.   

 Potassium plays an imperative role in photosynthesis, protein synthesis, regulation of 

plant stomata and water use, control of ionic balance, activation of enzymes and many other 

processes (Marschner, 1995; Reddya et al., 2004). Production of reactive oxygen species 

(ROS) due to salinity usually leads to lipid peroxidation and induces K+ leak from the cell by 

activating the K+ efflux channels (Demidchik et al., 2003; Cuin and Shabala, 2007). 

Improvement of salt tolerance by the addition of K+ has been reported in wheat (Shirazi et al., 

2001), rice (Bohra and Doerffling, 1993) and corn (Bar-Tal et al., 2004). Increasing evidence 

suggests that improvement of potassium (K+) nutritional status of plants can greatly lower the 

ROS production (Cakmak, 2005) and  increased the activities of antioxidant enzymes in 

wheat (Zheng et al., 2008) and sunflower (Soleimanzadeh et al., 2010) under stress condition. 
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 Keeping in view the beneficial effects of K+ on plant growth, a study was planned to 

test effectiveness of potassium application in alleviating the undesirable effects of salinity. 

Understanding morphological, physiological and biochemical attributes changes in maize 

hybrids differing in salinity tolerance at different growth stages under various level of K+ 

application and salinity stress is imperative for efficient management of available resources.  

3.3.2 Materials and methods 
3.3.2.1 Plant material, growth and treatment conditions 

The pot study was conducted in the rain protected wirehouse of Saline Agriculture 

Research Centre (SARC), University of Agriculture, Faisalabad. Seeds of two maize hybrid 

(Zea mays L.) 8441 identified as salt-sensitive and 26204 recognized as salt-tolerant in 

previous study experiment of screening were sown at the depth of 2 cm in glazed earthen pots 

having well pulverized 12 kg soil. The recommended dose of nitrogen and phosphorus @ 200 

and 150 kg ha-1 were added in the form of urea and DAP. Potassium was added at the rate of 

75, 150 and 300 kg ha-1 in the form of SOP. Full dose of phosphorus and potassium and half 

dose of nitrogen were applied at the time of sowing while remaining half nitrogen was 

applied after ten days of germination. The required salinity level (10 dS m-1) in pots of saline 

treatments was developed by mixing required amount of NaCl in the soil before filling the 

pots. The pots were irrigated with tap water (EC= 0.88 dS m-1) when required.   

3.3.2.2 Plant harvest 

Harvesting was made at vegetative, reproductive and grain development stages. Plants 

were washed thoroughly with distilled water before drying with blotting paper. The youngest 

fully expanded leaves were separated at harvesting time and stored at freezing temperature to 

determine K+ and Na+. The rest of plant samples were dried at 65 ±2°C for 2 days in a forced 

air-driven oven to determine shoot dry weight.  

3.3.2.3 Determination of relative water contents and membrane stability index 

 Same producer was used for measuring relative water contents and membrane 

stability index as described in study 2. 

3.3.2.4 Measurements of gas exchange parameters, photosynthetic pigments and leaf 

area  

 Gas exchange parameters, Photosynthetic pigments and leaf area were measured 

similarly as those described in study 2.  

3.3.2.5 Determination of Na+ and K+ concentration 

 Na+ and K+ determination was done as those described in study 2. 
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3.3.2.6 Determination of proline 
 Proline was determined by following the method of Bates et al., (1973). 

3.3.2.7 Determination of antioxidant enzymes activities 

 Antioxidant enzymes activities (SOD, POD and CAT) were done as described in 

study 2.   

 3.3.2.8 Statistical analysis   

All data presented in this study are mean of three replicates and standard errors (SE). 

Analysis of variance (ANOVA) was performed by using a statistical package, SPSS version 

16.0 (SPSS, Chicago, IL). Significant differences among treatments were considered at the P 

≤ 0.05 levels. 

3.3.3 Results 
3.3.3.1 Effect of salinity and potassium application on plant growth parameters 

 The effect of salinity stress on maize plants growth under different levels of 

potassium was examined in terms of plant height, leaf area, shoot fresh and dry weight (Table 

3.3.1, 3.3.2). Salt stress (10 dS m-1) caused a significant reduction in plant height, leaf area, 

shoot fresh and dry weight at all growth stages in both maize hybrids except shoot fresh and 

dry weight at reproductive stage in maize hybrid 26204 at 300 kg K ha-1 level. Among 

growth stages, maximum plant height (142.5 cm), leaf area (459 cm2), shoot fresh weight 

(49.4 g) and shoot dry weight (7.02 g) was observed at grain development stage in maize 

hybrid 26204 while minimum plant height (46.3 cm), leaf area (171 cm2), shoot fresh weight 

(10.0 g) and shoot dry weight (1.67 g) was observed at vegetative stage in maize hybrid 8441. 

Salinity stress induced reduction in all these growth parameters which was prominent in 

maize hybrid 8441 relative to maize hybrid 26204. However, potassium application increased 

all plant growth attributed at all growth stages in both maize hybrids while effective response 

towards potassium application was noted in maize hybrid 26204. Furthermore, 300 kg K ha-1 

was found more effective in countering the adverse effect of salinity in both maize hybrids at 

all three growth stages. 

3.3.3.2 Effect of salinity and potassium application on relative water contents and 

membrane stability index 
 Data regarding relative water contents (RWC) and membrane stability index (MSI) 

are depicted in Table 3.3.3. RWC and MSI decreased significantly when plants were exposed 

to salinity stress for both maize hybrids. Maize hybrid 26204 had consistently higher RWC 

and MSI than maize hybrid 8441. Among growth stages, the minimum value of RWC and 
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MSI was noted at vegetative growth stage in both maize hybrids. The maximum RWC and 

MSI was observed at reproductive growth stage while at grain development stage, both maize 

hybrids show slight decline in RWC and MSI as compared to reproductive growth stage. 

Under all growth stages, maize hybrid 26204 maintained higher RWC and MSI than maize 

hybrid 8441. Addition of potassium had no significant effect on RWC and MSI under non 

saline condition in both maize hybrids but potassium application significantly alleviated 

harmful effect of salinity under saline condition. Potassium application improved RWC and 

MSI more effectively in maize hybrid 26204 at 300 kg ha-1 level as compared to maize hybrid 

8441 at all three growth stages.  
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Table 3.3.1: Effect of NaCl and potassium application on plant height and leaf area at different growth stages of maize 
 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 
 

 

 

Maize 
hybrids 

NaCl 
level K levels Plant height (cm) Leaf area (cm2) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
70.3±1.24e 105.0±1.39d 112.1± 1.41c 261.3± 4.9d 380.9± 5.1c 397.8±4.3cd 

K2 
80.1±1.03c 122.4±1.42c 128.3± 1.48b 310.7± 5.0c 412.9± 5.9b 430.2±6.6b 

K3 
98.6±0.76a 140.3±1.20a 142.5± 1.44a 365.2± 4.4a 450.6± 6.5a 459.0±6.1a 

10 dSm-1 

K1 
55.4±0.67g (79) 88.7± 0.79f (84) 92.6± 1.42f (83) 201.8± 4.7f (77) 332.3± 5.8f (87) 356.0±5.0f (89) 

K2 
68. ±1.10ef (85) 103.7±0.83d (85) 114.5±1.66c (89) 244.3± 4.7e (79) 381.8± 4.4c (92) 407.3±4.6c (95) 

K3 
89.7±1.15b (91) 128.6±1.58b (92) 129.3±0.92b (91) 341.4± 4.9b (93) 427.7± 5.0b (95) 435.1±6.2b (95) 

8441 

control 

K1 
65.4±1.27f 95.6±1.42e 103.2±1.27e 240.4± 4.6e 340.9± 4.8ef 354.9±4.0f 

K2 
70.2±1.22e 98.6±0.76e 106.0±1.51de 258.1± 4.8d 349.1± 4.6de 372.3±4.2e 

K3 
74.8±1.40d 104.6±0.95d 110.1±1.52cd 270.4± 5.6d 361.5± 4.9d 386.1±5.2de 

10 dSm-1 

K1 
46.3±1.62i (71) 71.9±1.93h (75) 81.8± 2.08g (79) 171.0± 3.9h (71) 272.6± 4.5h (80) 297.7±3.8h (84) 

K2 
50.8±1.40h (72) 77.7±1.43g (79) 86.1± 1.20g (81) 178.0± 4.4gh (69) 282.5± 5.0 h(81) 313.8±7.6g (84) 

K3 
54.8±2.46g (73) 80.1±1.03g (77) 92.5± 1.36f (84) 185.7± 4.7g (69) 297.8± 4.4g (82) 325.5±4.6g (84) 
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Table 3.3.2: Effect of NaCl and potassium application on shoot fresh and dry weight at different growth stages of maize 
 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 

 

 

Maize 
hybrids NaCl level K 

levels 
Shoot fresh weight (g) Shoot dry weight  (g) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
18.3± 1.49cd 33.1±1.09cd  38.0± 0.91cd 3.32± 0.36bcd 4.74±0.14bc  5.07± 0.45b 

K2 
22.1± 1.11c 42.1± 1.17b 44.5±1.63b 3.73± 0.14bc 6.59±0.33a 6.79± 0.36a 

K3 
30.0±1.54a 47.9±1.11a 49.4± 1.38a 4.40± 0.19a 6.87± 0.44a 7.02± 0.41a 

10 dSm-1 

K1 
13.2± 1.32ef (72) 24.1± 1.09g (73) 27.7± 0.82fg (73) 2.20± 0.07efg (66) 3.55± 0.12ef (75) 4.10± 0.09cde (81) 

K2 
16.0±1.35de (72) 34.1± 0.99c (81) 40.0± 1.10c (90) 2.74±0.17de (73) 4.98± 0.11b (76) 6.43± 0.25a (95) 

K3 
26.0±1.54b (87) 45.7± 1.41a (95) 46.0± 1.67ab (93) 3.86± 0.13ab (88) 6.44± 0.11a (94) 6.76± 0.34a (96) 

8441 

control 

K1 
16.5±1.01de 29.1± 0.76ef 32.0± 1.33ef 2.59± 0.29e 4.03± 0.05de 4.34± 0.16bcd 

K2 
17.1±0.79de 30.3± 0.97de 35.3± 1.48de 2.76± 0.15de 4.27± 0.10cd 4.50± 0.10bc 

K3 
20.0±1.59cd 33.1± 1.09cd 37.1± 1.08cd 3.23±0.13cd 4.54± 0.12bcd 4.60± 0.18bc 

10 dSm-1 

K1 
10.0±0.93f (61) 18.1± 1.49h (62) 21.7± 2.38h (68) 1.67± 0.09g (65) 2.85±0.10g (71) 3.33± 0.13e (77) 

K2 
11.0±1.04f (64) 23.1±1.49g (76) 26.7± 1.93g (76) 1.99± 0.11fg (72) 3.21± 0.10fg (75) 3.60± 0.13de (80) 

K3 
13.1±1.03ef (66) 26.0± 1.54fg (79) 30.3± 0.97fg (82) 2.45± 0.17ef (76) 3.65± 0.12ef (80) 3.94± 0.13cde (86) 
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Table 3.3.3: Effect of NaCl and potassium application on relative water content and membrane stability index at different growth stages of maize 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

  

Maize 
hybrids 

NaCl 
level 

K 
levels 

Relative water contents (%) Membrane stability index (%) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
88.7± 1.23ab 90.7± 2.15ab 89.0±1.55abc 86.1± 1.56abc 82.6±0.88ab 79.0± 1.46bc 

K2 
90.1± 1.65ab 92.4± 1.34ab 91.1± 2.51ab 88.6± 2.30ab 85.2± 1.32ab 81.6± 1.25ab 

K3 
92.3± 1.50a 94.4± 1.51a 92.8± 1.04a 90.6± 2.25a 87.5± 1.41a 83.3± 1.45a 

10 dSm-1 

K1 
76.1± 1.94ef (86) 79.4± 1.75ef (88) 78.6± 1.86ef (88) 76.1±1.07e (88) 71.7± 1.39e (87) 67.5± 1.41d (85) 

K2 
80.1± 1.57de (89) 83.3± 1.45cde (90) 82.7± 1.48de (91) 80.0± 1.27de (90) 74.0± 1.74de (87) 71.7± 1.39d (88) 

K3 
83.1± 1.24cd (90) 87.0± 1.28bcd (92) 85.6±1.38bcd (92) 85.1± 1.36a-d (94) 81.2± 0.93bc (93) 76.3± 1.31c (92) 

8441 

control 

K1 
85.1±1.36bcd 87.4± 1.35bcd 84.4±1.65cd  82.5± 1.51cd 76.1± 1.07de 70.4± 0.83d 

K2 
87.5± 1.41abc 88.3± 1.97bc 85.3± 1.59bcd 83.7±1.48bcd 77.5± 0.93cd 71.4± 1.14d 

K3 
89.4± 1.90ab 92.1± 1.68ab 87.7±1.83a-d  88.6± 2.30ab 83.7± 1.48ab 75.8± 0.82c 

10 dSm-1 

K1 
68.4± 2.28g (80) 73.1± 2.74g (84) 71.3±2.41g (85)  64.9± 2.10f (79) 60.6± 1.77g (80) 55.7± 1.51f (79) 

K2 
72.7± 2.44fg (83) 77.3± 2.19fg (88) 75.7±2.09fg (89) 69.4± 1.45f (83) 65.6± 2.37f (85) 60.2± 1.68e (84) 

K3 
77.0± 2.08ef (86) 82.4± 1.84def (89) 78.6± 1.84ef (90) 76.0± 2.08e (86) 73.4± 2.35de (88) 63.0± 1.79e (83) 
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3.3.3.3 Effect of salinity and potassium application on gas exchange attributes 

 In comparison with non saline condition, salinity stress led to a significant decline in 

all gas exchange parameters photosynthetic rate (A), transpiration rate (E), stomatal 

conductance (Gs), and internal CO2 concentration (Ci) at all three growth stages in both 

maize hybrid (Table 3.3.4 and 3.3.5). Reduction in all gas exchange parameters under saline 

condition was most prominent in maize hybrid 8441 relative to maize hybrid 26204 at all 

growth stages. Under non saline condition, potassium application significantly improved gas 

exchange parameters in both maize hybrids while alleviating the effect of salinity by 

potassium application was more prominent in maize hybrid 26204 especially at 300 kg K ha-1 

as compared to maize hybrid 8441 at all three growth stages. Among growth stages, 

maximum value of all gas exchange attributes was observed at reproductive growth stage 

while minimum value was noted at vegetative growth stage in both maize hybrids. 

3.3.3.4 Effect of salinity and potassium application on photosynthetic pigments 

 Effect of salinity and potassium application on chlorophyll ‘a’ and ‘b’ contents in 

both maize hybrids are depicted in Table 3.3.6. Imposition of salinity stress significantly 

reduced the chlorophyll ‘a’ and ‘b’ contents in the leaves of both maize hybrids at all growth 

stages. Among growth stages, the maximum chlorophyll ‘a’ 7.52 and ‘b’ 4.19 (mg g-1 F.W) 

was observed in maize hybrid 26204 at reproductive stage under non saline condition (300 kg 

K ha-1 level) while the minimum chlorophyll ‘a’1.60 and chlorophyll ‘b’ 0.73 (mg g-1 F.W) 

was noted in maize hybrid 8441 at vegetative stage under saline condition (10 dS m-1+75 kg 

K ha-1) while both maize hybrids show slight decline in photosynthetic pigments at grain 

development stage relative to reproductive growth stage. Potassium application improved 

chlorophyll a, b contents under salt stress condition in both maize hybrids but prominent 

effect of potassium application was observed in maize hybrid 26204 at 300 kg K ha-1 as 

compared to other two levels of potassium.  
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Table 3.3.4: Effect of NaCl and potassium application on photosynthetic rate (A) and transpiration rate (E) at different growth stages of maize 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 
 

 

 

Maize 
hybrids 

NaCl 
level 

K 
levels 

Photosynthetic rate (A) (µmol CO2 m-2 s-1) Transpiration rate (E) (mmol H2O m-2 s-1) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 11.7± 1.25de 16.5± 0.78de 15.5±0.90c  2.13±0.33cde  3.03±0.41cde  2.76±0.43def  

K2 16.7± 0.91b 22.7±1.45b 20.5± 1.55b 3.00± 0.38bc 4.25± 0.28ab 3.80± 0.36bc 

K3 22.7± 1.46a 30.0±1.70a 27.1± 1.71a 4.32± 0.35a 5.23± 0.41a 5.00± 0.29a 

10 dSm-1 

K1 7.63± 0.56 fg(73) 12.1± 1.05f (73) 11.6± 0.87d (75) 1.46± 0.20ef (69) 2.06± 0.32efg (68) 2.00± 0.38fg (72) 

K2 13.8± 1.07bc (91) 20.6±1.08bc (91) 18.5± 0.47bc (90) 2.53± 0.32cd (84) 3.50± 0.32bcd (82) 3.06± 0.44cde (81) 

K3 20.5± 1.56a (94) 28.1±1.74a (94) 25.8± 1.36a (95) 3.80± 0.40ab (88) 4.45± 0.40ab (85) 4.11± 0.20ab (82) 

8441 

control 

K1 9.53± 0.93gh 13.2±1.52ef 11.4± 0.95d 1.73± 0.32def 2.10± 0.32efg 1.83± 0.33fg 

K2 13.5± 0.93ef 16.7± 0.43de 15.5± 0.93c 1.93± 0.35def 2.86± 0.52def 2.50± 0.29ef 

K3 18.2± 0.69cd 22.4±0.92b 20.0± 1.12b 2.50± 0.29cd 4.05± 0.11bc 3.56± 0.26bcd 

10 dSm-1 

K1 5.26±0.67i (55) 8.33± 0.61g (63) 7.26± 0.46e (63) 0.96± 0.20f (56) 1.23± 0.15g (59) 1.13± 0.20g (62) 

K2 8.26± 0.61hi (61) 12.5± 1.00f (75) 11.5± 0.57d (74) 1.20± 0.06ef (62) 1.90± 0.35bc (66) 1.73± 0.23fg (69) 

K3 14.2± 0.55ef (78) 18.2± 0.49cd (81) 15.6± 1.07c (78) 1.76± 0.24def (71) 3.10± 0.17cde (76) 2.60± 0.26def (73) 
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  Table 3.3.5: Effect of NaCl and potassium application on stomatal conductance (Gs) and intracellular CO2 concentration (Ci) at different growth stages of 

maize 
 
 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

Maize 
hybrids NaCl level K 

levels 

Stomatal conductance (Gs) (mmol  m-2 s-1) Internal CO2 concentration (Ci) (µmol mol-1) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
210.4±5.49d 252.0±1.97e  236.3±2.15e  150.2± 2.10ef 180.2± 1.45g 169.3± 2.35g 

K2 
262.2± 5.29c 310.6±3.39c 290.6±3.08c  179.9±1.71c  230.0±1.80d 214.8± 2.32d 

K3 
340.9± 3.94a 400.3±3.19a 379.5±2.51a  235.0±2.13a  300.7± 2.07a 286.9± 3.76a 

10 dSm-1 

K1 
150.0± 2.66g (71) 197.0±1.34h (78)  179.0±2.43i (76)  119.5±1.44 g(80)  150.4± 2.36h (83) 141.0± 1.80hi (83) 

K2 
214.9± 3.41d (82) 265.0± 3.87d (85) 250.4±1.04d(86)  156.3±2.00e (87)  203.3± 1.99e (88) 191.2± 3.07e (89) 

K3 
311.9±2.83b  (91) 365.2±3.58b (91)  350.5± 1.39b (92) 211.1±1.66b  (90) 280.3± 1.79b (93) 272.6± 1.66b (95) 

8441 

control 

K1 
170.7± 2.88f 210.4± 5.49g 200.1±2.26h  125.0±2.01g  155.7± 1.68h 148.0± 2.24h 

K2 
180.5± 2.71ef 220.7± 2.40f 211.2± 2.43g 145.1±1.68f  190.4± 2.67f 182.3± 1.81f 

K3 
189.5±2.11e  228.8± 1.85f 220.7±2.40f  170.9±2.74d  241.5± 2.40c 231.3± 2.35c 

10 dSm-1 

K1 
97.2±2.20j (57)  121.1±4.25k (58) 118.4±3.18l (59)  71.2± 3.41i (57) 95.3± 2.65j (61) 96.0± 2.57j (65) 

K2 
118.8±3.82i (66) 142.1±4.60j (64)  143.8±4.02k (68)  95.4± 3.16h (66) 133.3± 3.43i (70) 134.0±2.91i (74)  

K3 
136.7±2.40h (72)  165.3±3.41i (72)  166.6±4.61j (76)  119.9± 2.92g (70) 190.1± 2.75f (79) 188.4± 4.31ef (81) 
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Table 3.3.6: Effect of NaCl and potassium application on chlorophyll ‘a’ and chlorophyll ‘b’ contents at different growth stages of maize 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 
 

 

Maize 
hybrids NaCl level K 

levels 
Chl a (mg g-1 F.W) Chl b (mg g-1 F.W) 

Vegetative stage Reproductive 
stage 

Grain 
development stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
3.50± 0.03f  4.10±0.03g  3.91± 0.04g 1.70±0.03e 2.10±0.04g  2.13± 0.03f 

K2 
4.49± 0.03d 5.26± 0.05d 4.94± 0.03d 2.10± 0.04d 2.74± 0.05e 2.50± 0.03e 

K3 
6.75± 0.06a 7.52± 0.10a 6.96± 0.07a 3.08± 0.05a 4.19±0.04 a 4.06± 0.02a 

10 dSm-1 

K1 
2.03± 0.06i (58) 2.61± 0.03i (64) 2.50± 0.03i (64) 0.97± 0.07h (57) 1.34±0.08i (64)  1.37± 0.05h (64) 

K2 
3.19± 0.01g (71) 3.95± 0.02g (75) 3.82± 0.02g (77) 1.53± 0.04f (73) 2.16±0.05fg (79)  1.83± 0.06g (73) 

K3 
5.73±0.04b (85) 6.64± 0.06b (88) 6.30± 0.05b (90) 2.48± 0.05c (81) 3.53±0.12c (84) 3.45± 0.06c (85) 

8441 

control 

K1 
3.25± 0.02g 3.91± 0.04g 3.90± 0.05g 1.37±0.04g 1.79±0.04h  1.76± 0.02g 

K2 
4.07± 0.04e 4.48± 0.02f 4.31± 0.04f 1.99± 0.06d 2.32±0.02f  2.07± 0.06f 

K3 
5.56± 0.03c 6.21± 0.03c 5.98± 0.06c 2.79± 0.06b 3.91±0.04b  3.68± 0.06b 

10 dSm-1 

K1 
1.60± 0.04j (49) 2.11± 0.04j (54) 2.19± 0.04j (56) 0.73± 0.03i (54) 0.98± 0.07j (55) 0.97± 0.07i (55) 

K2 
2.53± 0.03h (62) 2.83± 0.10h (63) 2.83± 0.09h (66) 1.31± 0.03g (66) 1.51± 0.07i (65) 1.40± 0.05h (68) 

K3 
3.97± 0.09e (71) 4.80± 0.13e (77) 4.77± 0.04e (80) 2.11± 0.04d (76) 3.00±0.06d (77)  3.08± 0.06d (84) 
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3.3.3.5 Effect of salinity and potassium application on K+ and Na+ concentration and 

K+/Na+ ratio 

 Salt addition caused significant increases in shoot Na+ concentration as well as several 

fold decrease in shoot K+ concentration in both maize hybrids at all three growth stages 

(Table 3.3.7). The result showed that the extent of increased shoot Na+ concentration and 

decreased shoot K+ concentration was greater in maize hybrid 8441 than in maize hybrid 

26204 under both saline and non saline condition. The maximum Na+ concentration was 

recorded in maize hybrid 8441 in treatment (10 dS m-1+75 kg K ha-1) while the minimum Na+ 

concentration was recorded in maize hybrid 26204 in high K+ (300 kg K ha-1). The trend in 

case of potassium was almost reverse. Maize hybrid 26204 was successful in maintaining 

high level of K+ concentration relative to maize hybrid 8441 under saline and non saline 

condition. Results of present study regarding the uptake of Na+ and K+ ions among different 

growth stages clearly shows that maximum uptake of these ions were observed at grain 

development stage while minimum uptake of Na+ and K+ ions were observed at vegetative 

growth stage in both maize hybrids. Higher uptake of Na+ contents under saline condition 

resulted in a decrease of K+/Na+ ratio (Table 3.3.8). The highest potassium contents under 

saline condition had resulted in maintaining higher K+/Na+ ratio in maize hybrid 26204 

relative to maize hybrid 8441 at all growth stages, showed better performance under saline 

conditions. From the data it is clear that addition of potassium significantly enhanced K+ 

concentration, K+/Na+ ratio and reduced Na+ concentration under both non saline and saline 

condition at all three growth stages. 300 kg K ha-1 was found most effective in improving 

K+/Na+ ratio in both maize hybrids as compared to other two levels. However, better response 

to potassium application under stress and non stress condition was observed in maize hybrid 

26204 relative to maize hybrid 8441. 

3.3.3.6 Effect of salinity and potassium application on antioxidant enzymes activities 

and proline contents 

 Activities of antioxidative enzymes, including superoxide dismutase (SOD), 

peroxidase (POD) and catalase (CAT) in both maize hybrid leaves at different growth stages 

are depicted in Table 3.3.9 and 3.3.10. Under non saline condition, potassium application 

caused significant improvement in all antioxidant enzymes activities at all three growth 

stages in both maize hybrids. Maize hybrid 26204 shows higher antioxidant enzymes 

activities relative to maize hybrid 8441. The maximum increase in antioxidant enzymes 
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activities were observed at 300 kg K ha-1 level as compared to other two levels. When plants 

were exposed to salinity stress, a dramatic increase in activities of SOD, POD and CAT were 

observed. At 300 kg K ha-1 level, the maximum SOD, POD and CAT, 75.6, 122.8 and 160.0 

(unit mg-1 of protein) respectively, were observed in maize hybrid 26204 at reproductive 

growth stage under saline condition. The data regarding the activities of SOD, POD and CAT 

at different growth stages of both maize hybrids revealed that maximum antioxidant enzymes 

activities was observed at reproductive growth stages and minimum at vegetative growth 

stages while at grain development stage, both maize hybrids show slight decline in activities 

of antioxidant enzymes (SOD, POD, CAT) relative to reproductive growth stage. 

 The effects of salt stress and potassium application on proline accumulation in two 

maize hybrids are shown in Table 3.3.10. In maize hybrid 26204,  potassium application 

caused significant improvement in proline contents under both non saline and saline 

condition while maximum increase (14.1 µmol g-1 fresh weight) was observed at reproductive 

stage in treatment (10 dS m-1+300 kg K ha-1). In case of maize hybrid 8441, potassium 

application has no significant effect on proline contents at all three growth stages under non 

saline condition except level of potassium (300 kg K ha-1) at reproductive stage while under 

saline condition 300 kg K ha-1 level was found effective in improving proline contents as 

compared to other two levels at all three growth stages. The maximum proline contents was 

observed at reproductive growth stage while slight decline in proline contents was noted at 

grain development stage in both maize hybrids 
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Table 3.3.7: Effect of NaCl and potassium application on K+ and Na+ concentration at different growth stages of maize 

 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 
 
 

Maize 
hybrids NaCl level K  

levels 
K+ concentration (mol m-3) Na+ concentration (mol m-3) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
80.2±1.81d  95.7± 2.06d 97.1±1.63d  37.1± 2.50hi 45.0±1.97ef  46.0±1.86ef  

K2 
93.7± 2.03c 110.8± 1.94c 113.9±1.92c 30.0± 1.53jk 38.6± 1.52g 40.4± 1.55g 

K3 
114.1± 2.73a 135.2± 2.80a 139.0± 2.71a 26.0± 1.06k 30.1± 1.45h 30.9± 1.02h 

10 dSm-1 

K1 
59.0±1.68f (74) 76.4± 1.87f (80) 78.0± 1.73f (80) 62.1± 1.89c (167) 78.9± 2.07c (175) 77.7± 1.30c (169) 

K2 
78.9± 2.07d (84) 97.1± 1.67d (88) 100.0± 2.12d (88) 48.1± 2.46ef (160) 63.4± 1.84d (164) 68.2± 1.82d (168) 

K3 
103.4± 2.12b (91) 124.4± 2.28b (92) 126.5± 2.56b (91) 40.6± 1.40gh (156) 47.2± 2.33e (157) 48.0± 2.32e (155) 

8441 

control 

K1 
55.0± 2.28f 65.9± 2.38g  68.2± 1.82g 53.1± 1.55de 60.3± 1.25d 63.5± 1.77d 

K2 
61.0± 1.90f 72.3± 1.74f 75.4± 1.79f 43.7± 1.36fg 50.2± 1.98e 51.1± 1.87e 

K3 
70.2± 1.81e 85.1± 2.18e 89.1± 2.26e 33.1± 1.31ij 40.3± 1.38fg 41.8± 1.51fg 

10 dSm-1 

K1 
37.2± 2.44h (68 47.0± 2.20i (71) 48.0± 2.32i (70) 96.2± 2.66a (181) 110.8± 1.94a (184) 113.3±2.04a (178) 

K2 
45.6± 2.31g (75) 59.1± 1.94h (82) 61.0±1.90j (81) 76.9± 1.92b (176) 90.3± 1.58b (180) 91.0± 1.81b (178) 

K3 
55.0± 2.49f (78) 73.0± 2.00f (86) 75.8± 1.37f (85) 54.6± 2.43d (165) 65.3± 1.65d (162) 67.6± 1.75d (162) 
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  Table 3.3.8: Effect of NaCl and potassium application on K+/Na+ ratio at different growth stages of maize 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis 
are the percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 

 
 

Maize 
hybrids 

NaCl 
level K levels K+/ Na+ ratio 

Vegetative stage Reproductive stage Grain development stage 

26204 

control 

K1 
2.18± 0.20d 2.13± 0.11d 2.11±0.05c 

K2 
3.13±0.15b 2.87±0.11b 2.82± 0.15b 

K3 
4.40±0.29a  4.50± 0.12a 4.50± 0.07a 

10 dSm-1 

K1 
0.95±0.04gh  (44) 0.96± 0.02f (45) 1.00± 0.01e (48) 

K2 
1.64± 0.05e (52) 1.53±0.07e (53) 1.46± 0.01d (52) 

K3 
2.55±0.14c (58)  2.64±0.08c (59)  2.64± 0.08b (59) 

8441 

control 

K1 
1.04±0.07fg 1.09±0.06f  1.07±0.06e  

K2 
1.40±0.09ef  1.44± 0.09e 1.47±0.08d  

K3 
2.12±0.09d  2.11± 0.02d 2.13± 0.06c 

10 dSm-1 

K1 
0.38±0.04i  (37) 0.42± 0.02h (39) 0.42±0.02g (39)  

K2 
0.59± 0.04hi (42) 0.65± 0.03g (45) 0.67±0.03f (45)  

K3 
1.00± 0.01g (47) 1.12± 0.06f  (53) 1.12± 0.05e (53) 
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Table 3.3.9: Effect of NaCl and potassium application on superoxide dismutase (SOD) and peroxidase (POD) at different growth stages of maize 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 
 
 

Maize 
hybrids 

NaCl 
level 

K 
levels 

SOD 
(unit mg-1 of protein) 

POD 
(unit mg-1 of protein) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
23.8± 1.42h 33.4±1.31h  31.2± 1.47c 43.2±2.75ef  57.2±1.39e  53.0± 2.05d 

K2 
35.1± 2.60cde 49.0± 2.00d 50.2± 1.64c 59.9±1.53d 71.1± 2.01d 70.4± 2.28c 

K3 
40.4± 2.57c 56.3± 2.93c 56.9± 2.58b 68.6± 2.49c 80.7± 2.78c 86.7± 2.78b 

10 dSm-1 

K1 
32.2± 0.99def (135) 44.5± 2.06def (133) 40.8± 1.88de (130) 56.6±2.56 d(131) 76.6± 2.32cd (134) 65.4± 2.13c (124) 

K2 
49.9± 2.80b (142) 69.4± 1.54b (142) 68.9±2.04a (137) 87.3±2.93b (146) 101.7± 1.68b (143) 91.9± 2.58b (130) 

K3 
57.3± 1.64a (142) 75.6± 1.23a (134) 71.5± 1.36a (126) 101.9±1.91a (148) 122.8±3.22a (152) 115.9± 2.89a (134) 

8441 

control 

K1 
25.2± 1.53gh 33.3± 1.86h 31.6± 1.16g 29.9± 1.75g 37.8± 2.05g 35.1± 1.99g 

K2 
27.4± 2.49fgh 35.8± 1.58gh 33.8± 1.34fg 36.7± 1.91f 43.2± 2.75fg 39.7± 1.90fg 

K3 
30.2± 1.53efg 40.6± 0.93fg 39.0± 1.82ef 46.0± 1.98e 57.4±2.44e 55.2± 1.66d 

10 dSm-1 

K1 
30.9± 1.17efg (122) 39.0± 1.62fg (117) 37.1± 1.73ef (117) 37.8± 1.80f (126) 46.5±1.65f (123) 45.6± 2.31ef (130) 

K2 
35.0± 1.76cde (128) 43.4± 1.97ef (121) 39.0± 1.02ef (115) 48.5± 1.77e (132) 55.2± 1.69e (128) 52.1± 1.74de (131) 

K3 
38.2± 1.16cd (126) 47.1± 1.22de (116) 44.9± 1.82d (115) 59.3± 2.26d (129) 74.1± 3.61cd (129) 64.9±2.37c (117) 
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Table 3.3.10: Effect of NaCl and potassium application on catalase (CAT) and proline contents at different growth stages of maize 
 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the 
percent of control. (K1: 75 kg ha-1, K2: 150 kg ha-1, K3: 300 kg ha-1) 

 

Maize 
hybrids NaCl level K 

levels 

CAT 
(unit mg-1 of protein) 

Proline contents 
(µmol g-1 fresh weight) 

Vegetative stage Reproductive stage Grain development 
stage Vegetative stage Reproductive stage Grain development 

stage 

26204 

control 

K1 
43.2±1.26g  55.0±1.07gh  51.0± 1.42h 4.36±0.37ef  6.00±0.78e  6.50±1.02de  

K2 
65.1± 1.23d 93.7± 1.74d 94.3± 1.39d 6.56± 0.43d 8.95± 0.52d 8.03± 0.68bcd 

K3 
80.1± 1.71c 113.3± 2.77c 116.7± 2.53c 7.53± 0.15c 10.3± 0.42c 9.46± 0.38bc 

10 dSm-1 

K1 
58.8± 1.60e (136) 76.2± 2.05e (138) 72.2± 1.71e (141) 5.80± 0.23d (133) 7.93± 0.10d (132) 7.87± 0.42cd (121) 

K2 
91.3± 3.04b (140) 127.5± 3.61b (136) 129.9± 2.60b (138) 8.86± 0.46b (135) 12.0± 0.46b (135) 10.9± 0.21ab (136) 

K3 
114.4± 2.47a (143) 160.0±2.50a (141) 155.0± 2.50a (134) 10.0± 0.41a (133) 14.1± 0.48a (136) 13.1± 0.67a (139) 

8441 

control 

K1 
27.2± 1.22i 41.0± 1.71i 39.8±1.25i 3.02± 0.26g 3.72± 0.38g 3.99± 0.47e 

K2 
35.3± 1.41h 50.1± 1.13h 49.2± 1.32h 3.41± 0.26fg 3.95± 0.21fg 4.19± 0.42e 

K3 
41.0± 1.71gh 61.0±2.11g 62.0± 1.67f 3.56± 0.35fg 6.03± 0.77e 6.14± 0.83de 

10 dSm-1 

K1 
37.3± 2.34gh (137) 53.0± 1.07h (129) 52.1± 1.60gh (131) 3.94± 0.15efg (130) 4.89± 0.19efg (127) 4.74± 0.27e (123) 

K2 
49.3± 2.37f (140) 60.4± 2.38g (120) 57.2± 1.76fg (116) 4.58± 0.26e (134) 5.64± 0.44ef (131) 5.19± 0.42de (135) 

K3 
54.6± 2.15ef (133) 69.0± 2.30f (113) 72.4± 1.68e (117) 4.70± 0.26e (132) 8.56± 0.54d (130) 7.84±0.16 bcd(139) 
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3.3.4 Discussion 
 The genetic variations between crop plants provide a precious tool in the selection of 

genotypes with desirable characters (Misra and Dwivedi, 2004). The present study, clearly 

demonstrate differential response of two maize hybrids subjected to different levels of 

potassium application and salt stress. It is obvious that salinity stress reduced plant growth by 

affecting plant morphological characteristics, reducing relative water contents and membrane 

stability index, decreasing photosynthetic activities, altering K+/Na+ ratios and antioxidant 

activities of both maize hybrids (Hernadez et al., 1999; Sairam et al., 2002; Zhu, 2002; Hajer 

et al., 2006). However, addition of potassium significantly alleviated harmful effect of 

salinity by improving the plant growth, gas exchange parameters, enhancing K+/Na+ ratio and 

antioxidant activities of both maize hybrids (Kaya et al., 2001; Chen et al., 2005 2007; Zheng 

et al., 2008). The data also indicated that maize hybrid 26204 is relatively more salt tolerant 

and show better response to potassium application as compared to maize hybrid 8441 under 

non saline and saline conditions. 

 The results of present work clearly revealed that salinity caused significant 

reduction in plant height, leaf area, shoot fresh and dry weights in both maize hybrids at all 

three growth stages. These results are in agreement with those of Yurtseven et al., (2003); 

Agong et al., (2004); Hajer et al., (2006) who reported that salinity caused reduction in plant 

growth. This reduction in plant growth might be due to ions toxicity or decreased osmotic 

potential as well as low wall extensibility (Grieve et al., 2001; Haplerin and Lynch, 2003). 

There are several reports on osmotic stress and ionic toxicity resulted from salt stress in 

maize plants (Mansour et al., 2005; Eker et al., 2006). Addition of K+ significantly reduced 

the lethal effects of NaCl and improved plant growth in maize hybrids. This was certified to 

antagonistic effect of K+ with Na+ (Lynch and Lauchli, 1984). Similarly, the enhancement in 

plant growth and dry matter production was reported in rice by the addition of potassium in 

saline soil (Bohra and Doerffing, 1993). 

 Level of salt-induced effects on relative water content has been used as one of the 

imperative water relation attributes for assessing degree of salt tolerance in maize 

(Premachandra  et al., 1990), Vigna radiata (Nandwal et al., 1998) and pea (Noreen and 

Ashraf, 2009). In the present study, salinity caused significant reduction in relative water 

contents in both maize hybrids at all growth stages. Salt tolerant maize hybrids (26204) 

showed higher RWC under saline condition as compared to salt sensitive maize hybrid 

(8441). The decreases in RWC under salinity stress in both maize hybrids confirmed the 
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already reported results (Gadallah, 1999; Sairam et al., 2002). Potassium played an important 

role in maize hybrids water relation under salinity stress and helped the plants to absorb more 

water to reach turgidity. Subbarao et al., (2000) reported that RWC and osmotic potential 

were significantly reduced at low potassium level in red beat.  

 Salinity stress resulted in high production of ROS which significantly decreased 

membrane stability index in both maize hybrids at all three growth stages. MSI have been 

suggested as indices of salt injury/tolerance in Amaranthus (Bhattacharjee and Mukherjee, 

1996). In the present study, salinity stress significantly reduced MSI and application of 

potassium at higher level (300 kg K ha-1) was found effective in improving MSI in both 

maize hybrids as compared to other two levels under saline condition. These results are in 

conformity with Kaya et al., (2001) in which it was concluded that potassium application 

reduced the ion leakage in spinach grown under saline conditions. 

 It is well established that photosynthetic capacity in crop plants is vital for final 

biological yield. The photosynthetic capacity of plants is reduced by the harmful effect of 

salinity on different photosynthesis related traits such as reduction in photosynthetic rate (A), 

transpiration rate (E), stomatal conductance (Gs), internal CO2 concentration (Ci) and 

reduction in chlorophyll contents (Dubey, 1997; Makela et al., 1999). Salt stress led to a 

significant decline in all gas exchange attributes expect photosynthetic rate and transpiration 

rate in maize hybrid 26204 at 150 and 300 kg K ha-1 level at all three growth stages. 

Reduction in all gas exchange parameters under saline condition was most prominent in 

maize hybrid 8441 relative to maize hybrid 26204. The importance of stomatal regulation in 

controlling photosynthetic rate and maintaining water balance of plants growing under 

stressful condition has been reported by many authors (Athar and Ashraf, 2005; Dubey, 

2005). The reduced stomatal conductance under salt stress promotes reduction in the 

transpiration rate as previously seen with many other crops (Pinheiro et al., 2008) 

 It is very clear from the results that salt stress leads to a significant reduction in leaf 

chlorophyll ‘a’ and ‘b’ contents in both maize hybrids at all growth stages. Higher reduction 

in chlorophyll ‘a’ and ‘b’ contents was observed in maize hybrid 8441 relative to maize 

hybrid 26204. These results are in consistency with some earlier reports that showed 

reduction in chlorophyll  ‘a’ and ‘b’ content in sunflower (Akram et al., 2009) and wheat 

(Shahbaz et al., 2008). The decrease in chlorophyll ‘a’ and ‘b’ in maize hybrids might have 

been due to salt-induced acceleration of chlorophyll enzymes degradation (Hernandez and 

Almansa, 2002) and/or disorder of chloroplast structure and associated proteins (Singh and 
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Dubey, 1995). Potassium acts as a major osmoticum in vacuole for maintaining high tissue 

water content under stress condition (Marschner, 1995). Stomatal regulation largely depends 

upon the distribution of K+ in epidermal cells, guard cells and leaf apoplast (Shabala et al., 

2002).  Working with cotton, Bednarz et al., (1998) reported that under mild K+ deficiency, 

stomatal limitations are the major factors affecting the photosynthetic ability of plants, 

whereas metabolic limitations become a dominant limiting factor under high K+ deficiency. 

Basile et al., (2003) concluded that low K+ availability in soil caused a reduction in leaf K+ 

and reduced the photosynthetic ability of plants. 

 Salinity stress leads towards the high accumulation of sodium in maize hybrids 8441 

which could be one of the reasons of its sensitivity to salt stress, while more potassium 

content in the case of maize hybrids 26204 must have contributed towards its discriminating 

tolerance to salinity stress. The higher K+ uptake of maize hybrids 26204 may be related to its 

selectivity of K+ over Na+. Carden et al., (2003) also demonstrated that salt-tolerant barley 

plants accumulated higher K+ due to selective absorption of K+ and by a preferential loading 

of K+ rather than Na+ into the xylem. However, salt-tolerant maize hybrid exhibited strong 

affinity for K+ over Na+ by maintaining  higher K+/Na+ ratio as compared to salt-sensitive 

maize hybrid. Numerous studies had shown that addition of potassium mitigated the adverse 

effects of Na+ and improved K+ uptake of cucumber and pepper (Kaya et al., 2001), olive 

(Chartzoulakis et al., 2006) and juvenile mulloway (Doroudi et al., 2006) and improved 

K+/Na+ ratio under salt stress (Marschner, 1995; Carden et al., 2003). K+/Na+ ratio was higher 

in salt tolerant maize hybrids. It was suggested that the plant’s tolerance response is 

characterized by distinctly higher K+/Na+ ratio, which may be used as indicator of tolerance 

or sensitivity in crop varieties (Cuin and Shabala, 2007). Thus, it appears that the ideal maize 

hybrids should possess not only the capability to retain K+ efficiently in plant roots under 

saline conditions, but also a means of preventing Na+ accumulation in the shoot. Thus, further 

breeding efforts should be rigorous on identifying, characterizing and localizing the genes 

encoding these two traits in the maize genome. 

 Proline accumulation in salt stressed plants is a key defense response to sustain  the 

osmotic pressure in a cell, which is reported in salt tolerant and salt sensitive cultivars  of 

many crops (Kumar  et al., 2003; Misra and Gupta, 2006; Koca et al., 2007). In the present 

study, significant improvement in proline contents was observed in maize hybrid 26204 at all 

levels of potassium application under both saline and non saline condition at all growth stages 

while in case of maize hybrid 8441, only 300 kg K ha-1 level was found effective in 
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improving proline contents under saline condition. Proline is a low molecular-weight 

osmoprotectant that helps to preserve structural integrity and cellular osmotic potential within 

different compartments of the cell (Iyer and Caplan, 1998). Higher accumulation of proline in 

maize hybrid 26204 than in maize hybrid 8441 suggests that maize hybrid 26204 possesses a 

better potential to maintain osmotic balance than maize hybrid 8441 under salt stress. 

 Salinity is known to limit photosynthesis which can enhanced oxygen induced cellular 

damage due to increased production of ROS (Mittler, 2002). So, tolerance to any stress 

condition, salinity stress as studied here, should partly depend on the enhancement of 

antioxidant defense system. Antioxidative enzymes are known to protect the cell structures 

against the ROS generated by stress conditions (Reddy et al., 2004b). Our results indicate 

that under salt-stressed conditions, a significant increase in the activities of SOD, POD, and 

CAT in response to oxidative stress was apparent in both maize hybrids at all three growth 

stages but the maximum increase in antioxidant enzymes activities was observed at 

reproductive stages as compared to other growth stages. SOD is the key enzyme in the active 

oxygen scavenger system and considered to be the first line of defense against ROS 

(Hamilton and Heckathorn, 2001) which convert O2
- to H2O2 (Costa et al., 2005). The CAT 

and POD destroy the H2O2 produced by SOD and other reactions (Foyer et al., 1994). 

Relatively higher activities of ROS-scavenging enzymes have been reported in maize hybrid 

26204 when compared with maize hybrid 8441, suggesting that the antioxidant system played 

an important role in plant tolerance against salt stress. Thus, maize hybrids respond 

differently to salinity stress as a result of variations in their antioxidant systems 

(Mohammadkhani and Heidari, 2007; Nawaz and Ashraf, 2007). However, addition of 

potassium further enhanced the activities SOD, POD and CAT in both maize hybrids under 

saline condition. These finding also parallel to the argument that antioxidant activities in 

plants under salinity stress are improved by potassium application (Zheng et al., 2008; 

Soleimanzadeh et al., 2010). 

All plant growth stages including germination, seedling, vegetative, reproductive and 

maturity stages are affected by harmful effect of salinity. The results of present study on plant 

morphological, physiological and biochemical attributes clearly depicted that the responses of 

two maize hybrids differing in salt tolerance, to salinity stress are different at different growth 

stages. Maximum RWC, MSI, gas exchange attributes, photosynthetic pigments and 

antioxidant enzymes activities was observed at reproductive growth stage as compared to 

vegetative and grain development growth stages. Salt tolerant maize hybrid 26204 show 
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better plant growth relative to salt sensitive maize hybrid 8441 at all growth stages. These 

results are in agreement with earlier finding of Ashraf and O, Leary (1994) in which they 

concluded that salt tolerant (AZ-GERM SALT 11) line of alfalfa (Medicago sativa L.) show 

consistently better growth relative to salt sensitive (Mesa Sirsa) line at all growth stages. 

Sharma et al., (2005) concluded that salt tolerant and salt sensitive wheat genotypes show 

maximum photosynthetic rate at anthesis stage compared to tillering and grain filling stage 

while working on maize Kholova et al., (2009) revealed that maize genotypes differing in 

salinity tolerance show maximum RWC, MSI and chlorophyll contents at anthesis stage 

compared to vegetative stage under salt stress condition. Different plant species have 

different abilities to tolerate the salinity stress at different plant growth stages. For instance, 

the extent of salinity tolerance at different growth stages differs in barley (Norlyn, 1980) and 

wheat (Ashraf and Khanum, 1997).  Similarly, Ashraf and Fatima (1995) also found that 

salinity tolerance does not differ at different development growth stages in safflower. 

 In conclusion, salinity stress reduced plant growth by affecting plant morphological 

characteristics, reducing relative water contents and membrane stability index, decreasing 

photosynthetic activities, altering K+/Na+ ratios and antioxidant activities of both maize 

hybrids at all three growth stages. The inhibitory effect of salt stress was more pronounced on 

maize hybrid 8441 than 26204. However, addition of potassium significantly alleviates 

harmful effect of salinity by improving the plant growth, gas exchange parameters, enhancing 

K+/Na+ ratios and antioxidant activities of both maize hybrids. Potassium application (300 kg 

K ha-1) was found more effective in alleviating perilous effect of salinity as compared to 

other two levels. Salt tolerant maize hybrid (26204) produced more biomass, less shoot Na+ 

concentration, high K+ concentration, exhibited more chlorophyll contents, gas exchange 

parameters and antioxidant enzymes activities under salt stress condition at all growth stages 

as compared to salt sensitive maize hybrids (8441).  
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Study 4  
 
3.4: Morphological, physiological, biochemical and intracellular      
characterizations of maize hybrids in response to NaCl and Cd stress 
 
3.4.1 Introduction 
 
 Excessive amount of soil minerals pose a major threat to agricultural productivity in 

arid and semi-arid regions because annual precipitation in these areas is insufficient to leach 

the mineral ions from the soil. Around the world, up to 20% of the irrigated arable land is 

salt-affected and this portion is still expanding (Muhling and Lauchli, 2001). In developing 

countries biosolids coating heavy metals like Cd are used to reclaim the saline soils and Cd is 

also widely used in fast expanding industries (Weggler-Beaton et al., 2000; Muhling and 

Lauchi, 2003; Benavides et al., 2005). Accordingly, cadmium contamination in arable soils 

and surface water has become more serious due to improper management of waste and 

application of chemicals containing heavy metals (Helal et al., 1999; Muhling and Lauchi, 

2003). 

 Salinity affects plant growth and development through osmotic, ionic and oxidative 

stress (Muranaka et al., 2002; Ranjbarfordoei et al., 2002). Salinity stress is known to affect 

various growth processes including photosynthesis, ion homeostasis, water relations, 

synthesis and transport of organic compounds (Ashraf, 2004). Once excessive Na+ and Cl- 

ions are not efficiently sequestered in the vacuole or extruded out of the plants, 

photosynthetic activity will be significantly reduced, ultrastructure and metabolic damages 

will be caused (Yeo, 1998). 

 Along with salt stress, high concentration of Cd inhibits the plant growth and 

development, whereas Cd stimulates growth at low concentrations depending on the plant 

species (Gratao et al., 2005; Mobin and Khan, 2007; Wahid and Ghani, 2008). The excessive 

amount of soil Cd causes reduction in plant growth (Arduini et al., 2004; Wojcik et al., 

2005a), disturbance of cellular metabolism (Gratao et al., 2005), decrease in water transport 

(Barcelo and Poschenrieder, 1990), oxidative phosphorylation in the mitochondria (Kesseler 

and Brand, 1995), photosynthesis (Sandalio et al., 2001) and alteration in chlorophyll 

contents (Lagriffoul et al., 1998). In addition, Cd has also been reported to affect the 

ultastructure of plants by causing disruption of the nuclear envelope, plasmalemma and 

mitochondrial membranes, severe plasmolysis, high chromatin condensation (Stoyanova and 
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Tchakalova, 1997; Liu and Kottke, 2004) and drastic structural thylakoid alterations in the 

chloroplast (Aravind and Prasad, 2005).  

 Plants respond to salinity and heavy metal stress by changing their expression of 

many genes and physiological and metabolic activities (Hasegawa et al., 2000). The problem 

of salinity becomes even more severe when plants are exposed to Cd stress (Weggler-Beaton 

et al., 2000; Shafi et al., 2009, 2010). It has been documented that combination of NaCl and 

Cd stress caused higher plasma membrane permeability and enhanced the production of 

oxygen radicals and H2O2 in wheat (Muhling and Lauchli, 2003). Thus, interaction of Cd and 

salinity should be taken into consideration since both stresses could occur simultaneously in 

agricultural soils. However, the detailed physiological and morphological mechanisms of 

interaction between salinity and Cd are not well understood. 

 Root growth of dicot species is more severely inhibited by Cd than those of monocot 

species (Inouhe et al., 1994). The reaction of plants to heavy metal stress is initially 

expressed in root system (Kollmeier et al., 2000), which responds the heavy metal stress 

through modifying morphological and physiological characteristics. Although several 

workers have reported the inhibition of root growth under NaCl and Cd toxicity with most of 

the studies being focused on the root elongation and biomass (Wang et al., 2007), there is still 

little information available concerning NaCl and Cd toxicity on root morphology. 

Salinity and heavy metals stresses induced oxidative stress to plants (Hernandez and 

Alamansa, 2002; Schutzendubel et al., 2001) that resulted in production of reactive oxygen 

species (ROS) in the mitochondria, peroxisomes and cytoplasm which can destroy the normal 

metabolism through damaging the lipids, proteins and nucleic acids (Foyer and Noctor, 2005; 

Turkan and Demiral, 2009). However, the degree of damage to these molecules depends upon 

the balance between the formation of ROS and their removal by the antioxidative scavenging 

systems (Asada, 1994). ROS mainly comprises of superoxide radicals (O2−), hydrogen 

peroxide (H2O2), hydroxyl radicals (OH-) and singlet oxygen (1O2).  

Plant have developed complex antioxidant defense system both enzymatic (SOD, 

APX, GR, CAT, etc.) and non-enzymatic (ascorbate, glutathione, flavonoids, etc.) to protect 

themselves against stress condition (Turkan and Demiral, 2009). Superoxide dismutase 

(SOD) is the primary scavenger which catalyzes the dismutation of superoxide into oxygen 

and H2O2 (Parida and Das, 2005). H2O2 reacts with various cellular targets inducing damage 

to proteins and DNA and also cause lipid peroxidation. This H2O2 is removed by the activity 

of peroxidase and catalase (Hussain et al., 2007). Ascorbate peroxidase (APX) is the most 
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important peroxidase, catalyzing the reduction of H2O2 to water using the reducing power of 

ascorbate (Noctor and Foyer, 1998). Glutathione reductase (GR) plays a crucial role in 

catalyzing the last and rate-limiting step of the Halliwell–Asada enzymatic pathway (Bray et 

al., 2000). Malondialdehyde (MDA) contents are considered as the general indicator of lipid 

peroxidation (Meloni et al., 2003; Wang and Zhou, 2006). The response of maize 

antioxidative system to abiotic stresses has been studied under anoxia (Yan et al., 1996), low 

temperature (Iannelli et al., 1999), drought (Aroca et al., 2003) and aluminum toxicity 

(Boscolo et al., 2003). However, studies related to the maize antioxidative systems towards 

cadmium and salinity stress conditions are scarce.  

 The present study was designed (1) to investigate the effect of single and combined 

stress of Cd and NaCl on growth, root morphology, photosynthesis; (2) to determine the 

changes in ultra structure of leaf and roots of two maize hybrids differing in salt tolerance (3) 

to evaluate the effects of cadmium and NaCl stress on the activity of antioxidative enzymes 

and lipid peroxidation in leaves (4) Finally, to test the hypothesis that salt tolerant maize 

hybrids is also Cd tolerant, which can not only help in cloning of genes involved in salinity 

and heavy metal tolerance, development of transgenics and better breeding programmes, but 

also help to chalk out accurate screening techniques ultimately aiding to crop improvement in 

problematic soils. 

 
3.4.2 Materials and methods 
3.4.2.1 Seedling growth and treatments 

 The experiments were conducted in 2011 at Zhejiang University, Hangzhou, China. 

Seeds of two maize hybrids, salt-tolerant 26204 and salt-sensitive 8441 (based on previous 

screening experiments) were germinated in moist quartz sand in a greenhouse. Twelve-day 

old seedlings with uniform growth were selected and transplanted into 30-L containers 

covered with a foamed plastic plate containing evenly spaced holes. The composition of the 

basic nutrient media was (gL-1): (NH4)2SO4 48.2, MgSO4 65.9, K2SO4 15.9, KNO3 18.5, Ca 

(NO3)2 59.9, KH2PO4 24.8, Fe citrate 5, MnCl2
.4H2O 0.9, ZnSO4 7H2O 0.11, CuSO4 5H2O 

0.04, H2BO3 2.9, H2MoO4 0.01 and the pH was 6.0±0.5. The Cd and NaCl stresses were 

generated two weeks after transplanting by adding Cd and NaCl to the corresponding 

containers to form the following 4 treatments i.e. (1) control; (2) 5 µmol/L Cd; (3) 100 

mmol/L NaCl; (4) 5 µmol/L Cd+100 mmol/L NaCl. The experiment was laid out as a 

completely random block design with three replications. The pH of each container was 
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adjusted into 6.0±0.5 daily using HCl or NaOH.  The nutrient media in the pots was 

continuously aerated using aquatic pumps and media was changed after every five days. 

Measurements were done after 15 days of stress.  

3.4.2.2 Measurement of plant growth and biomass  

 Plant growth were measured in terms of shoot and root length, shoot and root fresh 

weight, For determination of the dry weight, plants were separated into shoots and roots and 

dried at 75 oC for 48 hours.  

3.4.2.3 Measurement of root morphological features  

 After harvesting, roots were rinsed with distilled water. The root morphological 

parameters i.e. root diameter, surface area, volume and number of root tips were determined 

by using root automatism scan apparatus (MIN-MAC, STD1600) equipped with WinRHIZO 

software (Regent Instrument Company, USA). In each replication of all treatments, three 

plants were selected randomly. 

3.4.2.4 Measurements of SPAD value, Fv/Fm, and gas exchange parameters 

 The chlorophyll (Chl) content expressed as SPAD value was measured with a 

chlorophyll meter (Minolta Co. Ltd., Japan). The ratio of variable fluorescence to maximal 

fluorescence (Fv/Fm), an indicator of the efficiency of the photosynthetic apparatus, was 

recorded with a portable flourometer (model FMS-2 Hansatech In-struments Ltd., England). 

In parallel to the fluorescence measurement, net photosynthetic rate (A), stomatal 

conductance (Gs), intracellular CO2 concentration (Ci) and transpiration (E), were determined 

using a portable photosynthesis system (ADC Bio-scientific Ltd., UK). 

3.4.2.5 Transmission electron microscopy 

 To study the ultra-structure of root and leaf cells, samples of maize hybrids were 

collected after 15 days of stress. Root tips and leaf discs (approximately 2-3 mm in length) of 

sampled plants were fixed by 2.5 % glutaraldehyde (v/v) in 0.1 M sodium phosphate buffer 

(PBS), pH 7.4 at room temperature for 24 hours prior to PBS washing. The samples were 

then fixed in 1 % OsO4 (osmium oxide) for 1 hour and washed 3 times using PBS. The 

samples were treated with a series of graded ethanol (50, 60, 70, 80, 90, 95, and 100 %) and 

finally with absolute acetone for 15-20 min interval for complete dehydration. After 

dehydration, the samples were embedded in Spurr’s resin for 24 hours. The specimens were 

heated at 70oC for 9 hours for preparation of ultra-thin sections at 80 nm and mounted on 

copper grids to review under electron microscope at 60.0 KV voltages (JEOL TEM-1230EX). 
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3.4.2.6 Assay of antioxidant enzymes  

The second fully expanded leaves of plant samples were collected for enzymatic 

analysis after 15 days of stress. The 0.5 g fresh weight of leaves was homogenized in a pre-

chilled mortar under ice-cold conditions in 5.0ml 50mM cold sodium-phosphate buffer (pH 

7.8). After centrifuging at 13,000 × g for 30 min, the supernatants were stored at 4◦C and 

used for measurements of various antioxidant enzymes. 

Superoxide dismutase (SOD) activity was determined by the nitroblue tetrazolium 

(NBT) method (Beauchamp and Fridovich, 1971) by measuring the photoreduction of NBT 

at 560nm. The reaction mixture (3ml) contained 50mM sodium phosphate buffer (pH 7.8), 

13mM methionine, 75µM NBT, 10µM EDTA, 2mM riboflavin and enzyme extract (100µl). 

Reaction was started by placing tubes below two 15 W fluorescent lamps for 10 min, then 

stopped by switching off the light. Non-illuminated and illuminated reactions without 

supernatant served as calibration standards. The absorbance was measured at 560 nm. One 

unit of SOD was defined as the quantity of enzyme that produced 50% inhibition of NBT 

reduction under the experimental conditions.   

Guaiacol peroxidase (POD) activity was measured according to method of (Putter, 

1974) with some modification. The reaction mixture (3ml) consisted of 100µl enzyme 

extract, 100µl guaiacol, 100µl H2O2 (300mM) and 2.7ml 25mM potassium phosphate buffer 

with 2mM EDTA (pH 7.0). Increase in the absorbance due to oxidation of guaiacol was 

measured spectrophotometrically at 470nm (ε =26.6 mMcm-1).  

Catalase (CAT) activity was determined according to (Aebi, 1984). The assay mixture 

(3.0ml) consisted of 100µl enzyme extract, 100µl H2O2 (300mM) and 2.8ml 50mM 

phosphate buffer with 2mM EDTA (pH 7.0). The CAT activity was assayed by monitoring 

the decrease in the absorbance at 240nm as a consequence of H2O2 disappearance (ε = 39.4 

mM cm-1).  

Ascorbate peroxidase (APX) activity was assayed according to the method of 

(Nakano and Asada, 1981). The reaction mixture consisted of 100µl enzyme extract, 100µl 

ascorbate (7.5mM), 100µl H2O2 (300 mM) and 2.7ml 25mM potassium phosphate buffer with 

2mM EDTA (pH 7.0). The oxidation of ascorbate was determined by the change in 

absorbance at 290nm (ε = 2.8 mMcm-1).  

Glutathione reductase (GR) activity was measured according to (Garcia- Limones et 

al., 2002). The reaction mixture consisted of 100µl enzyme extract, 100µl NADPH (2.4 mM), 

100µl oxidized glutathione (GSSG, 10mM) and 2.7ml 25mM potassium phosphate buffer 
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with 2mM EDTA (pH 7.0). The oxidation of NADPH was determined by its absorbance 

change at 340 nm (ε = 6.2 mMcm-1).  

3.4.2.7 Lipid peroxidation   

The level of lipid peroxidation in plant tissues was expressed as malondialdehyde 

(MDA) was determined according to Hodges et al. (1999). Fresh samples (0.5g) were 

homogenized in 4.0 ml of 1% trichloroacetic acid (TCA) solution and centrifuged at 

10,000×g for 10 min. The supernatant was added to 1 ml 0.5% (w/v) TBA made in 20% 

TCA. The mixture was heated in boiling water for 30 min and the reaction was stopped by 

placing the tubes in an ice bath. The samples were centrifuged at 10,000 ×g for 10 min, and 

the absorbance of the supernatant was recorded at 532 nm. Correction of non-specific 

turbidity was made by subtracting the absorbance value read at 600 nm. The level of lipid 

peroxidation was expressed as nmol g-1 fresh weight by using its molar extinction coefficient 

of 0.155 mM cm-1 

3.4.2.8 Statistical analysis 

 All data presented in this study are mean of three replicates and standard errors (SE). 

Analysis of variance (ANOVA) was performed by using a statistical package, SPSS version 

16.0 (SPSS, Chicago, IL). Significant differences among treatments were considered at the P 

≤ 0.05 levels. 

3.4.3 Results 
3.4.3.1 Plant growth 

 Exposure of maize plants to Cd and NaCl stress resulted in a significant decrease 

(P<0.05) in all examined plant growth parameters as compared to the control (Table 3.4.1). 

No significant difference in all examined plant growth parameters was observed between Cd 

and NaCl alone treatments in both maize hybrids, but shoot length, shoot dry weight, root 

fresh and dry weights differed significantly between Cd and NaCl alone treatments in maize 

hybrids 8441 (Table 3.4.1). Overall, maize hybrid 8441 showed more reduction than 26204 in 

terms of the reduced proportion for each growth parameter between the treatment of Cd or 

NaCl stress and the control, respectively. The results also indicated that the combined stresses 

of NaCl+Cd caused no further decrease in all examined growth parameters when compared 

with the individual effect of Cd and NaCl. The two maize hybrids showed obvious 

differences in the response of all growth parameters to the three stress treatments, with 26204 

being more tolerant than 8441 (Table 3.4.1).  
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3.4.3.2 Root traits 

 Cd and NaCl significantly reduced number of root tips, total root volume, root 

diameter and surface area for the two maize hybrids, in comparison with control (Table 

3.4.2). However, relatively less reduction was observed in maize hybrid 26204 than in 8441 

for these root parameters. Plants exposed to combined stress of Cd and NaCl did not show 

further reduction as compared to Cd or NaCl stress alone. By contrary, root surface area and 

diameter were much improved under combined stress of Cd+NaCl relative to sole stress of 

Cd or NaCl (Table 3.4.2).  
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Table 3.4.1: Effects of Cd and  NaCl, on growth parameters in maize hybrids  

Hybrids Treatments Shoot Length (cm) Root Length  
(cm) 

Shoot fresh 
weight (g) 

Root fresh 
weight (g) 

Shoot dry 
weight (g) 

Root dry 
weight (g) 

H1 Control 70.0±2.64 a  29.6±3.18 ab 24.5±1.78 a 7.03±0.17 a 3.96±0.17 a 1.36±0.08 b 

  Cd 45.0±2.31 bc (64) 20.3±2.33 cd (69) 15.7±1.39 b (64) 4.93±0.17 bc (70) 2.50±0.20 c (63) 0.85±0.04 cd (62) 

  NaCl 49.3±2.18 bc (70) 22.6±3.18 bcd (76) 13.6±1.41 bc (56) 4.60±0.15 c (65) 2.36±0.08 cd (60) 0.81±0.06 cd (60) 

 Cd+NaCl 53.3±2.33 b (76) 26.6±3.76 abc (90) 17.4±2.34 b (71) 5.23±0.17 b (74) 3.16±0.17 b (80) 0.98±0.05 c (72) 

        
H2 Control 69.3±3.53 a 32.3±1.76 a 25.8±2.28 a 6.90±0.17 a 3.76±0.18 a 1.56±0.07 a 

  Cd 43.6±3.71 c (63) 19.0±3.05 cd (59) 12.7±1.99 bc (49) 4.36±0.31 c (63) 2.23±0.08 cd (59) 0.75±0.07 d (48) 

  NaCl 30.0±2.89 d (43) 15.0±2.31 d (46) 9.6±2.06 c (37) 2.56±0.14 e (37) 1.50±0.17 e (40) 0.50±0.06 e (32) 

 Cd+NaCl 34.3±2.33 d (49) 18.3±2.02 cd (57) 12.1±0.79 bc (47) 3.23±0.14 d (47) 1.96±0.08 d (52) 0.54±0.03 e (35) 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the percent 
of control. {(H1: Maize hybrid 26204, H2: Maize hybrid 8441) ( Cd @5 µmol L-1; NaCl @ 100 mmol L-1)} 
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Table 3.4.2:   Effects of Cd  and NaCl on root morphological  parameters in maize hybrids 

Hybrids Treatments Average root surface area 
(cm2) Average root Diameter (mm) Total root volume (cm3) No. of root 

tips 

H1 Control 1204.4±6.73 a 2.00±0.07 a 30.4±1.56 b 12463.3±159 a 

  Cd 733.3±8.78 d (61) 0.82±0.04 cd (41) 22.4±1.07 c (74) 9276.0±216 d (74) 

  NaCl 710.0±5.92 e (59) 0.84±0.04 c (42) 17.5±1.04 d (58) 10509.3±220 c (84) 

 Cd+NaCl 827.4±9.06 c (69) 1.12±0.07 b (56) 21.4±1.07 c (70) 10909.3±190c (88) 

H2 Control 1170.1±6.09 b 1.95±0.08 a 34.5±1.25 a 14456.6±161 a 

  Cd 526.8±7.21 g (45) 0.94±0.05 c (48) 23.8±0.78 c (67) 11963.3±149 b (83) 

  NaCl 469.9±9.16 h (40) 0.65±0.01 d (33) 15.7±1.08 d (45) 8976.0±223 d (62) 

 Cd+NaCl 549.4±5.23 f (47) 0.82±0.02 cd (42) 17.8±0.76 d (52) 9266.0±195 d (64) 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in parenthesis are the percent of 
control. {(H1: Maize hybrid 26204, H2: Maize hybrid 8441) ( Cd @5 µmol L-1; NaCl @ 100 mmol L-1)} 
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3.4.3.3 Chlorophyll contents and photosynthetic efficiency 

 Effects of Cd and NaCl on chlorophyll contents and photosynthetic efficiency, 

expressed as SPAD value and Fv/Fm ratio respectively, in maize leaves are shown in Table 

3.4.3. Maize hybrid 8441 exposed to 5 µM L-1 Cd and 100 mM L-1 NaCl reduced SPAD 

value by 21%, 44% and Fv/Fm ratio by 12%, 30% relative to control respectively, but no 

significant effect of Cd or NaCl stress on SPAD value and Fv/Fm was observed in maize 

hybrid 26204 (Table 3.4.3). Moreover, the combined stress (Cd+NaCl) did not induce further 

decrease of SPAD value and Fv/Fm ratio in both maize hybrids.  

 

3.4.3.4 Gas exchange 

 In comparison with the control, Cd or NaCl alone treatment led to a significant 

decline in all gas exchange parameters in both maize hybrids (Table 3.4.4). NaCl exposure 

reduced gas exchange parameters more drastically in comparison with Cd treatment in both 

maize hybrids. However, combined stress of Cd+NaCl significantly improved transpiration 

rate of maize hybrid 26204 and reduced internal CO2 concentrations of maize hybrid 8441 

while the other parameters of both maize hybrids 26204 and 8441 remained unchanged 

compared to Cd or NaCl treatment alone. It can be assumed that combined stress of Cd and 

NaCl had synergistic effects on gas exchange parameters.  

Table 3.4.3:  Effects of Cd and NaCl on chlorophyll contents and photosynthetic 
efficiency 
Hybrids Treatments SPAD value Fv/Fm 
H1 Control 36.0±1.99 ab  0.804±0.02 a 
  Cd 32.0±4.43 ab (89) 0.753±0.02 ab (94) 
  NaCl 29.2±2.34 b (81) 0.736±0.02 ab (92) 
 Cd+NaCl 30.1±2.14 b (84) 0.776±0.02 ab (97) 
H2 Control 37.7±2.42 a 0.786±0.01 ab 
  Cd 29.8±1.55 b (79) 0.696±0.01 b (89) 
  NaCl 21.3±0.52 c (56) 0.553±0.03 c (70) 
 Cd+NaCl 22.0±0.27 c (58) 0.579±0.05 c (74) 
Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ 
significantly at 0.05 level of probability and values in parenthesis are the percent of control. {(H1: 
Maize hybrid 26204, H2: Maize hybrid 8441) ( Cd @5 µmol L-1; NaCl @ 100 mmol L-1)} 
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Table 3.4.4:  Effects of Cd  and NaCl on gas exchange parameters in maize hybrids 

Hybrids Treatments 
Photosynthetic rate  

(A) 
(µmol CO2 m-2 s-1) 

Transpiration rate 
(E) 

(mmol H2O m-2 s-1) 

Stomatal 
conductance (Gs) 

(mmol  m-2 s-1) 

Internal CO2 

 Concentration (Ci) 
(µmol mol-1) 

H1 Control 21.2±0.81 ab  5.88±0.13 a 0.912±0.04 a 426.8±5.79 a 

  Cd 16.5± 0.83d (78) 3.57±0.16 c (61) 0.749±0.01 b (82) 316.1±6.44 cd (74) 

  NaCl 13.1±0.68 e (62) 3.16±0.17 c (54) 0.732±0.02 b (80) 295.8±4.69 e (69) 

 Cd+NaCl 18.5±0.81 cd (87) 4.29±0.10 b (73) 0.743±0.02 b (81) 328.2±6.53 c (77) 

H2 Control 23.4±0.83 a 5.55±0.25 a 0.950±0.04 a 379.0±4.13 b 

  Cd 20.2±0.96 bc (86) 3.44±0.20 c (62) 0.773±0.02 b (81) 308.5±6.93 a (81) 

  NaCl 10.5±0.57 f (45) 2.16±0,03 d (39) 0.616±0.01 c (65) 240.7±7.71 f (63) 

 Cd+NaCl 12.5±0.60 ef (53) 2.53±0.21 d (46) 0.613±0.02 c (65) 212.8±3.78 g (56) 

Each value is an average of 3 replications ± SE, figure not sharing the same letter in column differ significantly at 0.05 level of probability and values in 
parenthesis are the percent of control. {(H1: Maize hybrid 26204, H2: Maize hybrid 8441) ( Cd @5 µmol L-1; NaCl @ 100 mmol L-1)} 



3.4.3.5 Leaf ultra structure of maize hybrids 

 The ultra structure of leaf mesophyll cells was studied with special emphasis on 

chloroplasts and mitochondria with transmission electron microscopy (TEM). Overall, there 

were no differences between the two maize hybrids in the chloroplast ultra structure of maize 

mesophyll cells under control condition. Mesophyll cell of both maize hybrids posses a 

typical ultra structure of chloroplast with well developed stromal and granal thylakoids and 

intact chloroplast envelope (Fig. 3.4.1). However, there were generally no well defined starch 

grains and plastoglobuli were also observed in various numbers in both maize hybrid 

chloroplasts (Fig. 3.4.1).  

 When maize plants were subjected to Cd or NaCl stress, the chloroplasts of 26204 

mesophyll cells maintain its normal shape with complete chloroplast envelope containing 

well compartmentalized grana stacks with little swelling of thylakoids. The number of 

plastoglobuli was at normal level and mitochondria was also little swelled (Fig. 3.4.2A and 

3.4.3A). In contrast, Cd or NaCl treatment had a strong effect on both chloroplast shape and 

grana stack in mesophyll cells of salt-sensitive 8441 (Fig. 3.4.2B and 3.4.3B). Swelling and 

markedly reduced number of stromal thylakoids and disintegration of granal thylakoids 

appeared to be the most notable alteration. In addition, the number and size of pastoglobuli 

increased and mitochondria swelled with crista being partly lost in 8441(Fig. 3.4.2B and 

3.4.3B). In combined stress of Cd+NaCl, mitochondria was swelled, cristae were twisted and 

disordered in both maize hybrids (Fig. 3.4.4). Chloroplast showed thickened and twisted 

membrane, thylakoids blurred and swollen, and the number of plastoglobuli hardly increased 

in maize hybrid 8441 compared to that of 26204 having well-shaped grana, intact thylakoids 

with normal number of plastoglobuli.  

3.4.3.6 Root ultra structure of maize hybrids 

 In the control plants, root cells contained rich cytoplasm and organelles, smaller 

vacuoles, smooth and continuous cell walls, and bigger nucleus and nucleolus relative to the 

plants exposed to stress condition (Fig. 3.4.5). Also, cell walls were normal showing no sign 

of metal deposition. In contrast, when roots were exposed to Cd and NaCl stresses, numerous 

alterations were noticed in the ultra structure of root meristematic cells (Fig. 3.4.6 and 3.4.7). 

A considerable amount of Cd was present in the form of small crystal in vacuoles of 8441 

(Fig. 3.4.6 B). More increased vacuolation, disruption of nucleus, disappearance of nucleolus, 

disruption of nuclear membrane, swelling of mitochondria, distortion of cristae and 

detachment of ribosomes from endoplasmic reticulum were observed in root cell of Cd and 

NaCl treated plants of salt-sensitive 8441 (Fig. 3.4.6 B and 3.4.7 B) than salt-tolerant 26204 

(Fig. 3.4.6 A and 3.4.7 A).  
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Surprisingly, damage caused by Cd+NaCl treatment to the nucleus and other organelles was 

less in comparison with plants exposed to Cd or NaCl stress alone in both maize hybrids (Fig. 

3.4.8). 

 
 
 

 
Fig 3.4.1. Chloroplast of maize hybrid 26204 (A) and maize hybrid 8441 (B) 
under control condition.  TM= Thalkoid membrane, SG= Starch grains, ST= 
Stromal thalakoids, PG= Plasto globuli, G= Granna 
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Fig 3.4.2 Chloroplast of maize hybrid 26204 (A) and maize hybrid 8441 (B) under Cd 
stress.  TM= Thalkoid membrane, SG= Starch grains, ST= Stromal thalakoids, PG= 
Plasto globuli, G= Grana, M= Mitochondria, N= Nucleus, NM= Nuclear membrane, 
PM= Plasma membrane, CW= Cell wall  
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Fig 3.4.3. Chloroplast of maize  hybrids 26204  (A)  and 8441  (B) under NaCl  stress. 
TM= Thalkoid membrane, ST= Stromal  thalakoids, PG= Plasto globuli, G= Grana, M= 
Mitochondria, CW= Cell wall 
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Fig 3.4.4. Chloroplast of maize hybrid 26204 (A) and maize hybrid 8441 (B) under 
Cd+NaCl   stress.  TM= Thalkoid membrane,  SG= Starch  grains,  ST=  Stromal  
thalakoids,  PG=  Plasto  globuli, G= Grana, M= Mitochondria, N= Nucleus,  
NM= Nuclear membrane 
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Fig 3.4.5. Root  tips of maize hybrid 26204  (A) and maize hybrid 8441  (B) under 
control   condition. M= Mitochondria, N= Nucleus, NM= Nuclear membrane, V= 
Vacuole, Nu= Nucleolus 
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Fig  3.4.6.  Root  tips  of maize  hybrid  26204  (A)  and  maize  hybrid  8441  (B)  under  
Cd  stress. M= Mitochondria, N= Nucleus, NM= Nuclear membrane, V= Vacuole, GB= 
Golgi bodies 
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Fig  3.4.7. Root  tips  of maize  hybrid  26204  (A)  and maize  hybrid  8441  (B) under 
NaCl  stress. M= Mitochondria, N= Nucleus, NM= Nuclear membrane, V= Vacuole, 
GB= Golgi bodies 
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Fig 3.4.8. Root tips of maize hybrid 26204 (A) and maize hybrid 8441 (B) under 
Cd+NaCl stress. M= Mitochondria, N= Nucleus, NM= Nuclear membrane, V= Vacuole, 
GB= Golgi bodies 
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3.4.3.7 Antioxidant enzymes activities 
Significant increase in SOD activity was observed in both maize hybrids under sole 

stress of Cd and NaCl when compared with control (Fig. 3.4.9). The combined stress 

(NaCl+Cd) had a significantly higher SOD activity than control and Cd treatment alone but 

no significant difference was found between the combined stress (Cd+NaCl) and the NaCl 

treatment alone in both maize hybrids. However, in NaCl alone and Cd+NaCl treatments, the 

maize hybrids 26204 showed a faster increase of SOD activity than the maize hybrids 8441. 

NaCl and Cd stresses caused significant increase of POD activity in both maize 

hybrids (Fig. 3.4.10). The combined stress (NaCl+Cd) had a significantly higher POD activity 

than both the NaCl and Cd stress alone. There was a diverse difference among the both maize 

hybrids in the response of changes in POD activity to NaCl and Cd stresses. Salt tolerant 

maize hybrid 26204 had more rapid increase in POD activity when the plants were exposed 

to NaCl or Cd stress. Comparatively, maize hybrid 8441 which are considered sensitive to 

salinity had a rapid increase to Cd stress but slower increase in POD activity when subjected 

to NaCl stress. 

Changes in the activity of CAT in both maize hybrids are shown in Fig. 3.4.11.The 

combined stress (NaCl+Cd) and NaCl treatment alone caused significant increase of CAT 

activity in both maize hybrids relative to control but no significance difference was found 

between control and Cd treatment alone in both maize hybrids.  

Cd and NaCl stresses caused significant increase of APX activity in maize hybrid 

26204 but no significant improvement was observed in maize hybrid 8441 as compared to 

control (Fig. 3.4.13). Maize hybrid 26204 had a significant higher APX activity than all other 

treatments under combined stress (NaCl+Cd) while maize hybrid 8441 had also significant 

higher APX activity than control but no significant difference was found between combine 

stress and Cd or NaCl treatment alone. 

GR activity in leaves of both maize hybrids is shown in Fig. 3.4.14. In maize hybrid 

26204,  combined stress (NaCl+Cd) and NaCl treatment alone led to significant increase of 

GR activity relative to control but no significance difference was found between control and 

Cd treatment alone. In maize hybrid 8441, combined stress (NaCl+Cd) led to significant 

increase of GR activity relative to control but no significance difference was found between 

control and Cd or NaCl alone. 
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3.4.3.8 Lipid peroxidation 

Lipid peroxidation in leaves of both maize hybrids, measured as MDA content, is 

given in Fig. 3.4.12. In maize hybrid 26204, combined stress (NaCl+Cd) caused significant 

increase of MDA contents relative to control whereas sole application of NaCl and Cd had no 

significant effect on MDA contents. In maize hybrid 8441, MDA content was significantly 

improved under all treatments relative to control. 
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            Fig. 3.4.9. Effect of Cd and NaCl stress on SOD activity in leaves of H1 (salt 

tolerant maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441). (Each 
bar is an average of 3 replicates±S.E) 

 

0

50

100

150

200

250

300

350

C
on

tro
l

5µ
M

 C
d

 N
aC

l

C
d+

N
aC

l

C
on

tro
l

5µ
M

 C
d

 N
aC

l

C
d+

N
aC

l

V1 V2

PO
D

 (4
70

/g
 F

W
.m

in
)

 
Fig. 3.4.10. Effect of Cd and NaCl stress on POD activity in leaves of H1 (salt 
tolerant maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441) (Each 
bar is an average of 3 replicates±S.E) 
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       Fig. 3.4.11. Effect of Cd and NaCl stress on CAT activity in leaves of H1 (salt 

tolerant maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441) (Each 
bar is an average of 3 replicates±S.E) 
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Fig. 3.4.12. Effect of Cd and NaCl stress on MDA content in leaves of H1 (salt 
tolerant  maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441) (Each 
bar is an average of 3 replicates±S.E) 
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Fig. 3.4.13. Effect of Cd and NaCl stress on APX activity in leaves of H1 (salt 
tolerant   maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441) (Each 
bar is an average of 3 replicates±S.E) 
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Fig. 3.4.14. Effect of Cd and NaCl stress on GR activity in leaves of H1 (salt 
tolerant maize hybrid: 26204) and H2 (salt sensitive maize hybrid: 8441) (Each 
bar is an average of 3 replicates±S.E) 
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3.4.4 Discussion 
 

 High accumulation of NaCl or cadmium affects the distribution of certain essential 

nutrients in plants and consequently may be responsible for depression of plant growth 

(Hernandez et al., 1996; Zhang et al., 2002; Drazic et al., 2004). In the present study, it is 

obvious that sole stress of salinity and cadmium reduced plant growth by affecting root 

morphology, decreasing photosynthetic activities and altering leaf and root ultra structure of 

both maize hybrids. However, combine stress of cadmium and salinity improved the plant 

growth of both maize hybrids. These results are in agreement with those of (Greger et al., 

1995; Fritioff et al., 2005; Sepehr and Ghorbanli, 2006) who reported that at moderate level 

of salinity and cadmium plant growth as well as photosynthesis activities were improved 

compared with salinity and cadmium treatments alone. 

 In this study, the two maize hybrids responded differently to Cd, NaCl and Cd+NaCl 

stresses, where a significant decrease was observed in shoot and root length, shoots and root 

fresh and dry weights. In comparison to maize hybrid 8441, the overall performance of maize 

hybrids 26204 was better after exposing to NaCl and Cd stress. Less effect of Cd and NaCl 

stress on maize hybrids 26204 suggests that tolerance to this hazardous heavy metal is 

genotype specific. Inhibition of seedling growth by heavy metals has been repeatedly 

reported in various crop species (Shafiq and Iqbal, 2005; Shafi et al., 2009, 2010). Similarly, 

some reports revealed that the presence of excessive amount of Cd and NaCl in soil caused 

many toxic effects in plants which could finally reduce biomass production (Moya, et al., 

1993; Shafi et al., 2011).  

 Root morphological changes under varied environmental conditions directly influence 

the above ground parts and their biomass composition (Zhang et al., 2002; Liu et al., 2004). 

A specific effect of Cd is the microtubule damage observed in maize root cells, resulting in 

the inhibition of cell division (Eun et al., 2000). In response to Cd and NaCl stress, root 

surface area, volume and diameter, number of root tips of both maize hybrids were 

significantly reduced (Table 3.4.2). Earlier, it was also found Cd caused serious damage to 

the root tips in Arabidopsis, corroborating not only our results but also observation from 

other plant species (Schutzendubel et al., 2001). Cadmium also affected root metabolism and 

showed  sensitivity to Cd toxicity by a  reduction in lateral root size (Wojcik and Tukendorf, 

1999) due to  reductions in both new cell formation and cell elongation of the root (Liu, et al., 

2004). Our results showed that roots of maize hybrid 26204 demonstrated great potential to 

tolerate Cd and NaCl toxicity. The improvement in the root morphological parameters such 
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as surface area, volume, diameter and root tips of maize hybrid might be due to stimulated 

increase in synthesis of cell wall polysaccharides to detoxify the higher Cd concentration via 

aggregating it in cell walls. Cd stress also induces the incorporation of lignin in to cell wall of 

maize roots, with the result that cell wall rigidity increases and cell wall expansion is reduced 

(Degenhardt and Gimmler, 2000).  

 Photosynthesis was found to be very sensitive to Cd and NaCl in higher plants 

(Rascio et al., 1993; Lu et al., 2000; Tanyolac et al., 2007) and decrease of plant growth was 

mainly associated with the decrease of photosynthetic assimilation. The ratio of Fv/Fm is 

often used as a stress indicator and describes the potential yield of the photochemical reaction 

(Bjoerkman and Demming, 1987; Mallick and Mohn, 2003). Our findings depicted that Cd 

stress alone showed no significant impact on Fv/Fm of both maize hybrids, but NaCl 

application significantly reduced Fv/Fm ratio in maize hybrid 8441. Change in photosynthetic 

activity depends upon metal concentration, plant species and duration of exposure (Benavides 

et al., 2005). Chlorophyll content (SPAD value) of leaves declined significantly upon Cd and 

NaCl stresses, where salt-sensitive maize hybrid 8441 was more affected (Table 3.4.3). These 

results are in agreement with the earlier reports on wheat (Shafi et al., 2009, 2011). 

Photosynthetic rate, transpiration rate, stomatal conductance and internal CO2 concentration 

was significantly reduced by application of Cd or NaCl to both maize hybrids. Reduction of 

biomass by Cd and NaCl toxicity due to reduction in chlorophyll synthesis and 

photosynthesis has been documented (Padmaja, et al., 1990; Satyakala, 1997; Sepehr and 

Ghorbanli, 2006, Kang et al., 2007). The discrepancies could possibly be due to the 

differences in the genetic composition of these genotypes. The combine stress (Cd+NaCl) 

exhibited no further reduction in plant growth compared with Cd or NaCl treatment.  

 It has been found that Cd uptake is enhanced when plants were grown in the soils with 

higher NaCl concentration (McLaughlin et al., 1994; Weggler-Beaton et al., 2000), although 

the detailed interaction between salinity and Cd, is still not fully understood. However, in our 

case, some the plant growth parameters, root morphological characteristics as well as 

photosynthetic attributes were improved under combined stress of Cd+NaCl compared with 

cadmium and salinity alone. These results are in agreement with numerous publications 

(Greger et al., 1995; Fritioff et al., 2005; Sepehr and Ghorbanli, 2006). Weggler-Beaton et al. 

(2000) showing that the effects of salinity in increasing Cd bio-availability are attributable to 

the formation of Cd-Cl complexes. Moreover, these complexes also stimulate transport of Cd 

across the zone encompassing rhizosphere, apoplast, and plasma membrane. Thus, increased 

soil-plant transfer of Cd can occur under salinity. In our hydroponic experiments, fully 
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dissolved Cd and Cl- formed Cd-Cl complexes posing no distinct effect on Cd bioavailability. 

Meanwhile, it might be possible that injured roots due to high salinity weaken the capacity of 

essential ions such as (Ca2+, Mg2+) uptake, but used small amount of Cd instead. These might 

be the possible reasons for better growth of maize hybrids under combine stress of Cd+NaCl 

compared to cadmium and salinity alone. 

 In this study, the alterations observed in the ultra structure of the chloroplasts in 

leaves of both maize hybrids exposed to Cd and NaCl (Fig. 3.4.2 and 3.4.3) might be due to 

an increase in the production of reactive oxygen species (ROS), which caused oxidative 

damage to cellular structure and function (Choudhury and Panda, 2005). The effect of Cd and 

NaCl on the ultrastructure of chloroplasts involved disorganization of the thylakoid system 

and stroma, similar to those observed in Nicotiana tabacum (Vijaranakul et al., 2001) and 

Kandelia candel (Qiu et al., 2005). In addition, sole application of Cd and NaCl can also 

induce thylakoid distortions and an increase in the number and size of plastoglobuli in 

chloroplasts (Hakmaoui et al., 2007) following exposure to stress, acting in the synthesis and 

recycling of lipophilic compounds produced during oxidative metabolism (Olmos et al., 

2006). In addition, plastoglobuli are the localizers of toxicants in the chloroplast (Torgasheva, 

1984). Furthermore, the well developed grana stacking in chloroplasts of salt-tolerant 26204 

under Cd stress suggested that there were some underlying mechanisms of Cd detoxification 

in this maize hybrid line. Therefore, resistance to Cd may be the result of capacity to 

overproduce metal-binding proteins and peptides in maize hybrid 26204.  Such proteins and 

peptides play important role in trace metal metabolism (Webb, 1979). Further work should be 

focused on determining the mechanisms of Cd tolerance of these maize hybrids. 

 Transmission electron microscopy data on root cells revealed that Cd and NaCl 

application induced morphological alterations by increasing vacuolation, disrupting of 

nucleus, disappearance of nucleolus, disrupting of nuclear membrane, swelling of 

mitochondria, distortion of cristae and detachment of ribosomes from endoplasmic reticulum 

more adversely in maize hybrids 8441 as compared to maize hybrids 26204 (Fig. 3.4.6 and 

3.4.7). Our results corroborated the findings that vacuolar compartmentalization reduced the 

possible damage of toxic ions and metals on different sub cellular organs (Sanchez-Blanco et 

al., 2004). Also, Ciamporova and Mistrik (1993) reported that, the number of mitochondrial 

cristae in root cells is reduced by all types of stress indicating that reduction in energy 

production might contribute to the decreased plant growth. Finally, the combine stress 

(Cd+NaCl) did not show further damage in ultrastructure of leaf and root cells of both maize 

hybrids, which is also strongly evident by our data on plant growth, root morphology and gas 
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exchange, indicating the existence of intriguing underlying mechanisms for the combined 

Cd+NaCl stress on plant growth (Sepehr and Ghorbanli, 2006). 

Oxidative stress will happen when the plants are exposed to some abiotic and biotic 

stress due to imbalances in any cell compartment between the production of reactive oxygen 

species (ROS) and antioxidant defense, leading to theatrical physiological challenges (Foyer 

and Noctor, 2000). ROS can be viewed as a cellular indicator of stress and secondary 

messengers involved in all aspects of plant biology from gene expression and translation to 

enzyme chemistry (Foyer and Noctor, 2003). To overcome the effects of salinity/heavy 

metal–induced oxidative stress, plants make use of a complex antioxidant system. Relatively 

higher activities of ROS-scavenging enzymes have been reported in tolerant genotypes when 

compared to susceptible ones, suggesting that the antioxidant system plays an important role 

in plant tolerance against environmental stress. Thus, genotypes respond differently to 

various stresses as a result of variations in their antioxidant systems (Mohammadkhani and 

Heidari, 2007; Nawaz and Ashraf, 2007). Antioxidantive enzymes are known to protect the 

cell structures against the ROS generated by stress conditions (Reddy et al., 2004b). In 

present study, the responses of SOD, POD, CAT, APX, GR enzymes activities and MDA 

content suggest that oxidative stress is an important component of stress condition in maize 

plants.  

SOD is one of the ubiquitous enzymes which play a key role in cellular defense 

mechanisms against ROS. Its activity modulates the relative amounts of O2
- and H2O2, which 

is highly reactive and may cause severe damage to membranes, protein and DNA (Bowler et 

al., 1992). In present study, Cd and NaCl stress increased SOD activity in leaves of both 

maize hybrids. However, the increased SOD activity in leaves was more prominent in maize 

hybrid 26204 (salt-tolerant) relative to maize hybrid 8441 (salt-sensitive), suggesting that the 

salt-tolerant genotype has a better O2
- radical scavenging ability. The increase in SOD activity 

has been reported previously for certain plant species exposed to salt stress (Hernandez et al., 

2000; Shalata et al., 2001) or Cd stress (Vitoria et al., 2001; Qadir et al., 2004). 

The product of SOD activity is H2O2, which is still toxic and must be eliminated by 

conversion to H2O in subsequent reactions. In plants, a number of enzymes regulate H2O2 

intracellular levels, but POD, CAT and APX are considered the most important. Our data 

show that POD and APX activities in leaves of both maize hybrids was significantly 

increased under sole application of Cd and NaCl as well as Cd+NaCl treatment relative to 

control. It is important that salt or Cd-induced SOD activity in the leaves was accompanied 

by a greater increase in POD and APX activities in maize hybrid 26204 than in maize hybrid 
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8441, indicating that the H2O2 scavenging mechanism was less effective in maize hybrid 

8441. Thus, our results suggest that POD and APX activities coordinated with SOD activity 

play a central protective role in the O2
- and H2O2 scavenging process under salt stree (Liang 

et al., 2003; Badawi et al., 2004) and similar result was obtained by (Wu et al., 2003) under 

Cd stress in barley plants. 

Our results show that CAT activity was significantly greater in leaves of both maize 

hybrids under NaCl alone and combine stress (NaCl+Cd) treatments than control plants. Cd 

stress did not result in significant increase in CAT activities in both maize hybrids, which is 

agreement with those reported by Hegedus et al., (2001). On the other hand, Shah et al., 

(2001) observed significant decline in CAT activity when wheat plants were exposed to Cd 

stress. Variation in CAT activity due to Cd stress may be partly attributed to possible 

variation among species, growth stage, stress intensity and duration of exposure. Differential 

responses of CAT activities due to Cd stress might reveal different targets of oxidative 

damage. Salt stress increased the activities of CAT in both maize hybrids, suggesting that 

accumulation of ROS might occur in response to salt stress. These findings are in agreement 

with some previous reports (Noctor and Foyer, 1998).  

In this study, Cd stress did not show significant increase of GR activity in maize 

hybrid 26204 but significant improvement was observed under NaCl alone and combine 

stress (NaCl+Cd) in maize hybrid 26204 than control plants. On the other hand, sole 

application of NaCl and Cd have no effect on GR activity in maize hybrid 8441 and only 

combine stress (NaCl+Cd) significantly improved GR activity than control.  Variation in GR 

activity due to Cd stress may be partly attributed to possible variation among genotypes, 

stress intensity, growth stage, and duration of exposure. Our results are in agreement with 

previously reported that Cd stress in pea plants, did not show any significant change in GR 

activities (Dixit et al., 2001; Sandalio et al., 2001). Salt stress increased the activities of GR, 

suggested that the salt tolerance character is related to increased GR activity in maize hybrid 

26204 (Sudhakar et al., 2001; Meloni et al., 2003).  

Salinity caused lipid peroxidation, which has often been used as indicator of salt-

induced oxidative damage in membranes (Hernandez and Almansa, 2002). In present study, 

we observed that MDA content was unaffected by Cd and salinity in leaves of maize hybrid 

26204 but increased significantly in leaves of maize hybrid 8441. The lower level of lipid 

peroxidation in maize hybrid 26204 suggests that tolerant plants are better protected from 

oxidative damage under Cd or salinity stress. Similar results correlating lipid peroxidation to 

antioxidative system activity were also reported by other researchers (Shalata and Tal, 1998; 
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Lin and Kao, 2000; Hernandez and Almansa, 2002). These authors suggested the reduction of 

MDA content was due to increased antioxidative enzyme activities, which reduced H2O2 

levels and membrane damage. In the present study, the MDA concentration reduction in 

maize hybrid 26204 appears to be associated with an increase in SOD activity and 

maintenance of POD and APX activities, which could lead to reduced H2O2 concentration, 

and consequently lipid peroxidation in leaves of this maize hybrid. 

 Results of present study revealed that under sole stress of Cd and NaCl, maize hybrids 

responded differentially to the combine stress of Cd and NaCl. Under combined stress plant 

growth, root morphology, photosynthetic activities, leaf and root ultra structure of both maize 

hybrids were not much affected than those under sole stress. Salt tolerant maize hybrid 26204 

also showed higher tolerance against cadmium stress due to better antioxidant enzymes 

activities, especially SOD, POD and APX as compared to salt sensitive maize hybrids 8441 

which may help them from protecting oxidative damages. High level of lipid peroxidation in 

leaves of maize hybrid 8441 was observed which could be used as an important biochemical 

trait for salinity/ heavy metal tolerance in maize hybrids   
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CHAPTER 4 

GENERAL DISCUSSION 

  

 Salinity is one of the major abiotic stresses which affect crop productivity in one 

quarter to one third of all agricultural lands. The problem becomes more severe due to the 

irrigation with saline water and uses of uncultivable soils to fulfill the demand of the 

increasing population all over the world (Munns, 2002). Salt stress causes a number of 

changes in plant metabolism. Of them, ion toxicity, osmotic stress, disturbing the uptake and 

translocation of nutritional ions, disturb protein synthesis and energy production, reduction in 

plant growth and photosynthesis are most prominent (Mittler, 2002; Misra and Dwivedi 

2004; Parida and Das, 2005). Salinity stress also caused the oxidative damage through the 

production of reactive oxygen species which are the by product of hyper osmotic and ionic 

stresses and responsible for oxidative damage in plants (Bohnert and Jenson, 1996; Sun et al., 

2011) These effects can disturb the physiological and biochemical functions of the plant cell, 

leading to cell death (Xiong and Zhu 2002). 

 Advance research in plant physiology, genetic make up and plant molecular biology 

make it easy to understand plant responses to salinity stress (Flower, 2004; Munns, 2007). 

The complex mechanism of salinity tolerance and high extent of variation at intra-specific 

and inter-specific levels in plant contributing many difficulties to recognize a single indicator 

which could be used as an effective selection criteria. But, currently, quick and economical 

viable short gun approaches have been extensively used to ameliorate the injurious effects of 

salinity on plant growth (Cuartero et al., 2006; Ashraf and Foolad, 2007). In the past few 

decades various types of organic and inorganic chemicals have been used to ameliorate the 

harmful effects of salinity on different crops. However, the extent of their ameliorative effect 

depends on a number of factors such as type of crop, the mode of their application, the type 

of chemical and its interaction with different types of salts in the growth medium of plants 

and different growth stage at which they are applied.  

Screening of germplasm is very crucial to indentify salt tolerant genotypes for 

breeding program to sort out salt tolerant and high yielding varieties. Nine maize hybrids 

were grown in a solution culture experiment at 50 to 100 mM NaCl. Results revealed that 

salinity caused significant reduction in plant growth parameters, plant biomass, chlorophyll 

contents, leaf area and K+ concentration but Na+ concentration was significantly improved 

with increasing salinity levels in all maize hybrids. Similar results were reported earlier by 
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Akram et al., 2010; Maiti et al., 2010 for maize hybrids and Ghaloo et al., (2011) for wheat 

that increasing salinity decreased plant growth by reducing shoot and root length and seedling 

dry weight. Out of 9 maize hybrids studied in screening experiment, two salt tolerant maize 

hybrids (26204 and Hysus-33) and two salt sensitive maize hybrids (33H25 and 8441) were 

selected on the basis of their K+/Na+ ratio, shoot and root length, shoot and root fresh and dry 

weights, leaf area and chlorophyll contents. These maize hybrids were further studied to 

check their response towards potassium application.  

 Potassium application is a meaningful approach in inducing salinity tolerance in 

different crop plants (Nadia and Bardan, 2006; Mahmood, 2011). It is essential for many 

physiological attributes like photosynthesis, activation of enzymes and reducing excess 

uptake of sodium under saline condition (Mengel and Kirkby, 2001; Reddya et al., 2004). 

Potassium is an important nutrient that maintains the turgidity in plants cells (Carroll et al., 

1994). Many studies have clearly depicted that addition of potassium mitigates the 

unfavorable effects of salinity through its role in stomatal regulation, osmoregulation, energy 

status, charge balance, protein synthesis and homeostasis (Sanjakkara et al., 2001; Mahmood, 

2011). Plants exposed to salinity stress suffer from oxidative damage catalyzed by reactive 

oxygen species (ROS) e.g. super oxide, hydrogen peroxide and hydroxyl radical, ion toxicity 

and K-deficiency. Salt tolerant genotypes respond to salinity by increasing anti-oxidative 

defense systems for detoxification of ROS (Zhu, 2001; Ali et al., 2011; Sun et al., 2011). 

Therefore, improvement of potassium (K+) nutritional status of plants can greatly lower the 

ROS production (Cakmak, 2005). The scavenging of ROS by the scavenging system 

especially SOD, CAT and GPX activities improve by potassium application (Soleimanzadeh 

et al., 2010).  

 Comprehensive information about the effect of potassium application on 

morphological, physiological and biochemical attributes in maize hybrids under saline 

condition should be studied to increase the production of maize crop on salt affected soil. 

Keeping in view the beneficial effects of potassium on the growth of other crops, second 

study was planned to investigate the role of K+ regarding the salinity induced morphological, 

physiological and antioxidant activity changes in maize hybrids differing in salinity tolerance 

in solution culture. Furthermore, study 3 was planned to investigate the changes in 

morphological, physiological and biochemical attributes in maize hybrids differing in salinity 

tolerance at different growth stages under various level of K+ application in soil culture. 

 Screening of genotypes for salt tolerance, transfer of genes for salinity tolerance into 

adapted cultivars and sufficient regulation of mineral nutrients are required to supplement the 
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chemical and engineering approaches to maintain crop production on saline soils (Mahar et 

al., 2003). The results of study 2 and study 3 revealed that salinity markedly reduced plant 

growth and plant biomass, confirming many previous findings that salinity caused significant 

reduction in plant height, leaf area and fresh as well as dry weights (Mulholland et  al., 2002; 

Yurtseven et al., 2003; Hajer et al., 2006). The inhibitory effects of salinity on plant growth 

are attributed to specific ion cytotoxicity, low external osmotic potential and nutrients 

deficiencies (Parida and Das, 2005). Zhu (2002) reported that higher accumulation of Na+ 

ions damaged plant metabolism and reduced plant growth. Salt tolerant and salt sensitive 

maize hybrids responded directly to salinity stress depending upon their capabilities to 

selectively absorb K+ over Na+. Better growth of salt-tolerant maize hybrids under salinity 

stress was related to their higher accumulation of K+ than salt-sensitive maize hybrids, which 

is also evident by studies in barley (Chen et al., 2005 2007) and  maize (Akram et al., 2010). 

 Effect of salinity on relative water content (RWC) has been used as one of the very 

important water relation parameters for assessing degree of salinity tolerance in maize 

(Premachandra et al., 1990). In study 2 and 3 salinity caused significant reduction in relative 

water contents for all maize hybrids. Salt tolerant maize hybrids showed higher RWC under 

saline condition as compared to salt sensitive maize hybrid. The reduction of RWC under 

salinity stress is in confirmation of already reported results (Sairam et al., 2002). Potassium 

played an important role in maize hybrids water relation under salinity stress and helped the 

plants to absorb more water to reach turgidity. Subbarao et al., (2000) reported that RWC and 

osmotic potential were significantly reduced at low potassium level in red beat.  

 Results of study 2 and study 3 revealed that imposition of salinity stress significantly 

inhibit the photosynthetic pigments (chlorophyll a and chlorophyll b) and gas exchange 

parameters (photosynthetic rate (A), transpiration rate (E) stomatal conductance (Gs), and 

internal CO2 concentration (Ci)) in all maize hybrids. However, addition of potassium 

enhanced these photosynthetic characteristics in salt tolerant maize hybrids especially at 

higher level of potassium application (9 mM K level for solution culture and 300 kg K ha-1 

for pot culture). In theses studies, different concentrations of K+ improved gas exchange 

attributes and chlorophyll contents particularly of the salt-tolerant maize hybrids. Stomatal 

regulation is a major factor in controlling photosynthetic rate as well as water balance of 

plants growing under salinity stress (Dubey, 2005; Sun et al., 2011). This could be due to a 

significant role of K+ as a major osmoticum in vacuole under stress condition (Marschner, 

1995). In view of some previous reports, stomatal regulation largely depends upon the 

distribution of K+ in epidermal cells, guard cells and leaf apoplast (Shabala et al., 2002).  
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Working with sunflower, Akram et al., (2009) reported that potassium applications improve 

chlorophyll contents and gas exchange attributes under salinity stress. 

Salt sensitive maize hybrids accumulated high amount of  sodium under salinity 

stress,  could be one of the reasons of its sensitivity to salt stress, while more potassium 

content in salt tolerant maize hybrids must have contributed towards its discriminating 

tolerance to salinity stress. Carden et al., (2003) also demonstrated that salt-tolerant barley 

plants accumulated higher K+ due to selective absorption of K+ and by a preferential loading 

of K+ rather than Na+ into the xylem. However, salt-tolerant maize hybrids exhibited strong 

affinity for K+ over Na+ by maintaining  higher K+/Na+ ratio as compared to salt-sensitive 

maize hybrids. Addition of K+ mitigated the undesirable effects of Na+ and improved K+ 

uptake of olive (Chartzoulakis et al., 2006), sunflower (Akram et al., 2009) and improved 

K+/Na+ ratio under salt stress (Carden et al., 2003; Akram et al., 2010).  

 Antioxidative enzymes are known to protect the cell structures against the ROS 

generated under stress conditions (Ali et al., 2011). Our results indicate that under salt-

stressed conditions, a significant increase in the activities of SOD, POD, and CAT in 

response to oxidative stress was apparent in all maize hybrids but high level of salinity 

caused reduction in SOD, POD and CAT activities (study 2). SOD is the key enzyme in the 

active oxygen scavenger system and considered to be the first line of defense against ROS 

(Hamilton and Heckathorn, 2001) which convert O2
- to H2O2 (Costa et al., 2005). The CAT 

and POD destroy the H2O2 produced by SOD and other reactions (Foyer et al., 1994). 

Relatively higher activities of ROS-scavenging enzymes have been reported in salt tolerant 

maize hybrids when compared with salt sensitive maize hybrids, suggesting that the 

antioxidant system plays an important role in plant tolerance against salt stress. Thus, maize 

hybrids respond differently to salinity stress as a result of variations in their antioxidant 

systems (Bhutta et al., 2011; Nabati et al., 2011). However, addition of potassium further 

enhanced the activities SOD, POD and CAT in maize hybrids under saline condition. These 

finding also parallel to the argument that antioxidant activities in plants under salinity stress 

are improved by potassium application (Zheng et al., 2008; Soleimanzadeh et al., 2010). 

 Pakistan is situated in arid to semi-arid regions where growing of crops totally 

depends on availability of surface water through canal irrigation system. But currently, 

Pakistan is facing severe problem of water shortage for agriculture purposes due to low 

rainfall, an increase in population, decreasing capability of limited water reservoirs and 

unfortunately prevailing of very poor and mismanaged distribution of water for irrigation 

purposes. Under the existing very pitiful agro-environmental conditions, non-conventional 
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water resources such as municipal sewage are being used for growing of agricultural crops. 

This municipal sewage contains different concentration of heavy metals, pathogens, plant 

nutrients, soluble salts and floating particulate matter (Ghafoor et al., 2004). Extensive use of 

organic fertilizer such as biosolids and phosphorus fertilizers in salt affected soils to improve 

soil quality and fertility, also contains appreciable quantity of heavy metal (Cd) (Deng et al., 

2002). Currently, 20 million hectares soils around the world and 32,500 hectares soils in 

Pakistan are receiving city raw effluent for irrigation (Ensink et al., 2004). Rawalpindi, 

Faisalabad, Lahore, Gujranwala, Hyderabad and Peshawar are the major cities of Pakistan 

which are producing high quantity of raw sewage due to large scale industries, textile such as 

tanneries, paints, paper, pulp production and wood preservation etc.  

 In natural conditions plants could have to face more than one kind of stresses such as 

salinity, drought and heavy metals etc. So, it is very imperative to study the behavior of 

different plants species in multiple stress conditions. But still most of the scientists are paying 

attention on the effects of single stress on plant growth while the interactions of two stresses 

may be far from additive (An et al., 2004). Therefore, interaction of Cd and salinity should be 

taken into consideration since both stresses could occur simultaneously in agricultural soils. 

But, the detailed physiological and morphological mechanisms of interaction between salinity 

and Cd are not well understood. Study 4 was conducted to test the hypothesis that salt 

tolerant maize hybrids are also Cd tolerant. It is obvious that salinity stress is known to affect 

various growth processes including photosynthesis, ion homeostasis, water relations, 

synthesis and transport of organic compounds, production of reactive oxygen species (Ashraf, 

2004; Sun et al., 2011) and excessive amount of Cd in soil causes reduction in plant growth, 

disturbance of cellular metabolism and photosynthesis (Sandalio et al., 2001; Wojcik et al., 

2005a; Gratao et al., 2005). Cd has also been reported to affect the ultastructure of plants by 

causing drastic structural thylakoid alterations in the chloroplast (Aravind and Prasad, 2005).  

 Results of study 4 revealed that sole stress of salinity and cadmium reduced plant 

growth  (Shafi et al., 2011) by affecting root morphology (Zhang et al., 2002; Liu et al., 

2004), decreasing photosynthetic activities (Kang et al., 2007; Shafi et al., 2009, 2011), 

altering leaf and root ultra structure (Qiu et al., 2005; Hakmaoui et al., 2007) and enhanced 

antioxidant enzymes activities to scavenges reactive oxygen species (Ali et al., 2011; Sun et 

al., 2011) of both maize hybrids. But the reduction in plant growth attributes was most 

prominent in maize hybrid 8441 as compared to maize hybrid 26204. However, combine 

stress of cadmium and salinity improved the plant growth of both maize hybrids due to the 

formation of Cd-Cl complexes and low uptake of essential ions such as (Ca2+, Mg2+) 
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(Weggler-Beaton et al., 2000). These results are in agreement with those of (Greger et al., 

1995; Fritioff et al., 2005; Sepehr and Ghorbanli, 2006) who reported that at moderate level 

of salinity and cadmium plant growth as well as photosynthesis activities were improved 

compared with salinity and cadmium treatments alone. 

 It can be concluded that salt stress significantly reduced the plant growth by affecting 

plant height, root and shoot fresh and dry weight, relative water contents, membrane stability 

index, chlorophyll ‘a’ and ‘b’, gas exchange parameters. The concentration of Na+ ions was 

significantly improved while K+ concentration was decreased by increasing salinity level in 

all maize hybrids. However, salt tolerant maize hybrids show high K+ and less Na+ 

accumulation at all salinity level as compared to salt sensitive maize hybrids. Antioxidant 

enzymes also played very important role in salinity tolerance of maize hybrids. Salt tolerant 

maize hybrids showed better scavenging capacity of ROS by showing high antioxidant 

enzymes activities relative to salt sensitive maize hybrids. Potassium application significantly 

reduced the injurious effects of salinity by improving all plant growth attributes, increasing 

K+/Na+ ratio and enhancing activities of antioxidant enzymes. Over all, salt tolerant maize 

hybrid (26204) show better response towards potassium application as compared to salt 

sensitive maize hybrid (8441). Salt tolerant maize hybrid 26204 also showed higher tolerance 

against cadmium stress, which provides new insight for molecular breeders to find out 

multiple-stress resistant genes that help the plant to grow under saline and heavy metal stress 

condition. 
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CHAPTER 5  
SUMMARY 

  
 Salinity is the big threat throughout the world that drastically reduced the crop 

productivity. Increases in salinity tolerance to fulfill the increasing demand of food 

production and maintain security of humankind, are an important goal as the world 

population is increasing very rapidly than the area of agricultural land to support it. Plant 

breeders have made considerable achievement in last few years in improving salt tolerance 

genotypes in some potential crops using different approaches, but sustainable improvement in 

salinity tolerance in crops is still an important challenge to agricultural scientists. Mineral 

nutrient status of plants plays a vital role in increasing plant resistance to environmental 

stress. So, application of potassium to plants growing under saline conditions is the novel 

approach to ameliorate salt induced reduction in plant growth. Keeping in view the above 

discussion, the present research work was planned with following objectives. 

 To evaluate the ameliorative role of potassium regarding growth, physiological, 

biochemical and water related changes induced by salt stress in maize plants 

 To evaluate the potassium-induced antioxidant system in maize leaves under salt                 

stress. 

 To evaluate the salinity and potassium interaction regarding leaf gas exchange and 

photosynthetic capacity in maize plants. 

 To evaluate how potassium application affects the uptake and partitioning of                           

Na+ and K+ in maize plants grown under different levels of salinity. 

 To test the hypothesis that salt tolerant maize hybrids is also Cd tolerant by evaluating 

single and combined stress of Cd and NaCl on growth, root morphology, 

photosynthesis leaf and root ultra structure and antioxidant enzymes activities. 

 To achieve these objectives, solution culture and pot experiments were conducted at 

wire house of Saline Agriculture Research Centre (SARC), University of Agriculture, 

Faisalabad. 9 maize hybrids were grown for four weeks in hydroponics using three levels of 

salinity (control, 50 and 100 mM NaCl) to screen out salt tolerant maize hybrids. Salinity 

caused significant increased in Na+ concentration in leaves with a resultant decrease in 

K+/Na+ ratio and dry matter production. All maize hybrids were significantly different in Na+ 

accumulation and dry matter production. The maize hybrids 26204 and Hysun-33 

accumulated high K+, minimum Na+, maintained highest K+/Na+ ratio, produced maximum 
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dry matter and emerged as salt tolerant maize hybrids. By contrast, maize hybrids 8441 and 

33H25 accumulated low K+, maximum Na+, exhibited lowest K+/Na+ ratio, produced 

minimum dry matter and emerged as salt sensitive maize hybrids. 

 In 2nd study four maize hybrids, 8441 and 33H25 indentified as salt sensitive and 

26204 and Hysun-33 recognized as salt tolerant on the basis of Na+ accumulation, K+/Na+ 

ratio and biomass production were grown in solution culture with three levels of salinity 

(control, 70 and 140 mM NaCl) and three potassium levels (3, 6 and 9 mM K). The salt-

tolerant maize hybrids exhibited a strong affinity for K+ over Na+ and showed relatively less 

reduction in plant height, leaf area, shoot length, shoot fresh and dry weight and K+/Na+ 

ratios. It is obvious that salt sensitive genotypes with decreased plant growth, low K+/Na+ 

ratios, poor antioxidant enzyme and photosynthetic activities, is poorly- prepared to face salt 

stress as it fails to respond in a way similar to salt-tolerant maize hybrids, resulting in lower 

RWC, increased ROS contents and consequently lower MSI and Chlorophyll content under 

salt stress.  Addition of K increased CAT which had a protective effect on growth and 

photosynthetic capacity of maize hybrids against salt induced oxidative stress. Application of 

potassium enhanced the stomatal conductance thereby favoring higher assimilation of CO2 

but this effect was cultivar specific. Overall, addition of potassium created marked difference 

in the activity of CAT, stomatal conductance and K+/Na+ ratios, leaf area, shoot length and 

shoot fresh weight in tolerant maize hybrids as compared to susceptible maize hybrids 

suggest that maize hybrids from different pedigrees are differed in some specific mechanisms 

of salinity tolerance. 

 In study 3, pot experiment was conducted to asses whether soil application of 

potassium plays a role in alleviating the adverse effects salinity on morphological, 

physiological and biochemical attributes of maize at different growth stages. Salt tolerant 

(26204) and salt sensitive (8441) maize hybrids were used in the present study with three 

levels of potassium (75, 150 and 300 kg K ha-1) and one salinity level (10 dS m-1). It is 

obvious that salinity stress reduced plant growth by affecting plant morphological 

characteristics, reducing relative water contents and membrane stability index, decreasing 

photosynthetic activities, altering K+/Na+ ratios and antioxidant activities of both maize 

hybrids at all three growth stages. The inhibitory effect of salt stress was more pronounced on 

maize hybrid 8441 than 26204. However, addition of potassium significantly alleviates 

harmful effect of salinity by improving the plant growth, gas exchange parameters, enhancing 

K+/Na+ ratios and antioxidant activities of both maize hybrids. 300 kg K ha-1 was found more 

effective in alleviating perilous effect of salinity as compared to other two levels. Salt tolerant 
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maize hybrid 26204 show better response towards potassium application as compared to 

maize hybrid 8441 under non saline and saline conditions. 

 In order to test the hypothesis that salt tolerant maize hybrids is also heavy metal (Cd) 

tolerant or not, the next study was conducted at Zhejiang University, Hangzhou, China. Same 

maize hybrids (salt-tolerant 26204 and salt-sensitive 8441) were grown in solution culture 

with following treatments (1) control; (2) 5 µmol/L Cd; (3) 100 mmol/L NaCl; (4) 5 µmol/L 

Cd+100 mmol/L NaCl. In comparison to sole stress of Cd and NaCl, maize hybrids 

responded differentially to the combine stress of Cd and NaCl. Under combined stress plant 

growth, root morphology, photosynthetic activities, leaf and root ultra structure of both maize 

hybrids were not much affected than those under sole stress. Maize hybrid 26204 was tolerant 

to NaCl/Cd stress with better scavenging capacity of ROS. Activity of antioxidant enzymes, 

especially SOD, POD and APX may help them from protecting oxidative damages. In maize 

hybrid 8441, NaCl/Cd treatments possibly caused more oxidative damage. Membrane 

damage in term of lipid peroxidation was more severe in maize hybrid 8441 which may be 

another important biochemical trait for better salinity/ heavy metal tolerance in maize hybrid 

26204. Salt tolerant maize hybrid 26204 also showed higher tolerance against cadmium 

stress, which provides new insight for molecular breeders to find out multiple-stress resistant 

genes. Physiological response of both hybrids to Cd was similar to that of NaCl, however, 

combined stress of Cd and NaCl might trigger physiological and genetic modifications 

enabling this type of hybrids to potentially perform better in fields with multiple ionic 

stresses as compared to sole stress. 

 By summarizing all theses results, it can be concluded that salinity stress caused 

significant reduction on plant growth by affecting plant morophological characters, relative 

water contents, membrane stability index, photosynthetic pigments, gas exchange attributes, 

increasing Na+ concentration and decreasing K+ uptake. However, potassium application 

significantly alleviates the harmful effects of salinity by enhancing all plant growth attributes 

and increasing activities of antioxidant enzymes for scavenging reactive oxygen species. 

Over all, salt tolerant maize hybrid (26204) show better response towards potassium 

application as compared to salt sensitive maize hybrid (8441) and also salt tolerant maize 

hybrid 26204 showed higher tolerance against cadmium stress 
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