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ABSTRACT 
_____________________________________________________________ 
 
A study was planned to assess the salt tolerance potential of 10 wheat cultivars, five 
newly developed (S-24, Saher-2006, Inqlab-91, Faisalabad-2008 and Lasani) and five 
candidate (P.B-18, M.P-65, SH-20, AARI-10, G.A-20). Two salinity levels were (0 mM 
and 150 mM) applied at three growth stages seedling, tillering and boot stages. This study 
comprised independent two experiments. The first experiment was performed to screen 
the 10 wheat cultivars on the basis of biomass production and yield under saline stress. 
Four wheat cultivars (S-24, Saher-2006, Lasani and AARI-10) were selected on the basis 
of the results of the first experiment and again grown in the following year for detailed 
study of physio-biochemical responses under saline stress imposed at different growth 
stages. Saline stress application at different growth phases caused a marked reduction in 
biomass production, yield, different gas exchange attributes, photosynthetic pigments and 
water relation parameters. However, comparatively cvs. S-24 and Saher-2006 showed 
less reduction in these attributes due to saline application at three growth stages. Less 
cholophyll degradation, comparatively higher photosynthetic and transpiration rate and 
leaf turgor were observed due to saline stress imposition at the boot stage. However, it 
was greater due to salinity imposed at the seedling stage. Furthermore, NaCl applied at 
three different growth stages markedly increased the endogenous Na+ level and caused 
reduction in Ca2+, K+, K+/ Na+

 and Ca2+/ Na+
 ratios. Overall, cvs. Saher-2006 and S-24 

maintained higher K+/ Na+
 and Ca2+/ Na+

 ratios as compared to the other wheat cultivars 
under salt stress. There was a less decrease in K+/ Na+

 and Ca2+/ Na+
 ratios under the 

saline environment developed at the boot stage while maximum at the seedling stage. A 
significant alteration in different biochemical attributes was observed in all wheat 
cultivars under saline stress imposed at three growth stages. For example, a substantial 
increase was observed in H2O2, MDA, soluble proteins, proline, glycinebetaine and 
activities of different aintioxidants (SOD, POD, CAT, phenolics). Different wheat 
cultivars showed variation in these biochemicals in response to salt stress applied at 
different growth stages. Maximum antioxidative enzymes activities were observed in cvs. 
S-24 and Saher-2006 due to saline stress application at three growth stages. However, 
cvs, S-24 and Sher-2006 had higher accumulation of GB and proline as compared to the 
other cultivars (Lasani and AARI-10) under saline stress imposed at early growth stages 
(seedling and tillering) than at the boot stage. Anatomical studies of four wheat cultivars 
under saline stress applied at different growth stages showed that cvs. S-24 and Saher-
2006 had thick epidermis of stem and root, greater schlerification in stem and leaf, higher 
vascular bundle and metaxylem area and greater cortical cell area due to saline stress 
applied at three different growth stages than the other two cultivars (Lasani and AARI-
10). These anatomical characteristics showed their better adaptability under saline 
environment in terms of checking water loss, good water storage capacity, and better 
toxic ion compartmentalization due to large size vacuoles of cortical cells and better 
water and nutrient transport through vessels. So, it can be inferred that wheat is more 
prone to adverse effects of saline stress when applied at the early growth stage (seedling) 
than at later growth stages. Overall, of all wheat cultivars cvs. S-24 and Saher-2006 were 
more tolerant to saline stress. 
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        Chapter 1 
 
INTRODUCTION 

 

Soil salinity severely affects agricultural productivity by disturbing plant growth 

because the high levels of salts in the soil are harmful for crop growth all over the world 

(Najafian et al., 2008). High salt accumulation has damaged the agricultural soils and 

influenced the ancient and modern civilizations by affecting the crops (Yeo, 1999; Jaleel et 

al., 2007). General estimation of world’s salt affected areas is about 7% that is close to 1 

billion ha (Abdelfattah et al., 2009). However, in Pakistan 20.2 Mha area is irrigated land out 

of which 26% (4.8 Mha) area is salt affected (FAO, 2008). In these areas, use of saline water 

for crop production is often unavoidable. The deprivation of the water supplies and 

agricultural land in these areas is the result of rigorous agricultural practices which are 

employed in both developed and developing countries and is thus the primary cause of 

salinization (Zhang et al., 2001). The practical contribution to address this salinization 

problem is the use and development of plants that have tolerance for high soil salt levels 

(Yamaguchi and Blumwald, 2005; Asadi and Khiabani, 2007). 

Salinity stress imposes numerous complex changes in most plant species. There are 

several mechanisms which are affected by salt stress including cells, tissues, organs and 

whole plant. Salt stress causes ion toxicity, dehydration, hormonal imbalance, nutritional 

deficiency, ROS production etc in plants (Ashraf, 2009; Fsarouk et al., 2011; Ashraf et al., 

2010). The hazardous effects of saline stress are mainly attributed to reduction in osmotic 

potential of grown medium which results in reduced water uptake ultimately altering different 

plant metabolic functions (Bybordi, 2010). High salt concentration in soil also causes ion 

toxicity. Moreover, it reduces the availability of nutrients to plants particularly of K+ (Zhu et 

al., 2004; Nawaz et al., 2010). It is widely accepted that plant growth is affected by salt-

induced nutrient imbalance which is also one of the main causes of reduced crop yield 

(Akram et al., 2011). Due to reduced water uptake under saline environment leaf turgor of 

crop plants decreases which is one of main reasons of plant growth cessation and reduced 

biomass production under saline stress (Munns, 2009; Gorai et al., 2011). 
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Higher concentrations of NaCl negatively affect the essential nutrients balance in 

plants such as Na+ ion inhibits the uptake of K+ and Ca2+, while Cl- hampers anion uptake, 

thereby disturbing ion homeostasis in plants (Liu et al., 2006; Tammam et al., 2008). 

Likewise, saline stress may cause ion toxicity such as disproportionate localization of Na+ and 

Cl- in the cellular compartments restraining many enzymatic systems, which alter a wide 

range of essential metabolic processes that affect plant growth (Munns, 2005; Eisa et al., 

2012). Moreover, saline stress also causes endogenous hormonal imbalance (Nawaz et al., 

2010). Generally under stressful environment, different hormones are regulated. For example, 

synthesis of gibberellins and cytokinins is down-regulated while that of abscisic acid is up-

regulated under salt stress (Kaya et al., 2009). Furthermore, higher ABA levels in leaves 

cause closure of stomata under saline conditions (Zheng et al., 2001).  

Saline stress is an important abiotic factor which limits crop production all over the 

world (Eisa et al., 2012). Photosynthesis is one of the most important processes responsible 

for better crop productivity and is adversely affected by salt stress. This reduction in 

photosynthesis is not only attributed to reduced intercellular CO2 concentration as a result of 

stomatal closure, but other non-stomatal factors are also involved, such as photosynthetic 

enzymes, chlorophyll pigments and other light capturing components like carotenoids, etc 

(Stepien and Klobus, 2006; Heidari, 2012). In these factors, photosynthetic pigments are the 

important ones and act as photosynthesis regulators (Ashraf, 2009; Heidari, 2012), in which 

chlorophyll is considered as the major color agent which is responsible for the photosynthesis 

and acts as a good indicator of photosynthetic activity under adverse environments (XinWen 

et al., 2008). However, degradation of chlophyll occurs under salt stress (Parida et al., 2010). 

Because higher levels of Na+ and Cl- ions hamper the de novo synthesis of chlorophyll 

(Nawaz et al., 2010; Babu et al., 2011). Enzymatic chlorophyll degradation occurs under 

aggravated salt stress (Xu et al., 2000). Firstly, the activity of enzyme chlorophyllase 

increases which eliminates the phytol; thereby resulting in chlorophyll degradation (Fang et 

al., 1998; Abdelkader et al., 2007). Decrease in chlorophyll content is also attributed to 

reduction in protochloropyllide which is the result of reduced accumulation of 5-

aminolevulinic acid under saline stress. It is also reported that glutamic acid also decreases 

under salt stress and 5-aminolevulinic acid is formed from glutamic acid which is the 
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protochlorophyllide’s precursor (Santos, 2004; Abdelkader et al., 2007). Chlorophyll 

degradation due to salt stress is also associated with reduced formation of porphyrin and 

chlorophyll binding proteins (Abdelkader et al., 2007). Salt-induced reduction in chlorophyll 

has been reported in different crops e.g. wheat (Khatkar and Kuhad, 2000), Maize (Molazem 

et al., 2010), sunflower (Santos, 2004), Arabidopsis (Huang et al., 2005), tomato (Doganlar, 

2010) and canola (Nazarbeygi et al., 2011). Azizov and Khanisheva (2010) observed decrease 

in chlorophyll content of 20 wheat genotypes and also reported reduced chloroplast 

photochemical activity under saline stress. 

Saline stress can provoke ionic and osmotic stress in plants. These salt-induced 

primary effects enhance the oxidative stress in plants and accumulate higher levels of reactive 

oxygen species (ROS) in different cell organs (Abogadallah, 2010). ROS are highly reactive 

and high concentrations of these ROS are harmful for plants (Ashraf, 2009; Sharma et al., 

2012). They can damage different cellular metabolites such as porteins, DNA, lipids, 

pigments, etc (Ashraf and Akram, 2009; Parveen et al., 2011). However, higher plants have 

well developed system to scavenge ROS which help the plant to cope with the adverse effects 

of oxidative stress. This specific ROS production and plant’s defense systems against ROS 

are present in different cell organelles such as mitochondria, chloroplasts, and peroxiosomes. 

ROS defense pathways are coordinated in different cellular compartments. The plant defense 

mechanism includes different enzymatic and non-enzymatic antioxidants (Ashraf, 2009; 

Parveen et al., 2011). The major enzymatically active antioxidants in plants are glutathione 

reductase, ascorbate peroxidase, catalase, superoxide dismutase, peroxidase etc., whereas, 

non-enzymatic antioxidant category includes ascorbic acid, tocopherol, carotenoids, phenolics 

(Arbona et al., 2003; Abogadallah, 2010; Ashraf et al., 2010). It has been reported in various 

studies that up-regulation of various enzymatic antioxidants occurs in plants under salt stress 

(Becana and Lotassa, 2007; Hasanuzzaman et al., 2012; Sharma et al., 2012). While, decrease 

in non-enzymatic antioxidants (ascorbic acid, tocopherols, carotenoids, phenolics) was 

observed due to reaction with different reactive oxygen species (ROS) (Sairam et al., 2005; 

Abogadallah, 2010; Parveen et al., 2011). For example, decrease in α-tocopherols occurs 

under saline stress due to scavenging of singlet oxygen which results in by-products that 

cannot recycle to α-tocopherols (Munńe-Bosch, 2005; Sharma et al., 2012). ROS also act as 
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signaling molecules. Their low levels are used as signalling molecules, and help to control the 

abiotic stress responses. In addition, the coordination of ROS-scavenging pathways modulate 

the levels of reactive oxygen species in different cellular compartments which help prevent 

the cellular damage (Pang and Wang, 2008; Abogadallah, 2010; Sharma et al., 2012). 

Salt-induced water stress decreases the turgor potential of plants which is due to 

imbalance in plant’s osmotic potential. Due to this imbalance, plant loses its turgidity and cell 

degradation occurs which consequently leads to cell death (Çiçek, and Çakirlar, 2008), and 

results in growth suppression (Cha-um et al., 2004). However, for the normal growth, plants 

accumulate and synthesize various osmolytes which include inorganic elements (K+, Na+, Cl-) 

and many organic compounds in the form of carbohydrates, proteins, amino acids, etc 

(Farouk, 2005; Ashraf, 2009). Accumulation of these selective ions and other solutes are 

necessary for osmotic adjustment of the plant which is responsible for the prevention of water 

loss from the cells and help maintain the turgor potential (Sabir et al., 2009; Eisa et al., 2012). 

Osmotic adjustment is crucial for plants under both normal and stressful environments. 

However, it becomes more important under stress conditions because salt stress perturbs the 

cell’s ion homeostasis (Sun et al., 2009). For the osmotic adjustment and solutes transport in 

the plant, energy is required (Munns et al., 2006). The ions of low molecular weight that are 

not required in plant metabolism are considered eqfficient for osmotic adjustment as less 

energy is required for their transport and they can quickly accumulate in plants in response to 

osmotic stress (Sun et al., 2009). However, the balance of other ions and their function can be 

interrupted by excessive accumulation of these ions (Farouk, 2011a). Generally it is evident 

that salt tolerant plants show better osmotic adjustment as compared to that of salt sensitive 

ones (Chen et al., 2007; Singh et al., 2010; Chen et al., 2011). It is extensively reported by 

researchers that water relations are adversely affected by saline stress at different 

developmental stages of a plant (Singh et al., 2010). For example, significant reduction in 

osmotic potential was observed in sensitive Proso millet accession (008242) than the other 

tolerant (008211 and 008220) and moderately tolerant (008216) accessions (Sabir et al., 

2009). Similarly, water potential and osmotic potential were also reduced in two tomato 

cultivars under saline stress while turgor potential increased in these cultivars under stress 

conditions (Romero-Aranda et al., 2001). Under salt stress, decrease in osmotic potential at 
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seedling stage was observed in some wheat cultivars (Mandhania et al., 2010). Recently, 

Abdelmalek and Khaled (2011) observed reduced leaf water potential in wheat plants at the 

seedling stage due to saline stress. From all the above reports, it is clear that different water 

relation parameters vary with different growth stages.However, plant water relation 

parameters are believed to be potential selection criteria for assessing salt tolerance of plants 

at different growth stages. 

Plant growth is inhibited by interaction of various physiological and biochemical 

characteristics adversely affected under saline stress. Gas exchange characteristics of plants 

are one of the essential components of these biochemical attributes (Ashraf, 2009) and a 

substantial alteration occurs in these characteristics under stressul environment (Nawaz and 

Ashraf, 2010). For example, a marked reduction in different gas exchange attributes like 

transpiration and photosynthetic rates, water use efficiency and stomatal conductance was 

observed in plants which are subjected to salt stress (Kanwal et al., 2011; Ashraf and Ashraf, 

2012). Of all these attributes, the photosynthetic rate is one of the most adversely affected 

factors of plants in response to salt stress. It is positively related to plant growth and crop 

yield (Stoeva and Kaymakanova, 2008; Nawaz and Ashraf, 2010; Lu et al., 2010). 

Considerable perturbation in photosynthetic rate is attributed to stomatal closure in plants 

growing under salinity stress (Ashraf, 2009). Plants accumulate higher concentrations of 

soluble salts which cause osmotic stress and thereby causing increased ABA production. This 

increased ABA production reduces the stomatal conductance, and in turn, decreases internal 

CO2 concentration and rubisco activity. Salt-induced decline in photosynthesis is also 

associated with damage to thylakoid membranes as elevated concentrations of salt adversely 

affect photosynthetic tissues. Moreover, PS II activity is also hampered under stressed 

conditions due to ionic imbalance in chloroplast (Ashraf, 2004; Ashraf and Ashraf, 2012). In 

addition, carotenoid biosynthesis pathway is also hindered under salt stress. Carotenoids are 

of paramount importance as they play a crucial role in photosynthetic process (Sudhir and 

Murthy, 2004) by harvesting light energy and form vital components of reaction centre and 

photosynthetic antenna complexes (Mimuro and Katoh, 1991; Lu et al., 2010). Other 

intermediate products of this pathway like Geranyl pyrophosphate also affect photosynthetic 

rate as they act as precursors of other metabolites including phytols, chlorophyll, 
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plastoquinones, steroids, tocopherols etc (Fraser and Bramley, 2004; Babu et al., 2011). 

Higher photosynthetic rate and active regulation of stomata show plant’s tolerance against 

saline stress (Kanwal et al., 2011; Ashraf and Ashraf, 2012). Generally, it is considered that 

high biomass production and improved yield is associated with less decrease in 

photosynthetic rate under saline environment (Ashraf, 2009; Kanwal et al., 2011). The 

variation in different gas exchange characteristics not only occurs among species but also 

among cultivars of a same species. Thus, these gas exchange characteristics can be used to 

asses the degree of salt tolerance in which these characteristics show a positive relationship 

with growth of most plants (Ashraf, 2004; Kanwal et al., 2011). The variation in these key gas 

exchange attributes also occurs among different growth stages of a same plant (Ashraf and 

Ashraf, 2012). Salinity-induced alteration in different gas exchange characteristics has been 

reported earlier in a number of studies in different wheat cultivars at different growth stages 

like at the seedling stage by Kanwal et al. (2011), at the grain filling stage by Ashraf and 

Parveen (2002), at the boot and reproductive stages by Abdeshahian et al. (2010) and Ashraf 

and Ashraf, (2012). From the above reports, it can be inferred that these gas exchange 

characteristics show variation at different growth stages. Thus, investigation of these 

characteristics at different growth stages can be used for screening crops for salt tolerance.  

Decline in photosynthesis under saline stress is also often associated with suppression 

to the PS II activity. However, of the two photosystems, PS II is considered as more prone to 

inhibitory effect of saline stress as compared to that of PS I (Abdeshahian et al., 2010; Saleem 

et al., 2011). Elevated concentrations of salt adversely affect the photosynthetic tissues by 

damaging the thylakoid membranes which are more prone to salt-induced adverse effects. In 

addition, PS II activity is also suppressed by decrease in K+ content in the chloroplast due to 

ionic imbalance under saline stress (Ashraf and Ashraf, 2012). Some important proteins like 

chlorophyll and membrane proteins are degraded by salt stress and the association between 

thylakoid membranes and phycobilisomes is dependant on these potential proteins 

(chlorophyll protein, membrane protein) (Garnier et al., 1994). Thylakoid membranes 

disintegrate under salt stress by alteration in protein profile, thereby suppressing oxygen 

evolving potential of photosystem II. In addition, this protein profile alteration also limits the 

light energy transfer to PS II from antenna complex (Mehta et al., 2010). Plants down-
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regulate the PS II activity to improve the conversion efficiency of light energy (Lu and 

Vonshak, 2002). So, measuring of various chlorophyll fluorescence attributes is an effective 

method to estimate the salt-induced damage to photosystem II and is helpful in estimating the 

adverse effects of saline stress on photosynthetic apparatus (Saleem et al., 2011). For 

example, from different chlorophyll fluorescence attributes, reduction in Fv/Fm is an 

important indicator for photosynthetic functionality under saline stress (Gomathi and 

Rakkiyapan, 2011). Similarly, under abiotic stress, enhanced NPQ activity is an important 

energy dissipation process in plants (Abdeshahian et al., 2010). The damage of PS II under 

saline stress has been studied in different crop plants at different developmental stages, e.g., at 

the seedling stage in wheat (Mehta et al., 2010; Kanwal et al., 2011), and in rice under saline 

stress at the vegetative and reproductive stages (Moradi and Ismail, 2007). A significant 

decline in Fv/Fm, qP and ETR, while a substantial increase in qN was recorded under 

stressful environment in sorghum (Netondo et al., 2004). Recently, Ashraf and Ashraf (2012) 

have also studied different chlorophyll fluorescence attributes in wheat at different growth 

stages under saline environments. The salt sensitivity in cereals at different growth stages can 

be associated with increased non-photochemical quenching and reduced photochemical 

efficiency of PS II to dissipate excess energy (Abdeshahian et al., 2010; Kanwal et al., 2011; 

Ashraf and Ashraf, 2012).  

The excess of soluble salts in the rooting medium results in hyperosmotic stress by 

altering ionic thermodynamic equilibrium and results in ionic toxicity and imbalance (Munns 

et al., 2006). Hyperosmotic environment restricts the water uptake ability and imbalance of 

osmotic potential causes decreased cell turgidity and leads to cell degradation (Çiçek, and 

Çakirlar, 2008; Eisa et al., 2012). These conditions affect various enzyme activities and 

metabolism of plants (Lacerda et al., 2003). For the maintenance of homeostasis under 

stressful conditions, plants need to adjust internal osmotic environment to maintain cell’s 

turgor pressure which is vital for normal cell growth (Martınez et al., 2004; Eisa et al., 2012). 

For this purpose plant accumulate various compatible solutes in which proline and 

glycinebetaine are the most important serve as osmoprotectants which are prove to be  helpful 

in osmoregulation, maintenance of membrane integrity, enzyme activity and act as K+ chennel 

regulators of stomata (Hasegawa et al., 2000; Arafa et al., 2009). Cytoplasmic osmolytes also 
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act as ROS scavengers which are highly reactive and disrupt plant metabolism by oxidation of 

nucleic acids and membrane’s proteins and lipids (Farouk, 2011b; Deivanai et al., 2011). It is 

evident from number of studies that proline accumulate in large amount in response to a stress 

and is helpful in stabilizing many sub-cellular structures. It is also considered as an important 

source of nitrogen and helps the plant to recover stress-induced damages (Abraham et al., 

2003; Kumar et al., 2003; Ashraf and Foolad, 2007; Heidari et al., 2011) and up-regulates the 

gene expression which is involved in salt responsive mechanism (Hamida-Sayari et al., 2005; 

Banu et al., 2009). Generally, more accumulation of proline occurs in salt tolerant plants than 

in sensitive ones (Szabados and Savoure, 2010; Heidari et al., 2011 ). Enhanced accumulation 

of proline during saline stress has been widely reported in the literature in many crops, e.g. in 

wheat (Poustini et al., 2007), rice (Summart et al., 2010), tobacco (Celik and Atak, 2012), 

tomato (Ali et al., 2011), maize (Cha-Um and Kirdmanee, 2009), pea (Najafi et al., 2007), 

and safflower (Hosseini et al., 2010). These above reports indicate the importance of 

endogenous accumulation of proline during salt stress and suggests it as an effective indicator 

of salt tolerance (Szabados and Savoure, 2010). Glycine betaine is another important 

compatible solute which is chemically a quaternary ammonium compound, soluble in water 

and is actively involved in salt tolerance mechanism of plants as it plays an important role in 

osmoregulation, enzyme activity and protects many cellular metabolites under abiotic stresses 

(Gorham et al., 1995; Ohnishi and Murata, 2006; Ashraf and Foolad, 2007).  Furthermore, it 

stabilizes the extrinsic PS II protein complex, thus, protecting the PS II from damaging effects 

of saline stress (Murata et al., 1992; Ohnishi and Murata, 2006). Salt tolerance of plants can 

also be correlated with enhanced accumulation of GB (glycine betaine) (Ashraf and Foolad, 

2007; Szabados and Savoure, 2010). GB is responsible for osmotic adjustment in chloroplast 

during saline stress (Robinson and Jones, 1986; Mäkelä et al., 2000) and reverses the salt-

induced inhibitory effect of photodamaged PSII (Ohnishi and Murata, 2006). Therefore, 

enhanced synthesis of glycine betaine is positively correlated with improvement of salt 

tolerance in plants (Ohnishi and Murata, 2006; Lv et al., 2007; Zhang et al., 2009). However, 

considerable variation exists at different growth stages with respect to accumulation of these 

cytosolic osmotica (Wang et al., 2004; Banu et al., 2009; Cha-Um and Kirdmanee, 2010) and 

would be helpful for detecting the differences between tolerant and susceptible growth stages 

under saline regimes. 
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Physiological and biochemical processes of plants are adversely affected under saline 

stress which results in decreased biomass production and yield of crops. These stress-induced 

changes either are functional at a particular time in a species or may mutually affect the other 

plant’s functions at certain stage of development (Ashraf, 2001; Kanwal et al., 2011). It is 

well known that salinity affects all stages of plant growth and development such as 

germination stage, seedling stage, vegetative stage and boot/reproductive stage. Plant’s 

sensitivity to salinity varies from one growth stage to another. Mechanism of stress tolerance 

varies in different plant species and it differs at different developmental stages (Nawaz et al., 

2010; Jenkins et al., 2010). A number of studies shows that salt stress adversely affects 

germination and seedling growth in many cultivated crop plants and, generally, it is accepted 

that seedling stage of a plant is more sensitive to salt stress. However, sometimes the 

genotypes which show better seedling growth show more tolerance at adult stage under saline 

conditions (Abari et al., 2011). At the vegetative stage, salinity reduces number of tillers and 

at the reproductive stage number of spikes and spikelets (Ahmad et al., 2011) resulting in 

grain yield reduction. Sensitivity to salt stress at different developmental stages has been 

studied in many crop plants, e.g. soybean (Kamal et al., 2003), cotton (Azhar and Ahmad, 

2000), wheat (Kanwal et al., 2011; Fuller et al., 2012), bean (Phaseolus vulgaris L.) 

(Cokkizgin, 2012), rapseed (Rameeh et al., 2012), maize (Nawaz et al., 2010), faba bean 

(Adolf et al., 2009) and rice (Aref and Rad, 2012). The variation in the sensitivity of plants to 

salt stress at different developmental stages primarily is the ability of plants to Na+ exclusion, 

less Na+ transport to shoot and plant’s ability to compartmentalization of Na+ ion into vacuole.  

Generally salt tolerant plants show less cytosolic Na+ as compared to the salt sensitive ones 

(Nawaz et al., 2010; Wang et al., 2012). Under stressful environment, plants accumulate toxic 

levels of Na+ and Cl- ions which provoke various inhibitory effects on plant metabolism by 

hampering enzyme reactions and other metabolic processes including photosynthesis and 

protein synthesis (Munns, 2005; Ali et al., 2008). These reactions can cause leaf death 

(Ashraf, 2004). Therefore, Na+ exclusion from the cell is an important mechanism of salt 

tolerance (Tavakkoli et al., 2010). Furthermore, plants also face nutrient deficiency under 

saline environments due to less uptake of essential cations (K+ and Ca2+) in the presence of 

higher amount of Na+ in the soil. The presence of proper level of these ions in the cell is 

necessary for the maintenance of cell membrane and cell wall’s integrity and its higher levels 
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may also disrupt the cytoplasmic components including microfibrils, microtubules, ribosomes 

and spherosomes (Mansour, 1993). In addition, K+ is also a cofactor of various enzymes and 

necessary for various enzymatic reactions (Sun et al., 2009; Ashraf et al., 2011). 

Increasing salinity levels affect plant’s cell, tissue and organs by inducing specific 

changes in the physiological, morphological as well as anatomical characteristics 

(Dolatabadian et al., 2011; Abou-Leila et al., 2012; Ola et al., 2012). It is evident from the 

literature that high salt levels cause alteration in anatomical characteristics which include 

reduction in number of stomata (Nawaz et al., 2011), root diameter (Shafi et al., 2010), root 

length, and leaf thickness (Çavuşoğlu et al., 2008; Nawaz et al., 2011). The number of 

epidermal cells, vascular bundles and distance between them also decreased in plants under 

salinity stress (Çavusoglu et al., 2007; Hameed et al., 2010). Salt stress affects the processes 

of cell division and expansion (West et al., 2004). Due to this, reduction in size of apical 

meristem occurs which results in reduced cortex and vascular bundles. In addition, 

suberization of exodermis and endodermis also stimulated under stress (West et al., 2004; 

Ramos et al., 2004).  However, it is also evident that leaf thickness, number of stomata and 

epidermal cells were increased under stress environment (Vijayan et al., 2008; Nawaz et al., 

2011). Other anatomical changes which occur in plants under saline stress include inhibition 

of differentiation, number of xylem vessels and their diameter (Ola et al., 2012). Modification 

in anatomical characteristics of plant body help it to minimize the hazardous effects of saline 

stress (Hameed et al., 2009). There are a number of anatomical features which show 

adaptability of salt tolerant species. These features include increased succulence of root and 

stem, increased number of salt secretory glands and trichomes, thick epidermis and cuticle 

having wax deposition, well developed cortex for water storage, wide casparian strips in roots 

and increased number of stomata on lower epidermis of leaf (Wahid, 2003; Naz et al., 2009; 

Hameed et al., 2010; Kanwal et al., 2012). Salt-induced changes in anatomical features have 

been studied in various plant species (Hameed et al., 2011; Dolatabadian et al., 2011; Abou-

Leila et al., 2012) but anatomical modifications at different growth stages have not yet been 

reported in the literature. Thus, to study anatomical modifications at different growth stages of 

wheat would be helpful for plant scientists to know the adaptive structural changes under 

saline stress in wheat. 
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Wheat is one of the major cereal crops in the world and is used as a staple food in 

many countries of the world (Shirazi et al., 2001). In Pakistan, wheat crop cultivation under 

irrigated area is 9.041 Mha and total annual production 23.864 million tons (Kakakhel, 2010). 

Wheat is a moderately salt tolerant crop and can tolerate upto 10 dS m-1 saline stress (Munns 

et al., 2006). Salt stress affects wheat growth by altering many metabolic processes (Ashraf et 

al., 2010; Kanwal et al., 2011; Ashraf and Ashraf, 2012). However, its tolerance to salinity 

changes with growth stages (Abari et al., 2011). Thus, identification of parameters related to 

salt tolerance at different developmental stages is important to improve the tolerance in 

different genotypes of wheat (Salah et al., 2005). This would be helpful in screening of plants 

and also to determine the most tolerant and most susceptible growth stage of the plant. 

Knowing the most sensitive growth stage would be useful information for breeders to 

alleviate the negative effects of saline stress on wheat. Keeping in view the difference in salt 

tolerance mechanism at various growth stages, the present study was focused to screen some 

potential commercial and candidate wheat cultivars for salt tolerance using morphological, 

anatomical and physiological characteristics as selection criteria at different growth stages. 

Objectives of the study  

• Assessment of inter cultivar variation for salt tolerance in a set of commercial and 

candidate wheat cultivars 

• Examine morpho-anatomical and physio-biochemical responses of commercial and 

candidate wheat cultivars to saline stress 

• Draw relationships among morpho-anatomical and physio-biochemical characteristics 

with biomass production and grain yield under normal and saline environments 

• Identify potential selection criteria for breeding  for salt tolerance in wheat 
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         Chapter 2 
 
REVIEW OF LITERATURE 
 

2.1 Population increase and food insecurity 

Human population is increasing rapidly all around the world which is likely to be 

increased by 1.5 billion in next 20 years and in the year 2050 it is likely to be reach at 9.3 

billion approximately. However, the population of Pakistan is also increasing day by day and 

176.7 million was recorded in December 2011 which is 2.56% of the total population of the 

world (http://www.tradingeconomics.com/pakistan/population). The maintenance of food 

supplies for this increasing population is a challenge for the plant scientist. As, food is the 

major need of humans which directly and indirectly have relation with plants (Chrispeels and 

Sadava, 2003). Although, food crisis in the world is not just caused by the insufficient food 

production but also by the other complex problems. Green revolution has provided the 

agricultural output to meet the world’s food demand whereas the population of the world 

continues to rise. To cope with the problem of feeding requirement of increasing population, 

it is necessary to increase the yield of crops. To increase the crop production, the use of 

normal and less productive land is unavoidable (Ladeiro, 2012). 

2.2 Salinity stress 
 

Saline stress is among the important abiotic stresses and a prevalent environmental cue 

spreading throughout the world. It is the result of huge quantity of salts in water and soils and 

generally the salts containing SO4, HCO3 and Cl- are the main causes of saline stress 

(Kaymakanova and Stoeva, 2008; Khan et al., 2009). Among different types of salts, NaCl 

(table salt) is the major component of salinity as being most abundant and soluble (Munns and 

Tester, 2008). The land affected by salt is estimated about 800 Mha all over the world which 

is approximately 6% area of total world’s land. 20% (45 Mha) land is salt affected from the 

current irrigated area (230 Mha) (Ashraf et al., 2010). Whereas in Pakistan, irrigated land 

covers 20.2 Mha area, from which 4.8 Mha (26%) is affected by various salt levels (FAO, 
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2008). In the Punjab province, approximately 300 million US$ are used annually for the 

reclamation of salt affected land (Athar and Ashraf, 2009). The elevated salt levels in soil and 

water cause restricted plant growth and results in less yield production (Chen et al., 2009; 

Ashraf et al., 2010). When the electrical conductivity of growing medium exceeds 4dSm-1, it 

results in a sharp decline in crop yield. This reduction in yield depends upon the salt tolerance 

potential of different crop plants at different growth stages (Schleiff, 2005; Kanwal et al., 

2011; Ashraf and Ashraf, 2012). 

 

2.3 General effects of salinity 
 

Saline stress of soils is a pervasive threat for crop plants and it is generally result of 

increasing amount of soluble salts in water and soil which is also known as physiological 

drought as plant become unable to absorb water from the saline growth medium (Munns et 

al., 2006). High salt levels affect the plant growth and reduce the productivity. It is widely 

practiced that saline stress has negative influence on plant biomass which is mainly attributed 

to nutritional and hormonal imbalance due to salt-induced ion toxicity and osmotic stress 

(Ashraf et al., 2010; Kaouther et al., 2013). Plants show diverse response against saline stress 

in terms of growth. Generally, leaf water potential reduces due to saline stress and causes loss 

of cell turgidity which results in growth retardation. Salt-induced competition of K+ by Na+ 

causes nutritional disorders and these disorders affect different metabolic processes of plant 

(Akram and Ashraf, 2011; Eisa et al., 2012; Kaouther et al., 2013). Photosynthesis, the most 

important process of plant reduces as a result of destruction of photosynthesizing tissues 

under saline environment and also due to the low water potential and accumulation of high 

amount of toxic ions like Na+ and Cl- (Ashraf et al., 2008; Farouk, 2011a; Eisa et al., 2012). 

Due to the primary effects of saline stress, plant also suffer oxidative stress because of the 

generation of excessive amount of reactive oxygen species which causes imbalance of 

antioxidative defense system of plant (Vital et al., 2008; Banu et al., 2009; Chen et al., 2012; 

Bai et al., 2013). 

 

2.3.1 Primary effects 
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Two primary disadvantageous effects of saline stress have been documented 

previously that are 1) osmotic effect 2) specific ion effect. Both these effects are harmful for 

plant growth and development (Munns et al., 2006; Farouk, 2011a). Higher levels of salt 

concentration elicit plant’s turgor loss as a result of reduced water and solute potentials. 

Although, this turgor loss in plant tissues is impermanent and can be retain within few hours 

due to the process of osmotic adjustment (Flowers et al., 2010; Farouk, 2011a; Eisa et al., 

2012).  

 
i. Ionic effects 

One of the hazardous primary effects of saline stress is accumulation of higher 

amounts of ions in plant. It is well-known as ion toxicity. Start of this harmful ionic phase is 

due to the build up of large amount of toxic ions like Na+ and Cl- in leaves which are 

responsible for salinity (Munns and Tester, 2008; Munns, 2009). Two major constituents 

responsible for salinity stress are sodium sulphate and sodium chloride (Ashraf, 2004; Rasouli 

and Amiri, 2011). This ionic phase starts slowly but it may be responsible to speed up the 

senescence process (Munns et al., 2006). Cell as well as plant death takes place at later 

growth stage when Na+ and Cl- ions concentration reaches at a critical level which becomes 

toxic for plants. If the leaf senescence rate becomes greater than the growing rate of new 

leaves it will reduce the leaf photosynthetic rate. It causes reduction of carbohydrate level in 

plant tissues which is supposed to be the main cause of reduced plant growth rate (Roshandel 

and Flowers, 2009; Chen et al., 2011). Water loses from leaves because of high transpiration 

rate under stress condition and the Na+ ion concentration become high in leaves which surpass 

the resistance limit of plant thus result in leaf senescence (Marschner, 1995; Farouk, 2011b; 

Horie et al., 2012). Generally, most saline waters and soils contain Na+, Cl-, HCO3 and SO4
2- 

and plant yield reduces due to the severe toxicity caused by these ions (Munns and Tester, 

2008; Rasouli and Amiri, 2011). Different ions enter into cells through carriers like proteins, 

an indispensable component of cell membrane. These ion carriers need energy for their 

transport which may be of two type, adenosine triphosphate and pyrophosphate (Flowers and 

Flowers, 2005). Similarly, the ionic effect as a result of NaCl application appeared on dry 

weight of rice within 24 h. It showed high amount of Na+ and Cl- stimulation in leaf tissues 

(Roshandel and Flowers, 2009). Previously, in many report it is demonstrated that saline 
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stress in many species reduces the seed germination and excessive intake of ions (Na+ and Cl-

) and osmotic dehydration are in fact the main consequence of this reduction (Munns and 

Tester, 2008; Ghaloo et al., 2011).  

 

ii. Osmotic effects 

Osmotic effect is the second primary effect of saline stress and its result is more abrupt 

in reducing plant growth in most of the plants as compared to ionic effect (Flowers, 2004; 

Farouk, 2011a). High salt concentration in rooting zone drops the water potential of soil. It 

decreases the roots water conductivity and affects the membrane permeability which reduced 

the water influx to plant (Munns, 2009). Generally, osmotic stress created as a result of 

salinity, is the basis of leaf chlorosis, plant growth reduction, antioxidant production, 

hormonal and ionic imbalance (Ashraf et al., 2010; Chen et al., 2011). It is reported that plant 

growth inhibition at initial phase is contributed by salt-induced osmotic stress (Munns and 

Tester, 2008; Kandil et al., 2012). Under saline stress, primarily plant growth is correlated 

with turgor potential and major cause of growth reduction is reduced turgor potential under 

saline environment (Ashraf, 2004; Kanwal et al., 2013). For example, in rice, Aref and Rad 

(2012) observed a significant inundation in plant biomass when subjected to osmotic stress 

created under salinity condition at two growth stages (vegetative and reproductive). In 

addition, this osmotic stress delayed the plant maturity and also decreased the grain yield 

particularly when applied at the vegetative stage due to NaCl induced osmotic stress than at 

the reproductive stage. Salt induced growth arrest generally dependent on the stress severity. 

As mild osmotic stress can rapidly arrest the growth of leaves and stem while roots elongation 

may continue (Bartels and Sunkar, 2005). However, high salt concentrations cause reduction 

in water potential of leaves leading to ionic imbalance of plants (Meloni et al., 2008; Kanwal 

et al., 2013). Many plant biologists illustrated in their studies that reduction in plant biomass, 

leaves growth, leaf area, development of new leaves, branches, lateral buds and shoot 

formation caused by osmotic stress under salinity conditions (Taiz and Zeiger, 2010; Farouk, 

2011a; Kaouther et al., 2013). This growth reduction at osmotic phase is due to the changes in 

many fundamental physiological and biochemical processes (Ashraf and Harris, 2004). For 

example, in a study on pea plant showed the reduced biomass due to the effect of saline stress 

on different physiological attributes like chlorophyll contents, water potential and gas 
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exchange attributes (Noreen et al., 2010). Whereas, in another study on turnip, salt induced 

reduction in growth was attributed to the change in leaf osmotic potential, relative water 

content, malondialdehyde and phenolics and also due to the changes in different anti-oxidant 

activities such as SOD, POD and CAT (Noreen et al., 2010). Moreover, the plant species, 

particular tissue type, method of stress application (rapid or gradual) and also the time scale of 

stress response are responsible for the extent of growth inhibition as a result of salt-induced 

osmotic stress (Meloni et al., 2003; Farouk, 2011a; Eisa et al., 2012). 

 
2.3.2 Secondary effects 

 

Like two primary effects of salinity (osmotic and ionic effect), some secondary effects 

including hormonal imbalance (Albacete et al., 2008; Yusuf et al., 2008), nutritional 

imbalance (Rameeh et al., 2012), and oxidative stress (Abogadallah, 2010, Bai et al., 2013) 

also contributes to great extent. All these effects of salinity not only resulted in impaired 

growth but also reduced the plant’s yield and productivity. 

 

i. Nutritional imbalance 

A significant intricate association between inorganic elements and plant’s salinity 

tolerance have been observed but so far, there is limited understanding of these effects (Al-

Harbi et al., 2008; Khorshidi et al., 2009). Normal ratios of vital elements within plants for 

optimal growth are disturbed by salt stress because mostly crop plants are glycophyte and 

normally grow under low saline conditions. Therefore, under saline soils, the mechanism for 

absorption and transport of mineral nutrients does not work effectively (Grattan and Grieve, 

1999).  

High concentration of ions like Na+, Cl- in saline soils may exceed the macro and 

micro nutrients that results in depressed activity of nutrient ions and ultimately plant face the 

specific ion injury, osmotic stress and nutrient imbalances. This salt-induced imbalance of 

essential nutrients primarily is the result of nutrient transport inhibition and accumulation of 

ions in plant tissues (Hu et al., 2005; Kaya et al., 2009; Agrawal et al., 2013). Mostly 

excessive accumulation of Na+ and Cl- under saline conditions disturb the ionic balance in 
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plant tissues and generally increases the Na+/Ca2+, Na+/K+, Cl-/NO3-and Ca2+/Mg2+ ratios 

(Grattan and Grieve, 1999; Irshad et al.,2009; Kanwal et al., 2013). 

The plant metabolic processes like inactivation of different enzymes are frequently 

being observed as a result of these changes (Ashraf, 2009). The interactions between salt and 

mineral nutrients may cause considerable nutrient deficiencies and imbalances (Ashraf, 2004; 

Rameeh et al., 2012). For example, excessive accumulation of Cl- and Na+ in the cell causes 

ionic imbalance, thereby causing impaired uptake of other nutrients e.g., Mn2+, Ca2+ and K+ 

(Karimi et al., 2005; Chen et al., 2007; Kanwal et al., 2013). 

Generally, plants respond immediately to high amounts of Na+ by increasing Ca2+ in 

the cytosol (Munns and Tester, 2008). High level of Na+ suppresses phosphorus (P) and Ca2+ 

accumulation under salt stress. It also disturbed the mobility and transport due to competitive 

interactions between these ions (Grattan and Grieve, 1999; Kader and Lindberg, 2010). Under 

saline conditions, plants may acquire Na+ at the cost of Ca2+ and K+ as both are essential for 

membrane integrity and maintaining enzyme activities, thus have a key role in plant survival 

under saline environments (Kader and Lindberg, 2010, Chen et al., 2011, Agrawal et al., 

2013). Calcium and K+ also play a vital role in various physiological attributes, so the 

replacement of K+ by Na+ and reduction in Ca2+ concentration may ultimately lead to 

nutritional imbalance (Ashraf et al., 2010; Rameeh et al., 2012). Nedjimi and Daoud (2009) 

account growth inhibition by salt-induced decline in Ca2+, K+ and N+ concentrations in 

Atriplex halimus plants. Likewise in many glycophytes, Hu et al. (2005) found high Na+ but 

low K+ and Ca2+ accumulation in maize under saline conditions. Ionic ratios become disturbed 

by such a differential gain of nutrients in plants under saline environment. For example, high 

level of NaCl significantly reduced leaf Ca2+ to Na+ and K+ to Na+ ratios in wheat, chickpea, 

barley and canola (Grewal, 2010; Tavakkoli et al., 2012; Azimi et al., 2012; Kanwal et al., 

2013). Within plant cells, a number of metabolic processes are taking place like regulation or 

osmotic adjustment depending upon the pattern of nutrient uptake (Moghaieb et al., 2004; 

Farouk, 2011a). Increase in Na+ and Cl- concentration, due to salt induced deficiency of water 

together with low accumulation of essential nutrients affects plant development and 

eventually reduces the growth of plant (Meloni et al., 2008; Kanwal et al., 2013). Most 

obvious and common response of accumulation of Na+ at toxic level is shoot damage, while 

excessive salt exclusion could be better to attain effective root growth (Munns et al., 2006). 
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At molecular level, particularly inward channels have been distinguished for 

accumulation of sodium that reduced K+ influx in plant tissues (Yamaguchi and Blumwald, 

2005). This increased level of Na+ is sustained by its partitioning into the vacuoles that 

significantly reduces the injurious effects of high sodium (Flowers, 2004). The partitioning of 

Na+ within the vacuoles suppresses the harmful effects of Na+ in the cytosol and maintains 

cell’s osmotic regulation (Ramoliya and Pandey, 1992; Farouk, 2011a). Normally, within 

glycophytes, progressive increment in salt concentration decreases the level of K+ and Ca2+, 

while the level Cl- and Na+ increases both in root and shoot tissues (Grewal, 2010; Noreen et 

al., 2010). Moreover, salt-tolerant species or varieties eliminated Na+ to a greater extent by 

lowering Na+/K+ ratios and increasing K+ level than those of salt sensitive species (Sabir and 

Ashraf, 2007; Akram and Ashraf, 2011). 

 

ii. Hormonal imbalance 

Hormones play a key effect on plant’s development and productivity (Hayat et al., 

2007; Ashraf et al., 2010). Normally, optimal level of these hormones is imperative for better 

growth and metabolism of plant (Xiong and Zhu, 2002; Wang et al., 2001, 2005). In addition, 

the role of well known hormones like abcisic acid, auxins, cytokinins, ethylene and 

gibberellins and the involvement of recently discovered hormones i.e., salicylic acid, 

polyamines, brassinosteroids and jasmonic acid for plant growth and productivity is also 

obvious (Davies, 1995; Noreen et al., 2009; Ashraf et al., 2008, 2010; Taiz and Zeiger, 2010; 

Hassine et al., 2010; Parveen et al., 2010). It is therefore, thought that hormones generally 

transduce "turn on" or "turn off' signals only (Brosa, 1999). 

Various physiological processes are greatly affected by the change in endogenous 

levels of phytohormones under salt stress (Debez et al., 2001; Perveen et al., 2010). Salt stress 

also influenced the formation of plant hormone that may resulted in the reduction in 

photosynthetic rate, membrane permeability, ionic uptake, seed germination, yield, stomatal 

opening and closing (Debez et al., 2001; Xiong and Zhu, 2002; Iqbal and Ashraf, 2005; 

Albacete et al., 2008; Yusuf et al., 2008). A comprehensive review has been published in this 

context by Kaya et al. (2009) that described the differential levels of JA, ABA, GA, CK, IAA 

and tri-azoles in plants under salinity. In general, salinity stress enforces disturbance in the 

formation and functioning of phyto-hormones, thus imposes various harmful effects on plant 
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productivity and yield production (Khan et al., 2003; Albacete et al., 2008; Kim et al., 2009). 

For instance, the level of cytokinin declines in plant tissues by salinity stress and causes 

reduction in plant productivity (Wang et al., 2001). Similar sort of results have been reported 

by Hamayun et al. (2010) in soybean that NaCl-induced severe effects on various endogenous  

hormones like JA, ABA, SA, and gibberellins (GA). Due to salt stress the endogenous ABA 

and JA levels increased, whereas, SA and GA level decreased, that ultimately results in the 

reduction of growth and production of soybean. Wang et al. (2001) examined the interactive 

effects of salinity on these phyto-hormones among various plant organs using Iris hexagona 

seeds and also described that under salinity stress the level of IAA and SA decreased while 

the level of JA and ABA increased. Jasmonates are also important hormones in plants and 

generally considered to mediate the signaling of flowering, defense response and senescence 

(Fedina et al., 1994). Hilda et al. (2003) indicated the higher jasmonate levels in salt tolerant 

tomato cultivars than that in the sensitive ones. It is also evident that jasmonates are involved 

in osmoregulation of plant through enhanced proline accumulation (Fedina and Tsonev, 

1997). 

 

iii. Accumulation of osmoprotectants 

In response to various abiotic stresses together with salt stress, various 

osmoprotectants such as trehalose, proline and glycinebetaine have been accumulated to a 

great extent in different plant species (Ashraf and Akram, 2009; Abbas et al., 2010; Heidari et 

al., 2011). Normally, under saline condition these osmoprotectants permit sufficient water 

uptake by the plants (Ashraf and Foolad, 2007; Farouk, 2011b; Heidari et al., 2011). They 

immediately defend salt-induced noxious concentration of Cl- and Na+ (Misra and Gupta, 

2005). They also stabilize and protect macromolecules and cellular structures under high level 

of salinity stress (Hoekstra et al., 2001; Farkhondeh et al., 2012). Under normal conditions, 

GB accumulates in very low concentration in some plants but under saline environment it 

accumulates in significant concentration in most of the plant species (Ashraf and Foolad, 

2007; Banu et al., 2010; Heidari et al., 2011). While in contrast, other osmolytes i.e., proline 

and reducing and non-reducing sugars accumulates in profuse amount (Ahmad et al., 2011; 

Rahdari et al., 2012). However, in most plants, proline and GB are found to be associated 

with salinity tolerance (Ashraf and Harris, 2004; Hassine et al., 2010; Farouk, 2011a). 
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Carillo et al. (2008) compared the accumulation of GB and proline under saline and 

normal condition in wheat leaves and found their higher accumulation under saline 

conditions. Positive role in nitrogen metabolism has been observed in wheat plants by both 

these osmolytes. Similarly by increasing the salinity level, the level of free proline contents in 

barley also increased sufficiently (Ashraf et al., 2010). Ahmad et al. (2008) also reported high 

accumulation of proline and GB in barley under higher NaCl stress. Plant growth and 

productivity has been improved greatly by high proline accumulation under saline conditions 

(Cha-um and Kirdmanee, 2009). In recent times, transgenic approach has been adopted to 

increase the production of GB and proline in plants in order to increase the salinity tolerance 

(Ashraf and Foolad, 2007; Ashraf and Akram, 2009). 

 

iv. Oxidative stress 

Similar to other abiotic and environmental stresses, salt stress also causes oxidative 

stress (Ashraf, 2009; Abogadallah, 2010), due to salt-induced demolition in gaseous exchange 

alterations, reduction in photosynthetic electron transport chain (ETC), photosynthetic cell 

machinery and CO2 assimilation (Kanwal et al., 2011; Ashraf and Ashraf, 2012). These 

disorders in leaf tissues are due to excessive addition of harmful ions especially Na+ and Cl-, 

which result in formation of AOS /ROS i.e., superoxide anion (O2-), hydroxyl radical (-OH), 

hydrogen peroxide (H2O2) and singlet oxygen (1O2) having uncoupled electrons (Ashraf, 

2009; Abogadallah, 2010). Different cell organelles like vacuole, chloroplast, microbodies 

and mitochondrion are the chief source for the formation of these ROS (Mittler, 2002; Mittler 

et al., 2004; Ashraf, 2009). The internal level of ROS inside the plant tissues is being 

controlled by maintaining the rate of production of DNA and RNA, reaction rate with lipid 

and proteins and also by rate of formation of non-enzymatic and enzymatic antioxidants 

(Hodge, 2003, Bai et al., 2013). 

For abiotic stresses like salinity at higher concentration, there are two chief kinds of 

antioxidants viz., enzymatic and non-enzymatic are produced which took part in reduction of 

ROS formation (Ashraf, 2009; Hasanuzzaman et al., 2012). Glutathione reductase (GR), 

ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase (CAT), dehydroascorbate 

reductase (DHAR), monodehydroascorbate reductase (MDHAR) and peroxidase (POD) are 

the constitute of  enzymatic antioxidants, while, phenolics, tocopherols, GSH, ASA 
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carotenoids and flavonoids are known as nonenzymatic antioxidants (Ashraf, 2009; 

Hasanuzzaman et al., 2012, Campos et al., 2012). 

One of the most important and key factor related to stress tolerance on vital 

macromolecules is the ability of plant tissues to lessen the detrimental effect of ROS (Mittova 

et al., 2004). An optimistic and constructive relationship between salinity tolerance and 

antioxidant has been observed in wheat (Raza et al., 2007), cotton, sorghum and cowpea 

(Freitas et al., 2011), sunflower (Noreen et al., 2009), turnip (Noreen et al., 2010), pea 

(Noreen and Ashraf, 2009a), foxtail millet (Sreenivasula et al., 2000) and rice (Chawla et al., 

2013). However, sometimes various effects of salinity have also been noticed on antioxidant 

enzyme activity depending upon the concentration of salt, type of antioxidant enzyme and 

type of species (Gossett et al., 1994; Abogadallah, 2010). In root cell development and plant 

defense mechanism, ROS directly involved in various processes in plants which act as cellular 

signals (Foreman et al., 2003).  

According to the observation of Rahnama and Ebrahimzadeh (2005), POD, CAT and 

SOD activities were considerably prominent in potato under salinity, which illustrated that 

salt-tolerant species and cultivars grow dynamically due to high stimulation of these 

antioxidant enzymes. While estimating lipid peroxidation, Amor et al. (2005) used Crithmum 

maritimum and observed that MDA contents were lesser under 50 and 200 mM NaCl than 

non-stress conditions that indicates the elevated activities of POD, CAT and SOD. Similar 

sort of results were observed by Noreen et al., (2009) due to high saline regimes, POD and 

SOD enzymes were enhanced in sunflower. Salt stress at 100 mM NaCl also increased 

fluorescence in tobacco plants because salt provokes high ROS formation (Katsuhara et al., 

2005). 

 

v. Anatomical modifications 

The structural adaptive features of plant under stressed conditions included the 

increased  cuticle thickness and succulence, while the reduction in stomata number and leaf 

size (Wahid, 2004). The anatomical features include thick epidermis, well developed storage 

tissue and mechanical tissues as well as salt secretary trichomes and hairs to cope with 

adverse effects of saline stress. Of these, salt-secretary structures were more important 

functionally associated with ion secretion (Naz et al., 2009). 
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Increase in succulence (water storage tissues) is an important anatomical feature of 

plants under salt stress. It also acts as a bin in the plant body for dumping off excessive salts 

(Shaoxia et al., 2011). Thus ultimately involves in ion balance of plant tissues. Generally, this 

phenomenon is more obvious in dicots than in monocots (Hameed et al. 2009; Flowers and 

Colmer, 2008). The increased cortex width with increasing salt levels help the plant for water 

conservation under salt-induce physiological drought (Casenave et al., 1999). At higher salt 

levels, the development of secondary xylem and phloem was reduced in the stem. In addition, 

in salt tolerant plants, thick walled fibers with extensive sclerification were developed under 

high salt levels in phloem (Reinoso et al., 2005). Recently, Dolatabadian et al.  (2011) 

conducted an experiment to evaluate the effect of salt stress on different growth attributes and 

anatomical changes of soybean plant with NaCl levels vis. 0, 25, 50 and 100 mM. Salinity 

considerably increased the cutin, trichome density on epidermis and xylem thickness 

especially under high salt level while cortical thickness was decreased. It also changed the 

formation and arrangement of xylem under salt stress. 

2.4 Plant response to salinity 

Plant reacts to salinity stress at various cellular, molecular and at whole plant level 

(Munns and Tester, 2008). However, depending upon the type, level of stress and 

developmental stage, the plant organs, tissues and cell respond separately (Munns, 1993; 

Nawaz et al., 2010). Normally, Salt tolerance trait has widely been reported to vary at 

different phases of development (Sairam and Srivastava, 2002; Munns et al., 2006; Ashraf 

and Ashraf, 2012), that shows plant physiological processes are directly or indirectly relating 

to various growth stages. 

 

2.4.1 Plant response at whole plant level 

Primary and principal response of salinity stress at whole plant level is the reduction in 

plant growth and development (Noreen and Ashraf, 2009b; Shaheen et al., 2012). Under salt 

stress, key processes like osmotic and energy balance, protein synthesis, nutrient uptake, 

photosynthesis, membrane permeability, lipid metabolism and defensive system against 

oxidative stress are widely affected (Ashraf, 2009; Ashraf et al., 2010; Campos et al., 2012). 

In view of existing literature, one of the primitive responses of a plant to salinity is the 

reduction in rate of leaf surface expansion that leads to cessation of leaf and ultimately results 
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in reduction of plant productivity and yield (Ashraf et al., 2010; Shaheen et al., 2012). For 

example, Abbas et al. (2010) while working on Solanum melongena observed that salt stress 

drastically reduced growth and production of plants due to change in sub-stomatal CO2, 

photosynthesis and stomatal regulation. Similar sort of results were noted in sunflower plants 

due to diminution in quantum yield (Fv/Fm), chlorophyll pigments and K+/Na+ ratio (Akram 

and Ashraf, 2011a). During another study, salinity significantly decreased oil content and 

achene yield in two sunflower cultivars (Akram et al., 2011), while in comparison, Ahmad et 

al. (2007) working on cotton, didn’t find modification in yield and seed oil contents. 

However, fatty acid and tocopherols profiles of the cotton seed oil were drastically affected. 

Differential sensitivity of different plant cultivars within same species also depends on growth 

stages at which salt stress is applied (Lutz et al., 2005; Nawaz et al., 2010; Ashraf et al., 

2010). Contrasting reports are also available in the literature, which shows the differential 

plant responses at different growth stages with respect to growth and yield under saline 

environment (Navarro et al., 2006; Aref and Rad, 2012). For instance, during a field 

experiment, application of salt stress at tillering stage abridged plant productivity and growth 

twice as that of reproductive stage (Pearson and Bernstein, 1959). While during another 

experiment, diminution in yield per plant at booting stage in wheat was high under salt stress 

treatment in contrast to reproductive stage (Maas and Poss, 1989). Similar sort of results were 

observed by Zheng et al. (2001) in rice plants. Moreover, greater reduction in yield at early 

growth stages perturbed than later growth stages under salinity stress (Siddiqi, 2010). Overall, 

in view of existing literature, it is clear that later growth stages are less sensitive as compared 

to early growth stages under high salt regimes. 

Morphological characteristics reflect the damaging effects of salt stress. Reduced 

shoot growth due to growth suppression in growing plant parts is a specific response under 

saline conditions (Carpici et al., 2010). It also affects the formation and viability of 

reproductive organs. It alters time of flowering and reduces the grain yield (Khatab and Saker, 

2010). For example, in wheat salt stress suppresses leaf size, improves root-shoot ratio, and 

reduces number of tillers, number of seeds per spike and grain weight, which ultimately 

decreases plant dry matter as well as yield (Ahmad et al., 2011). However, the extent to which 

these characters are affected by salinity varies with different crop species and different 
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salinity levels (Noori and McNeilly, 2004). Six cotton (Gossypium hirsutum L.) genotypes 

were investigated for NaCl stress at the seedling stage. Sodium chloride treated plants showed 

reduced height, leaf area, plant fresh and dry weights as compared to control plants (Higbie et 

al., 2010). 

Under saline environment with the changes in morphology and physiology, plants also 

modify the structural features. Changes in different tissues were observed under salt stress 

(Pimmongkol et al., 2002; Hameed et al., 2009). At whole plant level, both salt sensitive and 

salt tolerant plant species exhibit considerable structural alterations under high saline regimes 

(Maas and Nieman, 1978). Leaf growth is generally the most affected plant part under high 

saline regimes and may reduce the photosynthetic area which ultimately cause reduction in 

plant growth (Munns and Termaat). Leaf photosynthetic machinery is harmfully affected 

under saline environment in turn affecting stomatal conductance (Naumann et al., 2007; 

Souza et al., 2004). Stomatal conductance also varies with the modifications in stomatal area 

and density due to salt-induced osmotic stress and responsible for the photosynthetic rate, 

tranpirational rate and water use efficiency of plant (Naz et al., 2010b). For example, In 

Atriplex patula conspicuous modification in leaves such as increased photosynthetic tissues 

shows its ability to counteract the adverse effects of saline stress on photosynthetic 

mechanism (Chaves et al., 2009). While, the enhanced salt tolerance of Zoysia spp. had 

positive correlation with increased salt glands density on leaf surface which help the plant in 

exclusion of toxic ions (Marcum et al., 1998). 

 

2.4.2 Plant response at tissue and cellular level 

Osmoregulation is one of the vital responses of salinity tolerance in plants at cellular 

and tissue level. Solute potential of the tissues is considerably reduced to maintain turgor 

potential and to absorb specific amount of water (Ashraf and Foolad, 2007; Farouk, 2011a). 

Under high saline stress intensity the balance between the ROS production and their 

scavenging system is disturbed which causes damage to cell structures, proteins, lipids and 

nucleic acids (DNA and/or RNA) (Becana and Lotassa, 2007; Ashraf, 2009; Gill and Tuteja, 

2010). Such as under saline stress, Noreen and Ashraf (2009a) observed a remarkable increase 

in the activities of POD and SOD enzymes and enhanced tocopherols and total phenolics 
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contents. Whereas, a considerable decrease in CAT and soluble protein activity was noted in 

nine pea (Pisum sativum L.) cultivars. In another study, while appraising the salt-induced 

changes at cellular level, observed that activities of CAT, POD and SOD enzymes as well as 

proline contents increased, while the chlorophyll and soluble protein contents decreased in 

radish (Raphanus sativus L.) (Noreen and Ashraf, 2009b). Antioxidative defense system of 

plants is activated to eliminate ROS and the antioxidative compounds are considered as 

ameliorators of salinity stress and can induce tolerance in plants against salt stress (Farouk, 

2011b). Ahmad et al. (2008) investigated the possible involvement of reactive oxygen species 

in plant damage mechanism by salt stress in two pea varieties (Pisum sativum L.) cv. EC 

33866 and Puget. Enzyme activity of superoxide dismutase, ascorbate peroxidase, 

dihydroascorbate reductase, and glutathione reductase were studied. High chlorophyll stability 

was observed in cv. EC 33866. Lipid peroxidation rate was increased in both varieties of pea 

but cv. Puget showed more decrease. Antioxidant enzymes activity significantly increased. 

Superoxide dismutase and ascorbate peroxidase increased in both varieties at all salinity 

levels while glutathione reductase and dihydroascorbate reductase activity increased up to 150 

mM NaCl and at 200 mM a decline was observed in these enzymes. In an other study, 

Shahbazi et al. (2011) studied the seedling growth and antioxidant enzymes activity in six 

canola (Brassica napus L.) cultivars including two F1 hybrids (Hyola 401, Hyola 330) under 

different salt levels (0, 50, 100, 150 and 200 mM NaCl solutions). Hyola401 showed high 

germination percentage. Seedling growth was affected particularly at 150 and 200 mM while 

activity of superoxide dismutase (SOD), ascorbate peroxidase and glutathione reductase was 

increased up to 150mM salinity level while decreased at higher (200 mM) NaCl 

concentration. Although, antioxidant enzyme activity was almost same in all cultivars and 

antioxidant activity of Hyola 401 was more efficient than that in other cultivars and had high 

germination and better seedling growth.  

In saline environment, a wide range of metabolic processes changes to combat with stress. 

Osmotic adjustment is one of the important plant tolerance mechanisms against salinity. 

Plants alter their metabolic pathways by accumulation of various solutes (Jaleel et al., 2008; 

Farouk, 2011a). However, saline stress activates the synthesis of different osmoprotectents 

such as proline and glycinebetaine (Farouk, 2011a, Heidari et al., 2011). It is widely reported 

that under stress conditions, high accumulation of these osmolytes improve the plant growth 
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(Farouk, 2011a; Heidari et al., 2011). In a study on Echium amoenum, a significant increase 

in concentration of proline and leaf total soluble sugars was observed with increasing salinity 

levels as compared to control, showing that soluble sugars and proline are good salinity 

tolerance indicators (Ramezani et al., 2011). While Hong-Bing (2011) studied the two wheat 

cultivars, Dekang 961 (salt tolerant) and Lumai No.15 (salt sensitive) for osmotic adjustment 

under osmotic stress and Na+ ionic stress and reported the more accumulation of free proline 

and soluble sugars in wheat cultivars under ionic stress than under osmotic stress. Less 

increase in free proline and soluble sugar was reported in salt tolerant cultivar (Dekang 961) 

while abundant accumulation in salt sensitive cultivar (Lumai No.15) under ionic stress which 

indicated that ionic effect is more important in increasing osmoticum content in wheat and 

salt tolerance was negatively correlated with accumulation of osmoticum. 

Salinity affects many physiological processes including reduction in photosynthetic 

activity of plant. Significant photosynthetic reduction was investigated in many experiments. 

For example, Nazir et al. (2001) reported in Brassica spp. and Raza et al., 2006 in wheat. 

However, reduction in photosynthetic capacity also depends on leaf area, photosynthetic 

pigments and factors affecting CO2 assimilation (Noreen and Ashraf, 2008). Furthermore, 

safflower (Carthamus tinctorius L.) plants showed significant reduction in biomas production 

attributed to decrease in photosynthetic pigments (chlorophyll a and b), photosynthetic and 

transpiration rates under saline stress conditions. While evaluating the set of 18 accessions of 

Panicum milliaceum for salt tolerance, a significant decrease in osmotic potential (Ψs), water 

potential (Ψw), relative water content and photosynthetic pigments in leaf (Sabir et al., 2009). 

In view of these reports, it can be found that under saline regimes alterations in the 

accumulation of osmoprotectants, essential nutrients, , ROS, production of non-

enzymatic/enzymatic antioxidants and low K+/Na+ ratio within the cell or tissue exhibit a 

considerable effect on the plant growth and yield (Becana and Lotassa, 2007; Gill and Tuteja, 

2010; Flowers et al., 2010; ). 

4.2.3 Plant response at molecular level 

Plant response at molecular level is a complex mechanism. Plant normally depends 

upon the activation of stress related genes at molecular level under saline conditions (Ashraf 
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and Akram, 2009; Flowers et al., 2010). These genes are normally involved in the 

maintenance of protection of vital membranes and proteins, signal transduction, overcoming 

free-radicals and transcriptional control. High accumulations of Na+ transduce signals that are 

involved in the defensive response of plants and completion of all the necessary processes 

which are important for the plant’s survival under saline conditions (Yamaguchi and 

Blumwald, 2005; Asano et al., 2012). In recent times, biotechnological and transgenic 

techniques show astonishing results and production of genetically modified crops has given 

prominent results under different abiotic stresses (Win et al., 2011; Ashraf and Harris, 2013). 

Salinity tolerance of crops has been improved by adopting new and advent molecular tools. 

Scientists have also noted that genes are involved in generation of ion transporters, late 

embryogenesis abundant proteins, heat-shock protiens and generation of antioxidants and 

osmoprotectants (Ashraf et al., 2008; Ashraf and Ashraf, 2012; Horie et al., 2012; Ashraf and 

Harris, 2013). Furthermore, proteins like SOS, responsible for salinity signaling cascade 

decides to have a significant role in salinity tolerance of plants (Ashraf and Akram, 2009; 

Taiz and Zieger, 2010). 

 

2.5 Salt stress tolerance in relation to different growth stages  

Various harmful effects on plant growth and development has been imposed by 

different form of environmental stresses that ultimately affect the agricultural production to a 

great extent which is then leads to food insecurity particularly in under developed countries 

(Chrispeels and Sadava, 2003; Läuchli and Grattan, 2007; Ladeiro, 2012). Due to salinity, all 

over the world, large cultivated land is becoming barren and useless that ultimately disturbed 

the food requirement of the human population (Ladeiro, 2012). For years, scientists from all 

over the world have been using and developing various techniques in order to enhance salinity 

tolerance in crops but they gain little success as salinity tolerance in plants is a multigenic trait 

(Ashraf and Akram, 2009). Improvement in stress tolerance traits becomes worse due to the 

disparity in the amount of stress sensitivity at various stages of growth and development in 

plant’s life cycle (Läuchli and Grattan, 2007). It is obvious by studying the existing literature 

that mostly stress tolerance in various plants has been evaluated at only one specific growth 

stage. However, it is observed that in most of plant species the degree of stress tolerance at 

one particular stage may or may not reflect the results at other growth stages. This point of 
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view has been mentioned thoroughly in large number of studies relating to stress tolerance in 

crops (Ashraf and Akram, 2009; Singh and Flowers, 2010). Plant tolerant at vegetative or at 

maturity might be more prone to salinity than that of early stages of development (Ashraf, 

2009; Nawaz et al., 2010). Therefore, it is very important to find out the most vulnerable and 

tolerant stage of plant prior to use any approach i.e., molecular approach or conventional 

approach for enhancing stress tolerance of crops.  

In view of exiting literature, the extent of stress tolerance is maintained consistently at 

all different growth stages. For example, in sunflower (Ashraf and Tufail, 1995), safflower 

(Ashraf and Fatima, 1995), Brassica juncea (Ashraf et al., 1994), linseed (Ashraf and Fatima, 

1994) and sweet pepper (Elwan, 2007). In contrast, degree of salt tolerance varies in a number 

of other plant species at different developmental phases of plant life cycle. For example, it is 

widely reported in some studies that salt tolerance of plants at the early or germination stage 

is often not associated with the tolerance at the vegetative or adult stage (Chartzoulakis et al., 

2000; Foolad, 2004; Ranjbar et al., 2010; Rad et al., 2012). During a study, Akram et al. 

(2012) assessed a newly developed wheat genotype N-9760:V3 by comparing it with a 

commercial cultivar Inqlab: V1 and a known salt tolerant line N-1073:V2 for salt tolerance 

under four salinity levels (EC 1.5, 5, 10 and 15 dS m-1). Various growth attributes were 

measured at the vegetative and maturity stages. For example, under EC 15 dS m-1, least 

affected characteristics in N-9760:V3 were shoot fresh weight, fresh and dry weights of roots, 

plant height, number of productive tillers and grain yield while in N-1073:V2 shoot fresh 

weight and length, total leaf area and spike length. Both genotypes performed differently and 

all the parameters appraised at both stages were affected differentially by genotypes and 

salinity levels. 

It is evident from literature that degree of salt tolerance varies with plant 

developmental stages as has been earlier reported in different crop plants e.g. tomato 

(Cuartero et al., 2006), Atriplex patula (Ungar, 1996), soybean (Ghassemi-Golezani et al., 

2011), Brassica carinata (Ashraf and Sharif, 1998), wheat (Sairam et al., 2005; Ranjbar, 

2010). In an investigation, screening of four Brassica carinata lines was done for their salt 

tolerance at different developmental phases and the lines which were observed salt sensitive 
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(C90-1115, 77-321) at early growth stage exhibited better tolerance to salinity at maturity 

(Ashraf and Sharif, 1998). Samilarly, Azhar and McNeilly (1989) measured salt tolerance 

potential of sorghum at different growth stages in relation to biomass production and grain 

yield and reported adult growth stage as more salt tolerant than the early seedling growth 

stage. In another study on chickpea plants, it is reported that chickpea salt tolerance also 

varied with age and vegetative and reproductive growth stages were more salt sensitive than 

the other (Samineni et al., 2011). Similarly, Ashraf and Waheed (1993) evaluated eleven lentil 

accessions for their salt tolerance at different developmental phases and observed that salt 

tolerance of different lentil cultivars were not maintained at different growth stages. In the 

same way, sugarbeet has also been reported sensitive to saline stress at germination stage as 

compared to later growth stages (Beatty and Ehlig, 1993). In contrast, corn cultivars were 

found to be sensitive at later stages of development while tolerant at the germination stage 

(Maas et al., 1983). While in another investigation on 19 inbred corn lines, it has been 

reported that corn plant are more susceptible to salt stress at early vegetative growth stage as 

compared to later vegetative to reproductive growth stages and IYL-50 corn line was found to 

be more salt tolerant on the basis of dry mass accumulation under saline stress than the other 

cultivars (Magnaye et al., 2011). On the other hand different studies on rice salt tolerance at 

different growth stages reported it very sensitive to saline stress at seedling and reproductive 

(panicle formation, anthesis and fertilization) growth stages. Moreover, rice becomes salt 

tolerant at active tillering stage and at maturity (Khatun and Flowers, 1995; Makihara et al., 

1999; Singh et al., 2004; Shereen et al., 2005; Singh et al., 2008). Recently in another study 

on rice, panicle initiation stage has also been reported as the most sensitive one to saline stress 

and tillering and later growth stages as salt tolerant (Aref and Rad, 2012). Bahrami and 

Razmjoo (2012) evaluated the salt tolerance of 10 sesame (Sesamum indicum L.)  cultivars at 

germination and early seedling growth stages and observed the Abpaksh cultivar as the most 

salt tolerant among all cultivars on the basis of response of different traits such as plumule 

and radicle dry weight, plumule and radicle length, germination percentage. 

Although salinity affects all growth and developmental stages of plant but seed 

germination and seedling growth stage is identified as the more sensitive stage of plant 

development and can be considered as predictive plant growth response to salinity (Cuartero 
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et al., 2006). Therefore, plant seeds having more germination rate under stress and normal 

conditions may be expected to have rapid seedling establishment and considered as more salt 

tolerant and high yielding (Bybordi and Tabatabaei, 2009). El-Hendawya et al. (2011) 

recently reported that at the seedling growth stage, shoot growth in wheat was more affected 

than root growth due to salt stress. Plant height and shoot dry weight was correlated with 

grain yield. However, shoot growth was proposed to be an effective screening criterion for 

wheat genotypes for salt tolerance at the seedling stage. Keeping in view all these reports on 

the importance of variation in stress tolerance ability of plants at different growth, this study 

was designed to characterize ten (both registered and candidate cultivars) genetically diverse 

spring wheat (Triticum aestivum L.) cultivars for tolerance to different abiotic stresses (salt, 

drought and heat stress) at different growth stages (seedling, tillering and boot stages) on the 

basis of plant biomass production and final grain yield. 
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         Chapter 3 
 

MATERIAL AND METHODS 

 

The present experiment was conducted to assess the salt stress tolerance of 10 (five 

newly developed and five candidate) wheat (Triticum aestivum L.) cultivars. The nine wheat 

cultivars (Inqlab-91, Saher-2006, Fsd-2008, Lasani, P.B- 18, M.P-65, S.H-20, AARI-10 and 

G.A-20) were procured from the Wheat Section of the Ayub Agricultural Research Institute, 

Faisalabad, Pakistan and the cultivar S-24 from the Department of Botany, University of 

Agriculture, Faisalabad, Pakistan. Two experiments were performed in the old Botanic 

Garden (longitude 73°10 E, latitude 31°30 N and altitude 213 m), University of Agriculture, 

Faisalabad in two consecutive years. The climatic conditions measured were 11/13 light/dark 

period at 700-1370 μmol m-2 s-1 PPFD, a day/night temperature cycle of 26/12°C and relative 

humidity 65 ± 5.5%. 

All wheat cultivars were grown in plastic pots, each pot having diameter of 30 cm 

filled with 11 kg well washed river sand. There were two levels of salinity (control = full 

strength Hoagland’s nutrient solution; salt stress = 150 mM NaCl in full strength Hoagland’s 

nutrient solution). The experiment was laid out in a completely randomized design with three 

replications. Ten seeds per pot were sown after saturation of the sand contained in pots with 

full strength Hoagland’s nutrient solution by supplying 2 L nutrient solution per pot. After 

germination, the seedlings were thinned to 6 plants per pot. Salt stress was applied at three 

growth stages i) seedling, ii) tillering and iii) boot and plants were allowed to grow up to 

maturity. Data was collected for different morphological, physio-biochemical and anatomical 

characteristics after two weeks imposition of salt stress at the boot stage. 

First year experiment (Screening experiment) 

Selection of salt tolerant and sensitive cultivars of wheat from 10 newly developed and 

candidate cultivars was done on the basis of growth, biomass production and yield attributes 

when salinity applied at three different growth stages. 

Second year experiment 
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Two tolerant and two sensitive cultivars selected from first experiment were grown in 

the following year. Assessment of different physio-biochemical and anatomical changes in 

response to saline stress at different growth stages and their relation with salt tolerance of 

wheat genotypes was observed. 

 

3.1 Growth parameters 

3.1.1 Morphological characters 

Different morphological characteristics like fresh and dry root and shoot weight were 

determined. After harvest plants were separated into shoot and root for obtaining fresh weight 

of shoot and root, the fresh samples were weighed by an electrical balance. While, for the 

measurement of dry weight, samples were dried at 65°C for 72 hours in oven and then 

weighed on a weighing machine. 

3.2 Physio-biochemical attributes 

 

3.2.1  Gas exchange parameters 

A LCA-4ADC portable gas analyzer (IRGA) (Analytical Development Company, 

Hoddesdon, England) was used to determine the net photosynthetic rate (A), transpiration rate 

(E), stomatal conductance (gs), water use efficiency (A/E), and internal CO2/Ambient CO2 

concentration (Ci/Ca) on fully expanded leaf of each plant. To determined these 

characteristics, measurements were carried out from 10:00 am to 1:00 pm and 403.3 mmol m-2 s-

1 for molar flow of air, 99.9 kPa atmospheric pressure, 6.0 to 8.9 mbar water vapor pressure, 

1711 µmol m-2s-1 PAR, 28.4 to 27.9 °C leaf temperature and 352 µmol mol-1 ambient CO2 

concentration were achieved. 

3.2.2 Water relations 

Water potential 

Water potential was determined at the fully expanded youngest leaf. A fully developed 

leaf was excised from each plant and mid rib used in scholander type pressure chamber for 

determining the water potential.  

Osmotic potential 
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The same leaf which was used to determine the water potential was stored at -20 oC.  

After few days these leaves taken out from the freezer and pressed it with glass rod in the test 

tube for sap extraction. This extracted sap was used for determining the osmotic potential by 

using an osmometer (Wescor 5500) (Arimad-2-Japan). 

Turgor potential 

Turgor potential was determined by calculating the difference of water potential and 

osmotic potential as the formula given bellow (Nobel, 1991). 

                                                                  (Ψp) = (Ψw) - (Ψs) 
 

 

3.2.3. Photosynthetic pigments 

 

Chlorophyll a and b pigments 

According to Arnon (1949) procedure, for determining the chlorophyll pigments, 0.5 g fresh 

leaves were extracted with 80% acetone at 4oC and then extraction was centrifuged for 5 min 

at 10,000 x g and then optical densities were recorded from supernatant at 645 and 663 nm 

wavelengths on spectrophotometer (Model Hitachi-U 2001, Tokyo Japan). Readings of both 

chl a and b were expressed in mg/g fresh wt. 

Chl. a (mg/g f.wt) = [ 12.7(OD 663) – 2.69 (OD 645)] x V/1000XW 

Chl. b (mg/g f.wt) = [ 22.9(OD 645) – 4.68 (OD 663)] x V/1000XW 

V= volume of the aliquot,  W= weight of tissue 

3.2.4 Determination of mineral elements 

Digestion mixture: 

For making digestion mixture 40 g of LiSO4.2H2O and Se 0.42 g were mixed up in 350 

mL distilled water. This mixture was shaked well and then H2SO4 (420 ml) was dispensed 

slowly into it at low temperature (4 ºC). This reagent was placed at 2 ºC and used for digesting 

plant samples. 

Digestion method 
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The dried plant samples (0.1g) were taken in digestion flask. 2 ml of digestion mixture 

was added into the digestion flask and left over for one night at room temperature. Then the 

digestion flasks with mixture were heated on the hot plate at 150 oC followed by addition of 

half ml of H2O2. Then the flasks were placed in digestion block and heated until the 

appearance of fumes. After every 10 min H2O2 was added drop by drop in the solution. 

Repeated the above mentioned steps until the mixture became transparent. Filtered the 

digested material and making the total volume of 50 ml with addition of distill water in 

volumetric flasks and this extraction was used for the determination of  different ions 

concentration (Na+, K+ and Ca2+). 

Determination of cations (Na+, K+, Ca2+) 

After digestion sodium (Na+), potassium (K+) and calcium (Ca2+) contents from 

filtered extracts were determined by using the flame photometer (Jenway PFP 7). 

3.2.5. Hydrogen peroxide 

Fresh leaf tissue (0.5 g) was ground in a prechilled mortar with 5 ml of 0.1% (w/v) tri-

chloroacetic acid (TCA). This was then centrifuged at 12,000 x g for 15 min. 0.5 ml potassium 

phosphate buffer (pH 7.0) and 1 ml of KI were added to 0.5 ml of the supernatant. Then it was 

vortexed and then optical density was read at 390 nm wavelength. From the samples, H2O2 

was determined by following the method of Velikova et al. (2000). 

3.2.6. Malondialdehyde (MDA) 

According to the Carmak and Horst (1991) method, 5 ml of 0.1% trichloroacetic acid 

was added in 0.5 g of leaf material, homogenized it and centrifuged the samples for 15 min at 

2000 × g. Now added the 4 ml of 0.5% thiobarbaturic acid (TBA prepared in 20% TCA) in 1 

ml of supernatant. The reaction mixture was boiled at 95 oC for 50 min in water bath and 

thereby stop the reaction by putting the samples on ice quickly. Samples were again 

centrifuged for about 10 min at 10,000 × g and read the absorbance of supernatant at 532 nm 

and 600 nm on spectrophotometer (IRMECO U2020). 

Following the formula was used for calculating the malondialdehyde (MDA) content 

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

 
                                   MDA = Δ (OD532-OD600)/1.56×105 

3.2.7. Total phenolics 
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Leaf total phenolics were determined by following the Julkenen-Titto (1985) method. 

Fresh leaves (50 mg) were homogenized in 80% acetone. The homogenized material was 

centrifuged at 10,000 × g for 10 min. The supernatant was used for the phenolics estimation. 

100 ul supernatant was diluted with 2 ml distilled water and then 1 ml of Folin-Ciocalteau,s 

phenol reagent added in the supernatant. This mixture was shaken vigorously and then added 

5 ml of 20 % sodium carbonates (Na2CO3) and total volume upto 10 ml were made with 

distilled water. Vortex this mixture and read absorbance by using spectrophotometer 

(IRMECO U2020) at 750 nm.  

 

3.2.8. Activities of antioxidant enzymes 

Fresh leaf tissues (500 mg) were titrated in 10 ml phosphate buffer [pH 7.8; 50 mM] 

using an ice cooled sterilized pestle and morter. The extract was centrifuged at 15,000 x g for 

15 min at 4°C. The supernatant was separated in another autoclaved eppendorf tubes and used 

for determining the activities of enzymes such as superoxide dismutase (SOD), peroxidase 

(POD) and catalase (CAT) enzymes. 

Superoxide dismutase (SOD) 

 The superoxide dismutase (SOD) activity was determined through inhibition in 

photoreduction of nitroblue tetrazolium chloride (Giannopolitis and Ries, 1997). The reaction 

mixture (1 ml) [250 μl phosphate buffer (pH 7.8), 400 μl distilled H2O, 100 μl methionine, 100 

μl triton-x, 50 μl NBT and 100 μl sample extract] was taken in cuvettes and kept under 

fluorescent light for 10 min. By using spectrophotometer (IRMECO U2020) optical density 

was estimated at 560 nm. 

 

Catalase (CAT) and peroxidase (POD) 

  To determine the activities of catalaze and peroxidase, Chance and Maehly (1955) 

procedure were adopted with some minor changes. Hydrogen peroxides 5.9 mM, 50 mM 

potassium phosphate, 7.8 pH buffer and crude enzyme 100 ul of extract contained in the 3 ml 

reaction mixture for catalase. Enzyme extract 0.1 ml was used to initiate the reaction. 

Reduction in absorbance after every 20 sec at 240 nm was read. The change in absorbance of 

0.01 unit per min was taken as one unit activity of catalase. Hydrogen per oxides 40 mM, 20 

mM gauiacol, 50 mM potassium phosphate buffer of pH 7.8 and enzyme 100 ul were added in 



 36

the 3 ml peroxidase reaction mixture. Change in absorbance after every 20 sec at 470 nm was 

noted. Change in absorbance of 0.01 units per min mg of protein was described as the one unit 

of peroxidase activity. 

 

3.2.9. Total soluble proteins 

Fresh leaf material (500 mg) was tritrated with 10 ml of 50 mM potassium phosphate 

buffer [K2HPO4 (Mol. wt. 174.18) + KH2PO4 (Mol. wt. 136.09), Merck, Germany] (pH 7.8) 

in an ice bath. The aliquot was centrifuged at 10,000 x g for 15 min at 4 °C. Protein contents 

of the extract were determined following Bradford (1976). 

 

3.2.10. Leaf free proline content 

The method of Bates et al. (1973) was followed to determine the leaf free proline.  

Leaf samples (500 mg) were triturated with 10 ml sulfosalicylic acid 3% (w/v) solution. The 

crushed sample was filtered by filter paper and 2.0 ml of filtrate samples were mixed with 2.0 

ml acid ninhydrin and 2.0 ml GAA (glacial acetic acid) solution. Acid ninhydrin was prepared 

by mixing 1.25 g ninhydrin (C6H4COCOCOH2O, BDH, AnalaR, England), with 30 ml GAA) 

and 20 ml (6 M H3PO4). All the procedure were performed at 100 °C, and terminated in a 

container filled with ice. After cooling, 4 ml toluene was added to each sample. The aliquots 

containing toluene were vortexed. The OD of the filtrate was taken at 520 nm. The toluene 

was used as blank and proline was calculated as: 

μmol proline g-1 FW = μg proline ml-1 x ml of toluene/115.5)/sample wt (g). 

 

3.2.11. Glycinebetaine (GB) content 

To determined the GB content 0.5 g dry leaf material was homogenized in 0.5% 

toluene and kept at low temperature (4 °C) over-night. After centrifugation, filter the samples 

and 1 ml of the filtrate was reacted with 1 ml of sulfuric acid (2N). Then this extract (0.5 ml) 

was added in 200 μl of potassium tri-iodide (KI3) solution. The contents were cooled in a 

chiller. Then 2.8 ml of ice cooled de-ionized H2O and 5 ml of 1-2 di-chloroethane were added 

to the samples. The absorbance was taken spectrophotometerically at 365 nm. The 

concentrations of GB were recorded against a standard curve following Grieve and Grattan 

(1983). 



 37

 

3.2.12. Yield and yield components 

At maturity, all spikes from remaining plants were harvested and grains were obtained 

for collecting the following yield data: 

1. Grain yield per plant 

2. 100 grain weight per plant 

3. Number of grains per plant 

  

3.3. Determination of anatomical characteristics 

For anatomical studies, four wheat species (Saher-2006, S-24, AARI-10 and Lasani) 

were selected after screening were utilized for the root, stem and leaf free-hand sectioning. 

The plant material which was used for anatomical studies included root, stem, leaves and leaf 

sheaths. For stem anatomy one cm piece from the nodal region of the stem was selected. For 

leaves, one cm piece from the leaf centre along the midrib was taken and for leaf sheath one 

cm piece from the nodal region surrounding the stem was selected. The material was 

preserved in FAA (Formalin Acetic Acid) solution for fixation, which contained formalin 5%, 

acetic acid 10%, ethyl alcohol 50% and distilled water 35%. The material was then transferred 

in Acetic Alcohol solution (one part acetic acid and three parts ethyl alcohol) for long-term 

preservation. 

Double-stained standard techniques of safranine and fast green stains were used for 

staining and permanent slides were prepared by serial dehydrations in ethanol. For the study 

of comparative anatomy of leaf, stem and roots structures, measurements and photographs 

were taken with the help of a camera equipped light microscope (Nikon 104, Japan) using an 

ocular micrometer, which was calibrated with a stage micrometer.  

3.3.1 Anatomical characteristics 

a. Root anatomy 

i. Size and shape of dermal tissue 

ii. Size of parenchymatous tissue 

iii. Size of mechanical tissue 

iv. Size of vascular tissue 

b. Stem anatomy 
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i. Size and shape of dermal tissue 

ii. Size of parenchymatous tissue 

iii. Size of mechanical tissue 

iv. Size of vascular tissue 

c. Leaf anatomy 

i. Size and shape of dermal tissue 

ii. Size of parenchymatous tissue 

iii. Size of mechanical tissue 

iv. Size of vascular tissue 

d. Leaf sheath anatomy 

i. Size and shape of dermal tissue 

ii. Size of parenchymatous tissue 

iii. Size of mechanical tissue 

iv. Size of vascular tissue 

 

3.4. Experimental design and Statistical analysis 

Both experiments were framed-up in a three-factor factorial completely randomized 

design (CRD). Bartlett's test for analysis of variance of the data was performed for each 

dependant or independent variable computed using the MSTAT computer package (MSTAT 

Development Team, 1989). The LSD at 5% probability employed to assess the significant 

difference among the mean values (Snedecor and Cochran, 1980).  
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         Chapter 4 
 
RESULTS 
 
 

The present investigation was conducted to assess 10 newly developed and candidate 

wheat cultivars for their salt tolerance potential at different growth stages. The selected 

cultivars were characterized for salt tolerance using various physio/biochemical and 

anatomical attributes. The present investigation was of two-year duration and one experiment 

was performed each year. The first year’s experiment was a screening experiment in which 10 

wheat cultivars were screened on the basis of growth and yield attributes when saline stress 

applied at different growth stages. Then, four (two salt tolerant and two salt sensitive) wheat 

cultivars selected from the first experiment were grown during the second year and their 

response to saline stress at different developmental stages was examined on the basis of 

various pysio-biochemical and antatomical characteristics.   

 
4.1 First year experiment (Screening experiment) 

 

For the screening of 10 genetically diverse wheat cultivars, different growth and yield 

attributes were measured to assess their degree of salt tolerance at different developmental 

stages under saline stress. The growth attributes included shoot fresh and dry weights, while 

yield attributes included 100 seed weight, yield per plant and number of grains per plant. 

A significant reduction was observed in shoot fresh weight of all wheat cultivars due 

to imposition of saline stress at different developmental stages. The seedling stage was greatly 

affected by salt stress as a maximal reduction in shoot fresh weights was recorded in all wheat 

cultivars. A maximal decrease in shoot fresh weight due to saline stress imposed at the 

seedling stage was recorded in cvs. Saher-2006, P.B-18 and AARI-10. Whereas the minimum 

in cvs. S-24 and Lasani.  However, the maximum salt-induced reduction in shoot fresh weight 

due to salinity imposed at the tillering stage was recorded in cvs. Lasani, SH-20 and AARI-10 

and in cvs. Lasani and AARI-10 when salt stress applied at the boot stage. While, the 

minimum decline in S.F.W was recorded in cvs. Inqlab-91, Saher-2006 and G.A-20 due 

salinity application at the tillering stage  
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Fig. 4.1.1 Shoot fresh and dry weights of different cultivars of wheat (Triticum aestivum L.) as affect
by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.1.1 ANOVA for the data for shoot fresh and dry weights of 10 wheat cultivars when 
salt stress applied at different growth stages  
 
Source df S.F.W S.D.W 
Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
9 
2 
18 
9 
18 

  9.81** 
80.14*** 
  7.02*** 
70.20*** 
  2.43 ns 
16.52*** 
  2.06 ns 

  46.82*** 
    4.80** 
    1.81*** 
125.96*** 
    1.36** 
    4.55*** 
    0.60 ns 

*, **, ***= significance levels at 0.05, 0.01and 0.001, respectively 
ns = non-significant 
S.F.W. = shoot fresh weight, S.D.W. = shoot dry weight 
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and in cvs. S-24 and Saher-2006 when salinity imposed at the boot stage (Fig. 4.1.1, Table 

4.1.1). 

Like shoot fresh weights, shoot dry weight also significantly decreased in all wheat 

cultivars due to imposition of saline stress and the seedling stage was more adversely affected 

due to salt stress than the other developmental stages. Salt stress applied at the seedling stage 

caused a maximal reduction in shoot dry weights in cvs. Fsd-2008, Lasani and SH-20 and a 

minimal reduction in cvs. S-24 and Saher-2006. However, salt stress applied at the tillering 

stage caused a minimal decline in shoot dry weight in cvs. S-24, Saher-2006 and G.A-20 and 

the maximal in cvs. Lasani, AARI-10 and S.H-20. However, salt imposition at the boot stage 

showed a minimum reduction in shoot dry weight in cvs. S-24 and Fsd-2008 and the 

maximum in cvs. Lasani and S.H-20 (Fig. 4.1, Table 4.1.1). 

A marked decline in yield attributes was also recorded in all 10 wheat cultivars in this 

study. Application of salt stress at different growth stages decreased 100-seed weight of all 

wheat cultivars. A maximal decline in 100 grain weight was noted when salt stress imposed at 

the seedling stage. A variable response was observed under salt stress applied at different 

developmental stages in different wheat cultivars in relation to this parameter. Of 10 wheat 

cultivars, cvs. Inqlab, Lasani and P.B-18 showed the highest decline in 100 seed weight due to 

salinity stress applied at the seedling stage and minimal in cvs. Saher-2006 and SH-20. 

However, salt stress applied at the tillering stage caused a maximal decline in 100 seed weight 

in cvs. Lasani, P.B-18 and AARI-10, while a minimal in S-24, Saher-2006 and SH-20. Cvs. 

Inqlab and AARI-10 had the maximum reduction in 100 seed weight when salinity imposed at 

the boot stage and minimal was recorded in cvs. S-24, Saher-2006 and SH-20 (Fig. 4.1.2, 

Table 4.1.2).   

A marked decline in number of seeds per plant was also recorded due to application of 

salt stress at different growth stages. All wheat cultivars showed a maximal decline in this 

attribute due to saline stress applied at the seedling stage. Of 10 wheat cultivars, the maximum 

reduction in this yield component was noted in cultivars Lasani, ARRI-10 and G.A-20 and the 

minimum in cvs.Inqlab, Saher-2006 and M.P-65 under saline stress applied at the seedling 

stage. However, in contrast, a maximal decline in number of seeds per plant was recorded in 

cvs. P.B-18, AARI-10 and G.A-20 under saline stress applied at the tillering stage while salt  
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Fig. 4.1.2 Yield attributes of different cultivars of wheat (Triticum aestivum L.) as affected by salt str
when applied at different growth stages (mean ± S.E.)  
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Table 4.1.2 ANOVA for the data for different yield attribute of 10 wheat cultivars when salt 
stress applied at different growth stages 
 
Source df 100 seed wt. No. of seeds/plant Total grain wt./ 

plant 
Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
9 
2 
18 
9 
18 

3.96*** 
0.12** 
0.47*** 
3.96*** 
0.62*** 
0.36*** 
0.62*** 

    398.84*** 
55039.91*** 
  8258.44*** 
    398.84*** 
    866.33*** 
10389.61*** 
    866.33*** 

  2.35*** 
71.99*** 
11.02*** 
  2.35*** 
  1.15*** 
 12.02*** 
   1.15*** 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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stress applied at tha boot stage caused the highest decline in this attribute in cvs. Lasani, SH-

20, AARI-10 and G.A-20. However, cvs. S-24, Saher-2006 and Fsd-2008 showed less decline 

in this attribute under saline stress applied at the tillering and boot stages (Fig. 4.1.2, Table 

4.1.2). 

Like other yield attributes, grain yield per plant of all wheat cultivars also decreased 

significantly due to the application of saline stress at different developmental stages. The 

response of different wheat cultivars to saline stress applied at different growth stages varied 

in relation to grain yield per plant. A maximal decline in this parameter was observed in cvs. 

P.B-18, AARI-10 and G.A-20, while a minimal in cv. Saher-2006 under saline stress applied 

at the seedling stage. However, salt stress imposed at the other growth stages (tillering and 

boot) caused higher reduction in grain yield in cvs. Inqlab, P.B-18, AARI-10 and G.A-20 but 

a minimal in cvs. S-24, Fsd-2008 and Saher -2006 (Fig. 4.1.2, Table 4.1.2). 
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4.2 Second year experiment 

 Four wheat (Saher-2006, S-24, AARI-10 and Lasani) cultivars were selected from the 

first experiment on the basis of biomass and yield of plants. In the second year’s experiment, 

these selected wheat cultivars were examined for their degree of salt tolerance using different 

physio-biochemical and anatomical characteristics at three developmental phases. 

4.2.1 Morpho-physiological traits 

The results for shoot fresh and dry weights showed a marked decline in all wheat 

cultivars due to application of saline stress at different developmental stages. A significant 

variation was observed among the wheat cultivars when saline stress applied at different 

growth phases. The decline in shoot fresh and dry weights in the wheat cultivars was recorded 

more when saline stress applied at the seedling stage than that at the other developmental 

phases. A maximum decline in fresh and dry weights of shoot was noted in cv. S-24 due to 

salt stress application at the seedling and tillering stages. While saline stress applied at the 

seedling stage showed minimum shoot fresh weight in cv. AARI-10 and shoot dry weight in 

cv. Saher-2006 under.  On the other hand, salt stress applied at the boot stage caused a 

maximal decrease in shoot fresh and dry weight in cv. AARI-10 and a minimal S.F.W in cv. 

Lasani and S.D.W. in cv. S-24. (Fig. 4.2.1; Table 4.2.1). 

Fresh and dry weights of roots in all wheat cultivars also decreased significantly under 

saline environment, and this reduction was also greater when salt stress applied at the seedling 

stage than that on the other developmental stages. Saline stress application at different growth 

phases caused a maximal reduction in root fresh and dry weights in cv. Lasani and a minimal 

in cv. S-24 (Fig. 4.2.2; Table 4.2.2).  

Leaf water potential decreased (more -ve) significantly in all wheat cultivars under 

saline stress. Cultivar AARI-10 showed a maximal decrease in leaf water potential under salt 

stress applied at the seedling stage. While salinity imposed at the tillering and the boot stages 

caused a maximal decrease in leaf Ψw in cv. Lasani. However, lowest reduction in leaf water 

potential was noted in cvs. S-24 and Saher-2006 under saline stress applied at different 

growth stages. 
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Fig. 4.2.1 Shoot fresh and dry weights in different cultivars of wheat (Triticum aestivum L.) as affect
by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.1 ANOVA for the data for shoot fresh and dry weights of four wheat cultivars when 
salt stress applied at different growth stages  
 
Source df S.F.W S.D.W 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  55.21* 
876.65*** 
141.63*** 
  55.21* 
    7.37ns 
    6.22ns 
    7.37ns 

5.74* 
4.63ns 
6.17* 
9.43** 
1.83ns 
2.29ns 
2.29ns 

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

S.F.W= Shoot fresh weight  S.D.W= Shoot dry weight 
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Fig. 4.2.2 Root fresh and dry weights in different cultivars of wheat (Triticum aestivum L.) as affect
by salt stress applied at different growth stages (mean ± S.E.)  



 50

Table 4.2.2. ANOVA for the data for root fresh and dry weights of four wheat cultivars when 
salt stress applied at different growth stages  
 
Source df R.F.W R.D.W 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

0.21ns 
2.41*** 
0.95*** 
0.21ns 
0.03ns 
0.13ns 
0.03ns 

0.02ns 
0.12ns 
0.29*** 
0.02ns 
0.01ns 
0.05ns 
0.01ns 

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

R.F.W= Root fresh weight  R.D.W= Root dry weight 
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 Overall, this reduction in leaf water potential was less under saline stress imposed at the boot 

stage as compared to that at the other growth stages. Similarly, leaf osmotic potential also 

decreased significantly in all wheat cultivars when stress applied at different growth phases. 

Cultivar AARI-10 showed a maximal decrease in leaf osmotic potential due to salt stress 

application at different growth stages and a minimal in cultivar S-24. A significant reduction 

in leaf turgor potential was also observed in all wheat cultivars due to saline stress applied at 

all phases of plant growth. A significant variation was observed among all wheat cultivars due 

to saline stress applied at different developmental stages. The greater reduction in leaf turgor 

potential was recorded in S-24 and AARI-10 due to salt stress imposed at the seedling growth 

stage. While, salinity applied at the tillering stage caused a maximal reduction in the turgor 

potential in cv. S-24 followed by cv. Lasani. While, salt stress imposed at the boot stage 

caused maximal decline in leaf turgor in cv. Lasani. A minmal decrease in this attribute was 

noted in cv. Lasani when salinity applied at the seedling stage, and in cv. Saher-2006 due to 

stress imposed at the tillering and boot stages. Of different growth stages, higher turgor was 

maintained when salinity applied at the boot stage than that at the other growth stages (Fig. 

4.2.3; Table 4.2.3). 

Application of NaCl in the growth medium results in significant diminution of leaf 

photosynthetic rate in all wheat cultivars as compared to the plants growing in non-saline 

medium at all growth stages under study. Saline stress application at different growth stages 

caused the maximum reduction in cultivar AARI-10 in relation to leaf photosynthetic rate. 

However, cultivar S-24 showed minimum decrease in the value of this attribute due to saline 

stress application at different developmental phases. Similar to leaf photosynthetic rate, leaf 

transpiration rate in all wheat cultivars also reduced significantly under saline conditions 

applied at all growth phases under study. Reduction in leaf transpiration rate was recorded 

maximum in cultivar AARI-10 in result of salinity application at seedling and tillering growth 

stages. While at boot stage, maximum reduction in this attribute was noticed in cv. Lasani. 

However, among all wheat cultivars, cv. S-24 showed minimum decrease in leaf transpiration 

due to salinity imposed at different developmental phases (Fig. 4.2.4; Table 4.2.4). 
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Fig. 4.2.3. Leaf water relations in different cultivars of wheat (Triticum aestivum L.) as affected by s
stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.3 ANOVA for the data for water relation parameters of four wheat cultivars when 
salt stress applied at different growth stages  
 
Source df Ψw Ψs Ψp 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

0.04* 
7.71*** 
0.27** 
0.04* 
0.02ns 
0.16** 
0.01ns 

0.06 ns 
3.33*** 
0.11** 
0.06ns 
0.04ns 
0.16** 
0.04ns 

0.06*** 
1.53*** 
0.02* 
0.06*** 
0.01ns 
0.02ns 
0.01ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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In all wheat cultivars, a marked reduction in leaf intrinsic CO2 concentration was 

noted due to salinity imposed at different growth stages. Greater reduction was observed in 

cultivars AARI-10 and Lasani than the other two (Saher-2006 and S-24) cultivars in relation 

to this attribute due to saline stress application at different developmental stages. Almost 

similar pattern was observed in cultivars AARI-10 and Lasani at different phases of plant 

growth under saline conditions. However, minimum reduction in leaf intrinsic CO2 

concentration was recorded in cultivar Saher-2006 followed by S-24 when salt stress applied 

at all growth stages under consideration (Fig. 4.2.4; table 4.2.4). Stomatal conductance was 

distinctly decreased in all wheat cultivars under study due to the application of saline stress in 

growth medium at all growth stages. A maximal reduction in stomatal conductance was noted 

in cultivar Lasani when salt stress applied at the seedling stage and in cv. AARI-10 due to 

salinity imposed at the tillering and boot stages.While, cv. Lasani showed minimal reduction 

in stomatal conductance under saline conditions applied at the tillering stage. However, 

minimum reduction was recorded in cv. Saher-2006 in stomatal conductance due to the salt 

stress imposed at the seedling, while in S-24 when stress applied at the boot stage (Fig. 4.2.5; 

Table 4.2.5).  

Water use efficiency of all wheat cultivars significantly reduced under saline 

conditions imposed at different growth stages as compared to non-saline conditions. Cv. 

AARI-10 showed maximum decrease in water use efficiency due to salinity applied at all 

studied growth stages. However, Saher-2006 showed a minimal reduction of water use 

efficiency under salt stress applied at seedling stage and it was recorded minimum in S-24 

when stress applied at other developmental phases of plant growth under study. Similarly, 

NaCl application at all growth stages under study significantly reduced Ci/Ca ratio in all 

wheat cultivars. Cultivars Lasani and AARI-10 showed greater decrease in Ci/Ca ratio than 

the other two wheat cultivars (S-24 and Saher-2006) under saline conditions applied at 

different developmental stages. However, from all studied wheat cultivars, Saher-2006 

showed minimum decrease in this gas exchange attribute (Fig. 4.2.5; Table 4.2.5). 
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Fig. 4.2.4 Leaf photosynthetic rate, transpiration rate and leaf intrinsic CO2 concentration (Ci) 
different cultivars of wheat (Triticum aestivum L.) as affected by salt stress applied at different grow
stages (mean ± S.E.)  

 



 56

 
Table 4.2.4 ANOVA for the data for gas exchange attributes of four wheat cultivars when 
salt stress applied at different growth stages  
 
Source df A E Ci 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  0.01ns 
88.54*** 
10.82*** 
  0.01ns 
  0.36* 
  4.23*** 
  0.36* 

0.02ns 
1.49*** 
0.15*** 
0.02ns 
0.05ns 
0.17*** 
0.05ns 

    77.46ns 
4787.31***
5195.04***
    77.46ns 
  378.72ns 
3021.61***
  378.72ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.5 Stomatal conductance (gs), Water use efficiency (A/E) and Ci/Ca ratio in different cultivars
wheat (Triticum aestivum L.) as affected by salt stress applied at different growth stages (mean ± S.E
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Table 4.2.5 ANOVA for the data for gas exchange attributes of four wheat cultivars when salt 
stress applied at different growth stages  
 
Source df gs A/E Ci/Ca 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

    1756.59ns 
193234.72*** 
  16806.48*** 
    1756.59ns 
    1351.96ns 
    2468.98* 
    1351.96ns 

82.72*** 
66.87** 
37.99** 
82.72*** 
20.21* 
  2.34ns 
20.21* 

4.09 e-4ns 
0.006*** 
1.44 e-4 
4.09 e-4ns 
4.405 e-4ns 
0.0013* 
4.405 e-4ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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4.2.1 Biochemical traits 

A marked decrease in chlorophyll a and b contents of all wheat cultivars were 

observed under saline stress imposed at different stages of plant growth under consideration. 

Cultivar Lasani showed maximum reduction in both chlorophyll a and b due to salinity 

applied at all studied growth stages but it was more prominent at tillering and boot stages and 

minimum reduction in both types of chlorophylls was recorded in cv. Saher-2006 when stress 

applied at different developmental stages. Chlorophyll a/b ratios showed non-consistent 

pattern. Salt stress applied at seedling stage showed increase in chlorophyll a/b ratio in all 

wheat cultivars. However, decrease in chlorophyll a/b ratio was noted when salinity applied at 

the tillering and boot stages in all cultivars except Lasani. Overall, maximum deccrease was 

observed in cv. S-24 under saline conditions imposed at the tillering and boot stages (fig 

4.2.6; Table 4.2.6). 

Saline stress application at different growth stages significantly increased the Na+ 

level in shoot and root in all wheat cultivars. Greater  increase in root and shoot Na+ was 

observed in cvs. AARI-10 and Lasani than the other two cultivars (S-24 and Saher-2006) 

when salinity imposed at different growth stages of plant under study. However, all wheat 

cultivars showed non-consistent pattern in relation to root Na+ due to the saline stress 

application at different developmental stages. Overall, lower values of shoot and root Na+ 

were recorded in cvs. S-24 and Saher-2006 then the other cultivars. Less increase in root Na+ 

was observed when salinity applied at the boot stage as compared to the seedling and tillering 

stages (Fig. 4.2.7; Table 4.2.7). 

Shoot and root K+ significantly reduced in all wheat cultivars at different stages of 

growth due to salt stress application. The maximum reduction in shoot K+ was noted in cv. 

Lasani due salinity applied at different growth stages and minimum in cv. Saher-2006. 

Different wheat cultivars showed variable pattern of reduction in root K+ values under saline 

conditions imposed at different growth stages. Among all wheat cultivars, S-24 showed 

minimum decrease under saline condition developed at different stages of growth in relation 

to root K+. However, cv. AARI-10 had maximum reduction in root K+ than the other cvs. 

when stress applied at different growth stages (Fig. 4.2.8; Table 4.2.8).   
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Fig. 4.2.6 Photosynthetic pigments in different cultivars of wheat (Triticum aestivum L.) as affected 
salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.6 ANOVA for the data for photosynthetic pigments of four wheat cultivars when 
salt stress applied at different growth stages  
 
Source df Chl. a Chl. b Chl. a/b ratio 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  3.76*** 
29.42*** 
  0.69ns 
  3.76*** 
  0.01ns 
  0.395ns 
  0.05ns 

0.59ns 
6.93*** 
1.60*** 
0.59ns 
0.08ns 
0.18ns 
0.0838ns 

14.80ns 
33.46ns 
26.07ns 
14.80ns 
15.65ns 
35.54ns 
15.65ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.7    Shoot and root Na+ in different cultivars of wheat (Triticum aestivum L.) as affected by s
stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.7 ANOVA for the data for ions of four wheat cultivars when salt stress applied at 
different growth stages  
 
Source df Shoot Na+ Root Na+ 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  323.96*** 
1596.12*** 
    41.63*** 
  323.96*** 
      3.47ns 
      3.48ns 
      3.47ns 

  90.10*** 
442.53*** 
  12.27*** 
  90.10*** 
    9.25*** 
    8.55** 
    9.25*** 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.8    Shoot and root K+ in different cultivars of wheat (Triticum aestivum L.) as affected by s
stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.8 ANOVA for the data for ions of four wheat cultivars when salt stress applied at 
different growth stages 
  
Source df Shoot K+ Root K+ 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

2588.28*** 
1128.12*** 
1575.00*** 
2588.28*** 
1297.65*** 
4228.12*** 
1297.66*** 

31.38*** 
13.78*** 
12.13*** 
31.38*** 
  3.45*** 
15.63*** 
  3.46*** 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Significant reduction in shoot and root Ca2+ was also recorded in different wheat 

cultivars when salinity applied at all studied developmental stages. Maximum reduction was 

recorded in cultivar Lasani in relation to shoot Ca2+ and in cv. AARI-10 in relation to root 

Ca2+ under saline conditions developed at different growth stages. However, cvs. S-24 and 

Saher-2006 showed less reduction in shoot Ca2+ as compared to other cultivars under saline 

conditions developed at different studied growth stages, while the decrease in root Ca2+ was 

minimum in cultivar S-24 due to the salt stress applied at different developmental stages (Fig. 

4.2.9; Table 4.2.9). 

A significant decrease in shoot K+/Na+ ratio was recorded in different wheat cultivars 

when salinity stress applied at all developmental stages under study. Cultivar Saher-2006 

maintained higher shoot K+/Na+ ratio than other wheat cultivars when salt stress applied at 

seedling stage. While cv. S-24 was superior in maintaining higher shoot K+/Na+ ratio under 

saline treatment at the tillering and boot stages. Maximum reduction in this attribute was 

recorded in cv. AARI-10 followed by Lasani (Fig. 4.2.10; Table 4.2.10). 

Root K+/Na+ ratio was also significantly decreased in all wheat cultivars under saline 

stress imposed at different developmental stages. Cultivar S-24 showed minimum reduction in 

root K+/Na+ ratio when stress applied at seedling stage. While, stress imposed at the tillering 

and boot stages caused minimum decrease in cv. Saher-2006. However, cv. Lasani maintained 

the lowest root K+/Na+ ratio due to salinity application at seedling stage of plant development 

and cv. AARI-10 shows minimum value for root K+/Na+ ratio due to the imposition of salt 

stress at other growth stages (tillering and boot), (Fig. 4.2.10; Table 4.2.10). 

Addition of NaCl in growth medium at different developmental stages significantly 

reduced the shoot and root Ca2+/Na+ ratio in all wheat cultivars under study. Both wheat 

cultivars Saher-2006 and S-24 maintained higher levels of shoot Ca2+/Na+ ratio than the other 

two cultivars i.e. AARI-10 and Lasani measured under saline conditions developed at 

different stages of plant growth. Similarly, saline stress also had significant reducing effect on 

root Ca2+/Na+ ratio when applied at different growth phases in all cultivars of wheat. Different 

wheat cultivars showed variable reducing pattern in levels of root Ca2+/Na+ ratio. Overall, cv. 

Saher-2006 maintained higher root Ca2+/Na+ ratio level when salinity applied at the seedling  
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Fig. 4.2.9    Shoot and root Ca2+ in different cultivars of wheat (Triticum aestivum L.) as affected by s
stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.9 ANOVA for the data for ions of four wheat cultivars when salt stress applied at 
different growth stages 
 
Source df Shoot Ca2+ Root Ca2+ 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  3.023ns 
  3.44ns 
18.61*** 
  3.023ns 
  1.69ns 
  0.924ns 
  1.69ns 

  2.35ns 
70.50*** 
15.07** 
  2.35ns 
  2.38ns 
  6.94ns 
  2.38ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.10    Shoot and root K+/Na+ in different cultivars of wheat (Triticum aestivum L.) as affected 
salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.10 ANOVA for the data for shoot and root K+/Na+ ratio of four wheat cultivars 
when salt stress applied at different growth stages 
 
Source df Shoot K+/Na+ Root K+/Na+ 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

471.04*** 
337.44*** 
117.66*** 
471.04*** 
125.45*** 
190.74*** 
125.45*** 

0.0028ns 
4.9782*** 
0.2923*** 
0.0028ns 
0.0355* 
0.1491*** 
0.0355* 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.11    Shoot and root Ca2+/Na+ in different cultivars of wheat (Triticum aestivum L.) as affect
by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.11 ANOVA for the data for shoot and root Ca2+/Na+ ratio of four wheat cultivars 
when salt stress applied at different growth stages 
 
Source df Shoot Ca2+/Na+ Root Ca2+/Na+ 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  2.34*** 
45.67*** 
  1.06** 
  2.34*** 
  0.07ns 
  0.59* 
  0.07ns 

0.31*** 
5.92*** 
0.44*** 
0.31*** 
0.02ns 
0.33*** 
0.02ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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and boot stages as compared to other wheat cultivars. While, higher Ca2+/Na+ ratio was 

recorded in cv. S-24 when salinity applied at the tillering stage (Fig. 4.2.11; Table 4.2.11). 

Application of salt stress at different growth stages caused a significant increase in 

H2O2 accumulation in all wheat cultivars. A maximum accumulation of H2O2 was measured in 

cv. Lasani, whereas minimum concentration of H2O2 was recorded in cv. S-24 due to salinity 

imposed at three different developmental phases (Fig. 4.2.12; Table 4.2.12). 

Leaf MDA content increased significantly in all wheat cultivars under saline treatment 

at different developmental phases particularly at the seedling stage. A maximal increase in 

leaf MDA content was measured in cv. Lasani due to salinity application at all stages of plant 

growth under study. Overall, due to salinity applied at three growth stages, both cultivars 

Saher-2006 and S-24 showed lower MDA contents than the other two cultivars (Lasani and 

AARI-10) (Fig. 4.2.12; Table 4.2.12). 

Leaf phenolic contents reduced markedly due to NaCl application to the rooting 

medium. Inhibitory effect of salinity on leaf phenolic content was greater at the seedlng stage 

as compared to that at the other growth stages. All wheat cultivars showed a variable 

decreasing pattern in leaf phenolic contents when salt stress applied at different 

developmental phases and it was not possible to differentiate among different cultivars. 

Overall, cv. S-24 had higher decrease in this attribute under saline stress applied at different 

growth stages (Fig. 4.2.12; Table 4.2.12).  

In all wheat cultivars, a significant increase in peroxidase (POD) acitvity was observed 

due to saline stress application at three different growth stages. The maximal increase in POD 

activity under salt treatment at three different growth stages was measured in cv. S-24. 

However, the minimal increase in the activity of this enzyme was determined in cv. AARI-10 

when saline stress applied at the seedling and boot stages, but cv. Lasani showed a minimal 

activity of POD at the tillering stage. 
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Fig. 4.2.12   Hydrogen peroxide, MDA and leaf phenolics in different cultivars of wheat (Triticu
aestivum L.) as affected by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.12 ANOVA for the data for leaf H2O2, MDA and phenolic content in four wheat 
cultivars when salt stress applied at different growth stages 
 
Source df H2O2 MDA Phenolics 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  1121.43* 
7163.77*** 
7214.55*** 
1121.42* 
  671.54ns 
1176.44* 
  671.54ns 

  250.32*** 
1094.28*** 
    11.07ns 
  250.32*** 
    22.33* 
      8.75ns 
    22.33* 

1.75ns 
17.67* 
  6.38ns 
  1.75ns 
  0.16ns 
  3.18ns 
  0.16ns 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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 Similarly, a significant increase in SOD enzyme activity was also reduced due to saline stress 

applied at three different developmental phases in all wheat cultivars. Under the saline 

treatment that applied at the tillering stage maintained comparatively higher activity of SOD 

enzyme than that at the other two growth stages.  Overall, cv. S-24 showed a maximal SOD 

enzyme activity under salt stress treatment at the seedling stage. While, salt stress applied at 

the tillering and boot stages caused maximal increase in cv. Saher-2006. A minimal of this 

enzyme activity was recorded in cv. Lasani when salinity applied at the seedling and tillering 

growth stages and in cv. AARI-10 due to stress applied at the boot stage (Fig. 4.2.13; Table 

4.2.13). 

A significant increase in catalase (CAT) enzyme activity was determined under 

salinity treatment applied at different growth stages in all wheat cultivars with respect to 

control. The maximal increase in this enzyme activity was recorded in Saher-2006 when 

salinity applied at the seedling and tillering stages. While, stress imposed at the boot stage 

caused maximal increase in this activity in cv. S-24 and minimal activity of this enzyme was 

observed in cv. AARI-10 under saline stress conditions imposed at different developmental 

phases (Fig. 4.2.13; Table 4.2.13). 

Saline stress caused a marked increase in total soluble proteins in different wheat 

cultivars when salinity stress applied at different developmental phases. Salt application at the 

seedling and boot stages caused a maximal increase in relation to total soluble proteins in cv. 

Saher-2006, whereas, salinity applied at the tillering stage caused a maximal increase in this 

attribute in cv. S-24. However, a variable pattern of increase in soluble proteins was noted in 

the other wheat cultivars due to salinity applied at different developmental phases (Fig. 

4.2.14; Table 4.2.14). 

Leaf proline content measured in wheat plants under saline stress treatment applied at 

different growth stages significantly increased in all wheat cultivars. Particularly, salinity 

applied at the tillering stage showed a relatively greater increase in leaf proline content than at 

the other stages of development. However, cultivars S-24 and Saher-2006 maintained higher 

leaf proline content than the other two wheat cultivars (Lasani and AARI-10) due to saline 

stress treatment imposed at three different growth stages under study. Overall, cv. Saher-2006  
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Fig. 4.2.13    Peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT) activities in differe
cultivars of wheat (Triticum aestivum L.) as affected by salt stress applied at different growth stag
(mean ± S.E.)  
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Table 4.2.13 ANOVA for the data for leaf enzymatic antioxidants in four wheat cultivars 
when salt stress applied at different growth stages 
 
Source df POD SOD CAT 
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

1033.44** 
5310.03*** 
2912.49*** 
1033.43** 
  883.67ns 
7305.63*** 
  883.66ns 

6260.39*** 
1925.21** 
1750.03* 
6260.39*** 
  319.39ns 
  256.52ns 
  319.39ns 
 

  52.32*** 
378.21*** 
  36.30** 
  52.32*** 
  51.73*** 
  12.95ns 
  51.73*** 

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



 79

0

10

20

30

40

50

60

70
L

ea
f t

ot
al

 s
ol

ub
le

 p
ro

te
in

s

 (m
g/

g 
f. 

w
t.)

S-24 Saher-2006 Lasani AARI-10

 

0

50

100

150

200

250

L
ea

f p
ro

li
ne

  (
μm

ol
e/

g 
f.w

t.

 

0

10

20

30

40

50

60

Control Salinity at seedling
stage

Salinity at tillering
stage

Salinity at boot stage

G
B

 (μ
m

ol
e/

g 
f.w

t.)

 

Fig. 4.2.14   Total soluble protein, leaf proline and glycinebetaine content in different cultivars 
wheat (Triticum aestivum L.) as affected by salt stress applied at different growth stages (mean ± S.E
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Table 4.2.14 ANOVA for the data for leaf total soluble proteins, proline and GB in four wheat 
cultivars when salt stress applied at different growth stages 
 
Source df Leaf total solub

protein 
Leaf proline Leaf GB 

Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

  50.74ns 
850.29*** 
  17.93ns 
  50.74ns 
  54.58ns 
169.37* 
  54.58ns 

14104.6*** 
46121.94*** 
  3351.66*** 
14104.60*** 
  1691.69** 
  4191.06*** 
  1691.69** 

1726.78*** 
    30.83ns 
  345.26*** 
1726.79*** 
  156.65*** 
    91.04* 
  156.65*** 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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showed a maximal increase in relation to this biochemical atribute when salinity applied at the 

tillering and boot stges. While, stress imposed at seedling stage caused maximaum increase in 

proline content in cv. S-24 (Fig. 4.2.14; Table 4.2.14). 

Saline stress application at different growth stages also caused a significant increase in 

accumulation of glycine betaine content in all wheat cultivars. Salt stress imposed at the 

seedling stage was found to be superior in maintaining higher level of glycine betaine in 

different wheat cultivars. Cultivars S-24 and Saher-2006 showed comparatively higher 

glycine betaine accumulation than the other two cultivars i.e. Lasani and AARI-10 under 

saline stress applied at different growth stages. Overall, cv. Saher-2006 showed a maximal 

increase in GB (glycine betaine) content when salinity imposed at three different growth 

stages and minimum of it was recorded in cv. AARI-10 (Fig. 4.2.14; Table 4.2.14).  

Hundred seed weight in different wheat cultivars decreased significantly due to saline 

stress applied at different growth stages. A maximal reduction in 100-seed weight was 

recorded due to imposition of salt stress at the seedling stage. Of different wheat cultivars, a 

maximal decrease in 100-seed weight was recorded in cv. Lasani due to saline stress treatment 

at different developmental phases. A minimal decrease in 100-seed weight due to saline stress 

imposed at the seedling and tillering stages was observed in cv. Saher-2006. However, salt 

stress imposed at the boot stage caused a minimal reduction in 100-seed weight in cv. S-24. 

Number of grains per plant also reduced significantly as a result of salt stress application at 

different growth stages. Of different wheat cultivars under consideration, a maximal reduction 

in number of grains per plant was measured in cv. Lasani under saline stress conditions 

developed particularly at the seedling stage. However, salinity applied at the tillering and boot 

stages showed a minimal suppression in cv. S-24 in this yield attribute, while cv. Saher-2006 

had a minimal decline in number of grains per plant under saline stress imposed at the 

seedling stage (Fig. 4.2.15; Table 4.2.15). Addition of salt to the root growing medium at 

different growth stages caused a significant reduction in grain yield per plant in all wheat 

cultivars. Though, reduction in grain yield per plant occurred in all cultivars, the maximum 

yield decline was observed in cv. AARI-10 followed by Lasani when salinity imposed at three 

different growth stages. Among all wheat cultivars, cv. S-24 showed a  
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Fig. 4.2.15   Yield attributes of different cultivars of wheat (Triticum aestivum L.) as affected by s
stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.15 ANOVA for the data of yield attributes of four wheat cultivars when salt stress 
applied at different growth stages 
 
Source df 100 seed wt. No. of seeds/pla Grain yield/pla
Stage 
Salt stress 
Varieties 
Stage × Salt stress 
Stage × Varieties 
Salt stress × Varieties 
Stage × Salt stress × Var. 

2 
1 
3 
2 
6 
3 
6 

0.72*** 
0.13** 
0.08** 
0.72*** 
0.42*** 
0.35*** 
0.42*** 

    129.72* 
26201.34*** 
  6548.84*** 
    129.72* 
  1342.61*** 
  3306.13*** 
  1342.61*** 

  0.67*** 
33.44*** 
  7.02*** 
  0.67*** 
  1.73*** 
  3.77*** 
  1.73*** 

*, **, ***= significance levels at 0.05, 0.01 and 0.001, respectively 
ns = non-significant 
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minimal reduction in grain yield as a result of saline stress application at three different 

developmental phases under consideration (Fig. 4.2.15; Table 4.2.15). 

4.2.3 Anatomical traits 

4.2.3.1 Leaf anatomy 

 Different wheat cultivars showed a significant decline in leaf thickness under saline 

stress when applied at the seedling and tillering stages. While, increase in leaf thickness was 

observed due to salinity application at the boot stage in different cultivars of wheat. Among 

different wheat cultivars, cvs. Saher-2006 and S-24 sowed relatively greater leaf thickness 

than the other two cultivars (Fig. 4.2.16; Table 4.2.16). 

Schlerenchyma thickness was significantly reduced in all wheat cultivars due to 

salinity imposed at the seedling stage. While, increase in schlerenchyma thickness was 

observed in different wheat cultivars except in cv. AARI-10 when salinity applied at the 

tillering and boot stages. However, cv. S-24 showed maximum schlerenchyma thickness 

under saline stress developed at different growth stages. (Fig. 4.2.16; Table 4.2.16). 

Leaf cortical cell area significantly reduced in all wheat cultivars due to saline stress 

applied at three different growth stages. However, this decline was highest when salt stress 

imposed at the seedling stage. While, less decline in cortical cell area was noticed due to 

saline stress imposed at the boot stage. Among different wheat cultivars, cvs. S-24 and Saher-

2006 showed less reduction in leaf cortical cell area as compared to that of cvs. Lasani and 

AARI-10 due salinity application at different growth stages (Fig. 4.2.16; Table 4.2.16). 

 

Leaf vascular bundle area and metaxylem area increased significantly due to saline 

stress applied at the tillering and boot growth stages. However, decrease in these anatomical 

features was observed due to salinity application at the seedling stage. Of all wheat cultivars, 

higher vascular bundle and metaxylem area was observed in cvs. S-24 and Saher-2006 when 

salinity applied at three different phases of development (Fig. 4.2.17; Table 4.2.17). 
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4.2.1 Laef anatomy of different cultivars of wheat (Triticum aestivum L.) as affected by salt stress 
applied at different growth stages  
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Fig. 4.2.16   Leaf anatomical characteristics of different cultivars of wheat (Triticum aestivum L.
affected by salt stress applied at different growth stages (mean ± S.E.)  
 



 87

0

500

1000

1500

2000

2500
V

as
cu

la
r 

b
u

n
d

le
 a

re
a 

(µ
m2 )

S-24 Saher-2006 Lasani AARI-10

 

0

50

100

150

200

250

Control Salinity at
seedling

Salinity at
tillering

Salinity at boot

M
et

ax
yl

em
 a

re
a 

(µ
m

2 )

 
Fig. 4.2.17   Leaf anatomical characteristics of different cultivars of wheat (Triticum aestivum L.) as 
affected by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.16 ANOVA for the data leaf anatomical characteristics of four wheat cultivars when 
salt stress applied at different growth stages  
 

Source df Leaf thickness Schlerenchyma 
thickness 

Cortical cell area 

Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

55500.53*** 
12872.02*** 
79159.66*** 
55500.54*** 
12648.82*** 
64064.17*** 
12648.82*** 

  296.58* 
5148.08*** 
  730.65*** 
  296.58* 
  603.14*** 
  460.16*** 
  603.14*** 

4245298.3*** 
9124449.9*** 
  683224.8* 
4245298.3*** 
  822054.5*** 
2685714.9*** 
  822054.5*** 

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

 

 

 

 

Table 4.2.17 ANOVA for the data for leaf anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Vascular bundle area Metaxylem area 
Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

19791684* 
12944991ns 
18223831** 
19791684* 
19163927*** 
62967277*** 
19163927*** 

877354.74*** 
882719.54*** 
264264.26*** 
877354.74*** 
176396.69** 
120990.18* 
176396.69** 

 
*, **, ***= significance levels at 0.05, 0.01and 0.001, respectively 
ns = non-significant 
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4.2.3.2 Stem anatomy 

 A significant increase in stem cellular area was observed in different wheat cultivars 

when salinity applied at three different growth stages. While, cv. Lasani showed decrease in 

this attribute due to saline stress when applied at the seedling and tillering growth stages. 

However, cvs. S-24 and Saher-2006 showed greater increase in this attribute as compared to 

other wheat cultivars (Fig. 4.2.18; Table 4.2.18). 

 

Different wheat cultivars showed a significant increase in stem epidermal thickness 

and epidermal cell area due to saline stress application at three different growth stages. 

However, relatively greater epidermal thickness and epidermal cell area was observed in cvs. 

S-24 and saher-2006 due to salinity imposed at different phases of ontogeny. Among different 

growth stages, salt stress application at the seedling and tillering growth stages caused 

comparatively greater increase in both attributes as compared to salinity applied at the boot 

stage (Fig. 4.2.18; Table 4.2.18). 

 

Similarly schlerenchyma thickness and cortical cell area also significantly increased in 

all wheat cultivars when salt stress applied at three different growth stages. Maximum 

schlerenchyma thickness and cortical cell area was observed due to saline stress application at 

the boot stage and minimum when salinity imposed at the seedling stage. However, among 

different wheat cultivars, cvs. S-24 and Saher-2006 showed relatively greater schlerenchyma 

thickness and cortical cell area than the other cultivars under saline conditions developed at 

three different growth stages (Fig. 4.2.19; Table 4.2.19). 

 

Stem vascular bundle area and metaxylem area significantly increased in all wheat 

cultivars when salinity imposed at different stages of growth. However, cvs. Saher-2006 and 

S-24 showed greater increase in both these anatomical characteristics due to saline stress 

applied at three different growth stages. Saline stress applied at different phases of growth 

caused maximum increase in vascular bundle area and metaxylem area in different wheat 

cultivars when stress imposed at the boot stages while minimum increase was noticed when 

salinity applied at the seedling stage (Fig. 4.2.20; Table 4.2.20). 
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4.2.2 Stem anatomy of different cultivars of wheat (Triticum aestivum L.) as affected by salt stress 
applied at different growth stages 
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Fig. 4.2.18   Stem anatomical characteristics of different cultivars of wheat (Triticum aestivum L.)
affected by salt stress applied at different growth stages (mean ± S.E.)  
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Fig. 4.2.19   Stem anatomical characteristics of different cultivars of wheat (Triticum aestivum L.)
affected by salt stress applied at different growth stages (mean ± S.E.)  

 



 93

Table 4.2.18 ANOVA for the data for stem anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Stem area Epidermal 
thickness 

Epidermal cell area

Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

   139553.7* 
1940894.7*** 
2895084.2*** 
  139553.7* 
  253981.8*** 
4073548.6*** 
  253981.8*** 

    7.788ns 
  65.75*** 
107.45*** 
    7.788ns 
    1.911ns 
  17.127* 
    1.911ns 

 18033.706* 
     490.169ns 
185461.99*** 
  18033.706* 
    8012.315ns 
  41463.27*** 
    8012.315ns 

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

 

 

 

 

Table 4.2.19 ANOVA for the data for stem anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Schlerenchyma 
thickness 

Cortical cell area 

Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

3185.48*** 
1849.08*** 
2595.99*** 
3185.48*** 
  381.21*** 
1218.89*** 
  381.207*** 

  744549.55** 
5792661.4 *** 
  307200.8ns 
  744549.55** 
  537159.23** 
    98753.11ns 
  537159.23** 

 

*, **, ***= significance levels at 0.05, 0.01and 0.001, respectively 
ns = non-significant 
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Fig. 4.2.20   Stem anatomical characteristics of different cultivars of wheat (Triticum aestivum L.)
affected by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.20 ANOVA for the data for stem anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Vascular bundle area Metaxylem area 
Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

  34500.17** 
        60.24ns 
116287.46*** 
  34500.17** 
    8571.84ns 
311441.33*** 
    8571.84ns 

  94154.05** 
  35874.85ns 
337796.03*** 
  94154.05** 
  14945.66ns 
618705.21*** 
  14945.66ns 

 

*, **, ***= significance levels at 0.05, 0.01and 0.001, respectively 
ns = non-significant 
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4.2.3.3 Root anatomy 

Root cross sectional area in all wheat cultivars increased due to saline stress applied at 

three different developmental phases. However, cv. S-24 showed maximum increase in root 

cross sectional area when salinity imposed at three different developmental stages. Similarly, 

root epidermal thickness and epidermal cell area significantly increased in all wheat cultivar 

when salt stress imposed at tillering and boot stages. However, decline in root epidermal cell 

area was noted in cv. AARI-10 when salt stress applied at different growth stages. While, 

decrease in both anatomical characteristics was observed in different wheat cultivars due to 

salinity application at the seedling stage. Of all wheat cultivars, cvs. S-24 and Saher-2006 had 

greater epidermal thickness and its cell area as compared to others when saline environment 

developed at different growth stages (Fig. 4.2.21; Table 4.2.21). 

 

A significant increase in root vascular bundle area and metaxylem area was observed 

in all wheat cultivars under saline stress applied at three different growth stages. However, 

greater increase was observed in these anatomical characteristics due to salinity application at 

the seedling and tillering stages. Of all wheat cultivars, cvs. S-24 and Saher-2006 showed 

greater increase in these characteristics under saline stress than the other cultivars. Similarly, 

cortical cell area also increased in all wheat cultivars due to saline stress applied at three 

different developmental stages and maximum increase was observed when salinity applied at 

the seedling stage. Cv. Saher-2006 showed a maximum increase in cortical cell area due to 

salinity imposed at different growth stages (Fig. 4.2.22; Table 4.2.22). 
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4.2.3 Root anatomy of different cultivars of wheat (Triticum aestivum L.) as affected by salt stress 
applied at different growth stages 
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Fig. 4.2.21   Root anatomical characteristics of different cultivars of wheat (Triticum aestivum L.)
affected by salt stress applied at different growth stages (mean ± S.E.)  
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Fig. 4.2.22   Root anatomical characteristics of different cultivars of wheat (Triticum aestivum L.)
affected by salt stress applied at different growth stages (mean ± S.E.)  
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Table 4.2.21 ANOVA for the data for root anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Root cross section
area 

Epidermal 
thickness 

Epidermal cell area

Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

   612363.5ns 
 2202534.3ns 
69896511.0*** 
      66959.6ns 
  4266124.6ns 
28116734.0*** 
  3373214.4ns 

  47.34** 
  29.22* 
106.75*** 
  47.34** 
  24.63** 
  40.33** 
  24.63** 

120472.52*** 
  11465.27ns 
  26143.46*** 
120472.52*** 
  25772.71*** 
  39879.23*** 
  25772.71*** 

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

 

 

 

 

Table 4.2.22 ANOVA for the data for root anatomical characteristics of four wheat cultivars 
when salt stress applied at different growth stages  
 

Source df Vascular bundle 
area 

Metaxylem area Cortical cell area

Stage 
Salt stress 
Varieties 
Stage×Salt stress 
Stage×Varieties 
Salt stress×Varieties 
Stage×Salt stress×Var. 

2 
1 
3 
2 
6 
3 
6 

  123456.0ns 
    12660.4ns 
3842405.4*** 
  123456.0ns 
  251780.2ns 
2754123.4*** 
  251780.2ns 

  2114974.0*** 
16327339.0*** 
  6154598.2*** 
  2114974.0*** 
  1449147.8*** 
  2175694.9*** 
  1449147.8*** 

    5.29** 
133.34*** 
  10.13*** 
    5.29** 
    7.53*** 
  25.38*** 
    7.53*** 
 

 

*, **, ***= significance levels at 0.05, 0.01and 0.001, respectively 
ns = non-significant 
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         Chapter 5 
 
 

DISCUSSION 
 

Different types of abiotic stresses including saline, drought and high temperature 

stresses are supposed as serious threats to agriculture because these influence the natural 

environment and ultimately affect plant growth and productivity. Thus, they are the major 

causes of food insecurity especially in developing countries (Läuchli and Grattan, 2007; 

Ashraf et al., 2008). Additionally, high salt levels in grown medium are also responsible for 

less availability of water to plants, thereby affecting the root as well as whole plant growth, 

leading to limited crop production all over the world (Ashraf, 2009; Aref and Rad, 2012). 

Salinity-induced reduced plant growth occurs due to changes in various physio-biochemical 

and anatomical characteristics (Younis et al., 2010; Akram and Ashraf, 2011; Abbaspour, 

2012). Different biochemical and physiological characters affected by saline stress include 

photosynthetic disturbance, nutrient and hormonal imbalance, reduced enzyme activity, 

disorders in metabolic functions and production of reactive oxygen species (ROS) (Forment et 

al., 2002; Akram and Ashraf, 2011; Aldesuquy et al., 2012; Zheng et al., 2012). The plant 

reaction to saline stress is a complex process and depends on salt type, stress imposed 

duration, exposure time as a specific plant’s developmental stage (Ashraf, 2004).  

To improve the crop tolerance against salt stress, plant biologists have been trying to 

use different techniques, but there is little success in this context because plant’s stress 

tolerance is a multigenic trait and it also varies with different plant developmental phases 

(Ashraf and Akram, 2009; Ranjbar, 2010). It is evident from a number of previous studies that 

mostly one plant developmental phase has been appraised for stress tolerance in different 

agricultural crops (Cokkizgin, 2012; Khan et al., 2006; Heidari et al., 2011; Kanwal et al., 

2011). Different plant species had differential response to stress at different growth stages and 

according to many reviews the degree of stress tolerance varies with developmental phase 

(Singh and Flowers, 2010; Ashraf and Akram, 2009; Ranjbar, 2010; Ashraf, 2009; Nawaz et 

al., 2010). So, the knowledge about the most tolerant and most susceptible developmental 
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phase of the plant is necessary before using any approach (conventional or molecular) for the 

improvement of stress tolerance in plants.  

The present investigation was composed of two experiments. In the first experiment, 

10 wheat cultivars (S-24, Inqlab-91, Saher-2006, Fsd-2008, Lasani, P.B-18, M.P-65, S.H-20, 

AARI-I0 and G.A-20) were selected to appraise their salt tolerance at three different 

developmental phases and cultivars were screened for their salt tolerance with respect to plant 

biomass production and yield components under saline conditions.  

Saline stress imposition at different developmental stages significantly decreased the 

plant biomass (fresh and dry) of all wheat cultivars under consideration. However, variation in 

response of different wheat cultivars to saline stress was examined at different developmental 

stages. Under saline stress application at different developmental stages, cvs. S-24, Saher-

2006 and Fsd-2008 showed enhanced salt tolerance by maintaining high amount of plant 

biomass. Cultivars Lasani, SH-20 and AARI-10 showed salt sensitive behaviour having more 

decrease in biomass production due to salinity applied at three different growth stages. 

However, other wheat cultivars had variable degree of stress tolerance under saline stress 

applied at different growth stages.  Genetic diversity of different wheat cultivars to tolerate 

the adverse effects of salt stress applied at different growth stages could have been one of the 

reasons of this deviation in biomass production. Several main damaging effects of stress on 

wheat plant include the building up of high levels of ions (Na+, Cl-), osmotic effect, 

nutrient/hormonal disorders, oxidative stress (ROS production) and membrane instability etc. 

These factors restrain a variety of physiological and biochemical characteristics that cause 

growth inhibition (Ashraf and Foolad, 2007; Ali et al., 2007). 

Plant yield is one of the most important determinants for the evaluation of crop 

production under stress conditions. Both the number and size of grains have importance for 

the yield in grain crops like rice, maize, wheat, etc (Grieve et al., 1992; Ali et al., 2008; 

Ranjbar et al., 2010). In the present experiment, saline stress had a significant reducing effect 

on different yield components of all cultivars of wheat. However, decline in different yield 

attributes (number of grains/plant, yield/plant and 100 grain weight) showed differential 

pattern as a result of stress application at different growth stages. However, cultivars Fsd-

2008, Sahar-2006 and S-24 exhibited more tolerance to saline stress than the other wheat 
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cultivars, primarily by better maintaining of different yield attributes under stress imposed at 

different growth phases. However, the other wheat cultivars showed a non-consistent pattern 

in relation to different yield attributes (number of grains/plant, yield/plant and 100 grain 

weight) to salt stress imposition at different developmental stages. Changes in different yield 

components due to saline stress had positive association with plant biomass. Suppression of 

yield attributes in the wheat cultivars has also been reported earlier in many studies (Ali et al., 

2008; Khan et al., 2010; Khayat et al., 2010; Ranjbar, 2010). Reduced photosynthetic 

capability under saline environment may also be responsible for the reduction in wheat yield 

parameters (Ashraf, 2004; Raza et al., 2006; Arfan et al., 2007) which resulted in decreased 

plant biomass and ultimately may have been one of the major causes of decreased grain yield. 

It has been demonstrated in another study that at a particular vegetative stage, various 

parameters of wheat grain yield are more influenced by saline stress imposition than at the 

other growth stages (Maas and Poss, 1989; Ranjbar, 2010), because at early growth stages, 

plants show more sensitivity to stress while they gradually acquire resistance with age 

(Munns, et al., 2006; Aref and Rad, 2012). In the same way, in our study, seedling stage 

showed more sensitivity to saline stress and resulted in more decrease in yield attributes as 

compared to the other growth stages. Higher levels of different yield components like number 

of grains/plant, grain yield/plant, and 100 grain weight exhibited greater tolerance of cultivars 

Fsd-2008, Saher-2006 and S-24 to salt stress over the remaining wheat cultivars under saline 

stress.  

Salinity tolerance of crops is appraised through two modes, i.e. firstly, seed yield or 

biomass production under saline regime, which is referred to as absolute tolerance; secondly, 

seed yield or biomass production under saline conditions with respect to that under non-saline 

conditions, which is referred to as relative tolerance. In farmers’ viewpoint the absolute 

tolerance is more important than the latter one. Thus, in the present study, the wheat cultivars 

have been discriminated for salinity tolerance using the absolute tolerance. The variation 

among different wheat cultivars in relation to biomass and yield attributes was observed at 

three different growth stages examined in the study. In grain crops like wheat, rice, maize etc. 

absolute yield is considered as an important attribute for selecting/screening cultivars for 

drought or saline conditions (Asli and Zanjan, 2014; Hakim et al., 2014; Azizian and 
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Sepaskhah, 2014; Bahar, 2014; ). Overall, with respect to biomass production and different 

yield components under saline stress appraised in the first experiment, cultivars Fsd-2008, 

Saher-2006 and S-24 were rated as more salt tolerant than the other wheat cultivars as these 

cultivars showed better yield and biomass production under saline stress at three different 

growth stages. However, cultivars Lasani, P.B-18, AARI-10 and G.A-20 were ranked as salt 

sensitive on the basis of relatively low shoot biomass and grain yield under saline stress 

applied at three different growth stages. 

Then second experiment was conducted during the following year to assess the degree 

of salt tolerance of four wheat cultivars (Saher-2006, S-24, AARI-10 and Lasani) screened in 

the first experiment in which cvs. Saher-2006 and S-24 were chosen as salt tolerant and 

AARI-10 and Lasani as salt sensitive on the basis of biomass prducton and yield components. 

Detailed investigation was performed on their different physio-biochemical and anatomical 

characteristics in response to salt stress at three different developmental stages of plant. 

In the second experiment, saline stress application at three growth stages significantly 

suppressed the fresh and dry biomass of both shoot and root in all wheat cultivars. This 

reducing effect of saline stress on biomass was varied in different wheat cultivars at different 

developmental phases. On the basis of growth performance, cultivars Saher-2006 and S-24 

showed better biomass production (shoot and root) than cultivars AARI-10 and Lasani due to 

salt stress applied at different growth stages. 

Saline stress is known to significantly influence different leaf water relation 

parameters like water potential, turgor potential and solute potential. Generally, high 

concentration of ions (K+, Cl- and Na+) in saline soils reduces the tissue osmotic potential 

thereby causing the physiological drought leading to low water potential of the growing 

medium. As a result of this plant faces difficulty for water extraction. Water and osmotic 

potential also become more negative under saline stress and generally salt-induced osmotic 

stress causes decrease in turgor potential which affects plant growth (Ashraf, 2009; Eisa et al., 

2012). Therefore, plant water relation parameters can be used for screening crop plants on the 

basis of variation in water relation attributes caused by saline stress (Ashraf, 2009). Leaf 

water potential of all wheat cultivars reduced (more -ve) significantly because of saline stress. 

Cultivar AARI-10 had the highest decline in leaf water potential under saline stress imposed 
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at the seedling growth stage. Whereas, due to salinity application at the tillering and boot 

stages, highest reduction in leaf water potential was noted in cv. Lasani. The less decline in 

water potential was recorded in cv. S-24 and Saher-2006 when salt stress applied at all three 

growth phases. Overall, in this study salt stress caused a minimal reduction in water potential 

in plants subjected to salt stress applied at the boot stage and maximal at the seedling stage. 

Decline in water potential due to saline stress has been reported earlier by many researchers in 

a number of crops like wheat (Abdelmalek and Khaled, 2011), maize (Neto et al., 2004), 

barley (Pérez-López et al., 2009), rice (Cha-um et al., 2010), bean (Kaymakanova and Stoeva, 

2008), brassica (Singh et al., 2010), etc. Under saline stress imposed at different growth 

stages, the variation in leaf water potential has also been reported earlier (Ashraf and 

Shahbaz, 2003; Singh et al., 2010; Mguis et al., 2012; Eisa et al.,2012). Likewise, water 

relation parameters were used for the assessment of inter-cultivar variation among 10 

safflower lines under saline stress (150 mM) at the vegetative stage (Siddiqi and Ashraf, 

2008). Generally, under stress condition plant’s water balance is disturbed as a result of 

osmotic effect which causes turgor loss, stomatal closure and ultimately reduces net CO2 

assimilation rate which results in growth suppression (Eisa et al., 2012). To combat such 

conditions, the plant exhibits osmotic adjustment to maintain the water balance for normal 

functioning (Ashraf, 2004). Thus, maintenance of higher leaf water potential under saline 

stress could be helpful for plants to tolerate the increasing levels of salts in the growth 

medium. In the present study, the maintenance of relatively higher leaf water potential by cvs. 

S-24 and Saher-2006 reveals its higher tolerance to stress as compared to the other wheat 

cultivars. 

Likewise water potential, saline stress application at three different growth phases also 

significantly decreased (more -ve) leaf osmotic potential in all wheat cultivars. However, cv. 

S-24 had less reduction in this attribute under saline environment developed at there different 

growth stages while the other two cultivars (Lasani and AARI-10) had relatively greater 

decrease. This decline in osmotic potential because of saline stress has been discussed widely 

in the literature (Sabir et al., 2009; Noreen et al., 2011; Eisa et al., 2012; Saleh, 2013). 

Generally, plants exhibit osmotic adjustment by ion uptake and accumulation of organic 

osmolytes (proline and glycinebetaine) when grown under high salt concentrations (Ashraf 
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and Foolad, 2007; Singh et al., 2010; Noreen et al., 2011; Heidari et al., 2011). Osmotic 

adjustment helps the plant to retain water balance and also protect various cellular 

compartments (Parida and Das, 2005; Nawaz et al., 2010; Heidari et al., 2011). Hence, the 

decrease (more -ve) in osmotic potential under saline stress is the result of accumulation of 

different inorganic and organic osmolytes in the cytoplasm and their compartmentalization 

due to the osmotic adjustment (Ashraf and Foolad, 2007; Eisa et al., 2012; Heidari et al., 

2011). Variation in the leaf osmotic potential among different wheat cultivars under saline 

stress developed at different growth stages could have been attributable to variation in the 

ability of genetically diverse wheat cultivars to accumulate osmolytes (Madan et al., 1995; 

Heidari et al., 2011; Mguis et al., 2012). More decrease (more -ve) in leaf osmotic potential of 

cvs. AARI-10 and Lasani may explain their failure to control the absorption and accumulation 

of toxic ions (Na+ and Cl-) responsible for stress. This inability of cultivar Lasani and AARI-

10 suggests their sensitivity to saline stress with respect to cvs. S-24 and Saher-2006. 

Saline stress imposed at different developmental stages markedly reduced leaf turgor 

potential of all four wheat cultivars. However, saline treatment applied at the boot stage 

exhibited higher leaf turgor potential as compared to when salt stress imposed at other growth 

stages. A maximal decline in leaf turgor potential was recorded in cvs. S-24 and AARI-10 

when salinity imposed at the seedling stage and in cvs. S-24 and Lasani under saline 

environment developed at the tillering stage. While in cv. Lasani due to saline stress applied 

at the boot stages. However, a maximal value of this attribute was recorded in cv. Lasani 

under saline regimes developed at the seedling stage. Whereas, cv. Saher-2006 maintained 

higher leaf turgor potential under saline stress treatment applied at the tillering and boot 

stages. Reduction in leaf turgor due to saline stress has been previously reported in wheat 

(Jabeen and Ahmad, 2012) and other crops (Thiel et al., 1988; Noreen et al., 2010; Farouk, 

2011a; Alshammary, 2012). The variation in turgor potential in different wheat cultivars 

could be attributed to the difference in sensitivity of wheat cultivars to salt stress imposed at 

different developmental stages (Lauchli and Grattan, 2007). Generally, turgor loss of a plant 

is one of the major reasons of growth suppression under saline conditions. Plants maintain 

their turgor osmotically by accumulating different inorganic ions and organic osmolytes for 

optimal cellular functioning (Ashraf and Foolad, 2007; Noreen et al., 2010; Farouk, 2011a). 
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In addition, osmolyte accumulation also varies with plant growth phases which results in 

variation of osmotic adjustment with plant age (Sairam et al. 2002). Moreover, higher values 

of turgor potential due to saline stress imposition at the boot stage may have been due to the 

reason of better osmotic adjustment at later growth stages, because plants become more 

tolerant with age (Nawaz et al., 2010). So, it can be inferred that plants that retain higher 

turgor under stress conditions are more tolerant to the hazardous effects of salt stress. In our 

study, Saher-2006 maintained relatively higher leaf turgor under salt stress and thus supposed 

to be more tolerant to salinity as compared to the other wheat cultivars in relation to turgor 

maintenance. 

 Generally, gas exchange characteristics are believed to have a prime importance in 

screening the crop plants for tolerance to saline stress at different phases of ontogeny. 

Moreover, many reports show that salt stress adversely affects different gas exchange 

attributes (stomatal conductance, and photosynthetic and transpiration rates) and a marked 

decline has been observed in these characteristics in most plants under stress environments 

(Burman et al., 2003; Kanwal et al., 2011; Rahbarian et al., 2011; Ashraf and Ashraf, 2012).  

In the present experiment, photosynthetic rate of all wheat cultivars reduced 

significantly due to saline treatment at different developmental phases. However, among 

different wheat cultivars, cv. AARI-10 had a more pronounced decline in photosynthetic rate 

as compared to the other cultivars and a minimal reduction was observed in cv. S-24 due to 

salt application at different developmental phases and the minimal salt-induced reduction in 

photosynthetic rate was observed under saline stress applied at the boot stage. Reduction in 

CO2 assimilation rate has been reported in different crops under saline conditions (Ashraf, 

2001; Amor et al., 2001; Shahbaz et al., 2011; Karamanos and Travlos, 2012). Generally, 

inhibitory effect of salt stress on photosynthetic machinery leads to a combination of 

attributes including alteration in chlorophyll fluorescence, pigments, chloroplast structure, 

photosystem I and II efficiency, stomatal closure, increased endogenous ABA level and also 

type of cultivars/species (Anand et al., 2001; Parida and Das, 2005; Liu and Shi, 2010; 

Vasantha et al., 2010). Variation in reduction of photosynthetic rate has also been observed at 

different developmental phases of ontogeny (Kanwal et al., 2011; Moradi and Ismail, 2007; 

Zheng et al., 2008; Mukhtar et al., 2013). For example, considerable reduction in 
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photosynthetic rate in different wheat cultivars has been observed at the seedling stage under 

saline environment (Kanwal et al., 2011) and in another study at the vegetative and 

reproductive stages, a significant decline in this attribute was reported in two wheat cultivars 

(SARC-1and Potohar) (Ashraf and Parveen, 2002). Salt-induced decline in CO2 assimilation 

rate was also observed at different developmental phases in Linum usitatissimum (Khan et al., 

2007) and in wheat (Ashraf and Ashraf, 2012). Leaf photosynthetic reduction due to salt 

stress at different plant growth phases could possibly be due to enhanced degradation of 

chlorophyll with plant age (Khatkar and Kuhad, 2000). It is believed that crop plants with 

higher photosynthetic rate exhibit less growth inhibition under saline stress than the plants 

having more salt-induced reduction in photosynthetic rate (Nawaz et al., 2010; Shabaz et al., 

2011, Ashraf and Ashraf, 2012). From all the above reports, it is amply clear that less 

reduction in photosynthetic rate of cv. S-24 at different developmental stages under salt stress 

support it as salt tolerant cultivar among the cultivars examined in this study.  

Leaf transpiration rate of all wheat cultivars also decreased under stress conditions 

imposed at different developmental stages and a minimal decrease was observed in cv. S-24. 

Reduction in transpiration rate under saline stress correlates with the earlier findings on 

various crop plants, e.g., in Brassica napus (Mukhtar et al., 2013), Okra (Saleem et al., 2011), 

chickpea (Rahbarian et al., 2011), wheat (Kanwal et al., 2011) and canola (Bybordi, 2010). 

Other gas exchange characteristics including stomatal conductance, leaf intrinsic CO2, water 

use efficiency and Ci/Ca ratio also reduced markedly in all wheat cultivars due to salinity 

imposition at different stages of plant development. However, cultivars S-24 and Saher-2006 

had the minimum decrease in stomatal conductance and leaf intrinsic CO2 concentration 

under saline treatment at different developmental phases. Different wheat cultivars also 

showed variation in these gas exchange characteristics with growth stages, which are 

analogous to other findings on various crops such as wheat (Kanwal et al., 2011), cotton 

(Meloni et al. 2003), canola (Mukhtar et al., 2013), Brassica juncea L. (Ahmad et al., 2012), 

pea (Noreen et al., 2010) and tomato (Xue-xia wu, 2010).  

Water use efficiency and Ci/Ca ratio also reduced significantly in all wheat cultivars 

due to saline stress application at different growth stages and this is in agreement with many 

earlier studies on different crops such as safflower (Siddiqi et al., 2009), sunflower (Shahbaz 
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et al., 2011), wheat (Arfan et al., 2007; Ashraf and Ashraf, 2012), brassica (Mukhtar et al., 

2013). The decline in these plant gas exchange parameters could be attributed mainly to 

stomatal closure due to low water potential of the growth medium under salinity stress (James 

et al., 2002; Ashraf, 2004). Different gas exchange attributes are interlinked implying that 

change in one attribute under stress results in alteration of other attributes (Ashraf and Ashraf, 

2012). For example, salinity-induced osmotic stress triggers ABA transport from root to shoot 

and might be the reason of stomatal closure leading to reduced transpiration and intrinsic CO2 

concentration (Noreen et al., 2010; Etehadnia et al., 2010) which ultimately results in a 

concomitant reduction in photosynthetic process (Ashraf, 2004). Thus, higher water use 

efficiency and intrinsic CO2 concentration are supposed to be important plant’s adaptations 

growing on saline soils (Ashraf, 2003). Overall, the cultivars S-24 and Saher-2006 can be 

rated as salt tolerant on the basis of their better performance in different gas exchange 

characteristics which may have contributed to their enhanced salt tolerance. 

Photosynthetic pigments are vital internal factors which can alter photosynthetic rate 

in certain cases as they play a potential role in light harvesting process and electron transport 

chain for the formation of useable metabolic energy (Parida and Das, 2005; Taize and Zieger, 

2010). A considerable reduction in photosynthetic pigments (chlorophyll a and b) under saline 

stress was observed in all wheat cultivars in the present investigation. A maximl decline in 

both chlorophylls a and b was recorded in  cv. Lasani while a minimal in cv. Saher-2006 

when salt stress applied at three different growth stages, but this reduction was more 

pronounced under stress condition applied at the seedling stage. However, salt stress applied 

at the boot stage caused a minimal reduction in both chlorophyll pigments. Reduction in 

chlorophyll pigments under stress condition may be due to two reasons i.e. chlorophyll 

degradation and its impaired biosynthesis. Suppression of chlorophyll content under saline 

stress can be attributed to enhanced activity of chlorophyllase enzyme involved in chlorophyll 

degradation (Netto et al., 2005; Zahra et al., 2010). In addition, salt-induced generation of 

H2O2 and OH- under saline stress may damage the thylakoid membranes thereby affecting the 

chloroplast’s ultra-structure leading to considerable reduction in chloroplast number (Santos, 

2004). The extent of injurious effect of salt stress on chlorophyll a and b contents depends in 

the tolerance potential of a plant to salt stress (Zhani et al., 2012).  
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Pattern of ion uptake and accumulation in plants is regarded as prospective selection 

criterion for appraising salinity tolerance (Munns and Tester, 2008; Sun et al., 2009). Large 

amounts of different ions are absorbed by the plants growing on saline substrates including 

Na+ and Cl-. This enhanced uptake of toxic ions under salinity competes with absorption of 

other micro and macro-nutrients, e.g., K, Mg, Fe, Ca, N and S (Khan, 2001; Rasouli and 

Amiri, 2011; Wang et al., 2012). In our study, all wheat cultivars accumulates a substantial 

amount of Na+ in their shoots and roots under salinity stress imposed at different 

developmental stages. Overall, increase in shoot Na+ was lower in cvs. Saher-2006 and S-24 

than that in the other two cultivars. Elevated levels of Na+ in root and shoot could have been 

attributed to the competition of Na+ uptake with other ions like K+ and Ca2+ (Wang et al., 

2012). Higher concentration of Na+ has also been recorded in wheat (Athar et al., 2008; 

Abdelmalek and Khaled, 2011). Salt sensitive cultivars Lasani and AARI-10 accumulated 

more Na+ in shoot. Which is in agreement with the findings reported in different studies 

(Rasouli and Amiri, 2011; Wang et al., 2012; Agrawal et al., 2013). 

The maintenance of ion homeostasis is a vital phenomenon of plant tolerance against 

salinity in which exclusion of toxic ions (Na+ or Cl-) and maintenance of high K+/Na+ ratio in 

plant organs are the main key responses of plants under saline environment (Zheng et al., 

2009). Generally, decrease in K+/Na+ and Ca2+/Na+ ratios occur in plants under saline stress 

due to exchangeable Na+ and can be used as selection criteria to asses the plant’s tolerance 

against salinity (Irshad et al., 2009). In our investigation, both K+/Na+ and Ca2+/Na+ ratios in 

root and shoot decreased in all wheat cultivars due to salinity application at different growth 

stages. However, cvs. Saher-2006 and S-24 maintained higher K+/Na+ and Ca2+/Na+ ratios in 

roots and shoots as compared to the other wheat cultivars. Generally, it is known that 

maintenance of an appropriate K+/Na+ ratio in tissues has a vital role in enzyme activation, 

stomatal regulation, cell osmoregulation, photosynthesis and turgor maintenance, etc. 

Reduced K+/Na+ ratio can impair the activities of different enzymes which adversely affect 

different metabolic processes (Shabala and Lew, 2003; Munns and Tester, 2008; Tester and 

Davenport, 2003). The adequate amount of Ca2+ increases K+ uptake ultimately increasing the 

K+/Na+ ratio by preventing the K + leakage from cell, as adequate Ca2+ can maintain 

membranes integrity (Tuna et al., 2007; Kader and Lindberg, 2010). Low Ca2+/Na+ ratio is 
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generally correlated with growth suppression (Ashraf, 2004; Gratten and Grieve, 1999; Kader 

and Lindberg, 2010). The inherent ability of plants to maintain higher K+/Na+ and Ca2+/Na+ 

ratios under stressed environment depicts their salt tolerance potential (Ashraf, 2004; 

Kaouther et al., 2013). So, from all the above discussion, cvs. Saher-2006 and S-24 can be 

considered as tolerant cultivars due to their ability of maintaining high endogenous K+/Na+ 

and Ca2+/Na+ ratios. 

Oxidative stress created by a stress including salinity stress is one of the promising 

damaging factors for plant growth. As a result of this oxidative stress, over-accumulation of 

reactive oxygen species (ROS) occurs in plants which can play a major role in salt injury of 

plants (Xu et al., 2008; Chen et al., 2012). Mostly less ROS (reative oxygen species) 

production in salt tolerant plants is evident from different studies or these plants have more 

capability to counteract the ROS as compared to that of salt sensitive plants (Türkana and 

Demiral, 2009). Reactive oxygen species produced as a result of salt-induced oxidative stress 

mainly include hydrogen peroxide, superoxide and hydroxyl radicals. Hydrogen peroxide is 

one of the strong oxidants which has the ability of localized oxidative damage leading to 

metabolic disturbance and can also cause loss of cell integrity (Mandhania et al., 2006). In the 

present investigation, high H2O2 level was recorded in cv. Lasani under saline stress applied at 

three different growth stages as compared to that of the other cultivars. High H2O2 levels in 

cv. Lasani due to salt stress can be attributed to its less antioxidant enzyme activity, while low 

accumulation of H2O2 in cv. S-24 proved its tolerance against the stress due to high 

scavenging ability of antioxidants. It is evident from different studies that H2O2 is readily 

detoxified by different plant antioxidants produced in response to salt stress and this 

detoxification of H2O2 depends on the stress intensity, type of species as well as plant’s 

developmental stage (Mandhania et al., 2006; Ashraf, 2009, Dolatabadian et al., 2009; Chen 

et al., 2012 ). 

Higher accumulation of oxidants due to salt stress in plants can damage the plant’s 

ultra-structure. For example, it has been reported that ROS can damage the Protiens, DNA 

and membranes by lipid peroxidation, leading to cellular injury and interruption of metabolic 

processes (Ashraf et al., 2010). MDA (malondialdehyde) is the product of lipid peroxidation 

and is a good means of appraising the oxidative stress-induced membrane damage in plants 
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under saline environment (Shao et al., 2005). It is known that the concentration of MDA 

contents is generally lower in salt tolerant plants than that in salt sensitive ones. So, the cell 

membrane stability can be used as a potential criterion to discriminate crop cultivars for salt 

tolerance potential (Sairam et al., 2005; Ashraf et al., 2010). In our study, leaf MDA content 

increased in all wheat cultivars due to salinity imposition at all studied growth stages. Cultivar 

Lasani had higher concentration of MDA than the other cultivars. Higher MDA concentration 

in leaf causes metabolic disruption leading to growth suppression of salt sensitive cultivars (Li 

et al., 2011). Increase in leaf MDA concentration due to salt stress has been reported earlier in 

wheat plants at different growth stages (Mandhania et al., 2006; Ashraf et al., 2010). 

However, less leaf MDA content under stress at later growth stages could have been due to 

increased antioxidant activities at later developmental stages as plant tolerance generally 

increases with age (Nawaz et al., 2010; Muhammad and Hussain, 2010). 

An intrinsic antioxidative system has been evolved by plants to reduce the oxidative 

damage caused by ROS. It involves enzymes and low molecular weight secondary 

metabolites which include glutathione, carotenoids, phenolic compounds and ascorbate 

(Posmyk et al., 2009). Phenolic compounds are considered as antioxidants and have the 

capability of stabilizing the singlet oxygen by its H-donating ability (Posmyk et al., 2009; 

Ashraf et al., 2010; Tsai et al., 2002). Decrease in phenolic compounds is generally recorded 

under stress conditions including salt stress (Parida et al., 2004; Falleh et al., 2008; Ashraf et 

al., 2010). Similarly, in our investigation, leaf phenolic contents decreased in all wheat 

cultivars under saline stress imposed at different growth stages. Greater decrease in leaf 

phenolic content of cv. S-24 under saline conditions as compared to non-saline can be 

attributed to its higher antioxidative capability than the other cultivars (Choi et al., 2006; 

Hichem et al., 2009; Ashraf et al., 2010). 

In plants, the enzymatic antioxidative defense system includes CAT (catalase), SOD 

(superoxide dismutase) and POD (peroxidaes) (Gill and Tuteja, 2010; Parveen et al., 2011). 

These enzymatic antioxidants scavenge the free radicals in cells thus reduce the adverse 

effects of salt stress. Plant salt tolerance is often associated with the activation of more 

efficient antioxidant defense system (Demiral and Turkan, 2004; Ashraf, 2009; Abogadallah, 

2010; Sharma et al., 2012). In our experiment, cultivars Saher-2006 and S-24 had higher 
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activities of SOD, CAT and POD, which signify their salt tolerance as they have more 

capability of counteracting salt-induced oxidative damage. However, other two cultivars 

(AARI-10 and Lasani) were contrarily inferior to the others on this account. Similarly, in 

parallel to our results increased activity of antioxdants has been earlier observed in different 

plants such as wheat (Mandhania et al., 2006), soybean (Weisany et al., 2012), pea (Noreen 

and Ashraf, 2009a), and maize (Azooz et al., 2009). 

A considerable increase was observed in total soluble proteins in all wheat cultivars 

due to salinity stress imposition at different growth stages. However, cv. Saher-2006 showed 

the highest protein content under salt stress imposed at the seedling and boot stages while cv. 

S-24 due to salinity stress at the tillering stage. Total soluble proteins can be used as an 

important biochemical indicator for screening of salt sensitive and tolerant cultivars. For 

example, a concomitant increase in soluble proteins was observed in wheat and this attribute 

was used for screening of 17 salt tolerant wheat cultivars (Tavakoli et al., 2012). It is believed 

that in salt tolerant plants, increase in protein content under saline conditions increases the 

plant’s osmotic regulation efficiency as compared to that in sensitive ones. Plants may 

produce new proteins under stress conditions which may take part in metabolic processes 

involved in plant growth and development (Flowers and Yeo, 1995). Increase in total soluble 

proteins of salt tolerant cultivars may be attributed to the production of structural proteins like 

‘osmotin’ which prevents protein reduction under saline stress (Amini and Ahsanpour, 2005; 

Tavakoli et al., 2012). 

Proline accumulation is considered as an adaptive trait by several investigators in 

response to environmental stresses (Farouk, 2011a; Ali et al., 2011; Heidari et al., 2011; 

Farkhondeh et al., 2012). Generally, it is assumed that proline acts as a compatible solute and 

is a vital osmoprotectant because it can stabilize membranes, proteins, and enzymes during 

hostile conditions and can also detoxify free radicals (Rhodes and Hanson, 1993; Hong et al., 

2000; Ashraf and Foolad, 2007; Summart et al., 2010). In this study, all wheat cultivars had 

increased proline accumulation due to saline stress application at three different growth 

stages. However, cvs. S-24 and Saher-2006 were superior to the other cultivars with respect to 

proline accumulation under salinity treatment. Increased proline accumulation in different 

plants under salinity has been reported by many investigators e.g. two sugar beet cultivars 
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(Farkhondeh et al., 2012), maize at the vegetative and reproductive stages (Nawaz et al., 

2010), rice callus (Summart et al., 2010), five tomato cultivars (Ali et al., 2011) and 30 wheat 

cultivars differing in salt tolerance (Poustini et al., 2007). Overall, higher accumulation of 

proline at the vegetative stage of different wheat cultivars suggests enhanced genes expression 

encoding proline synthesis enzymes or low activity of oxidizing or proline degrading enzymes 

at the vegetative stage. However, the proline oxidase activity has been reported to increase at 

later developmental phases (Madan et al., 1995) which verify our results for low proline 

accumulation in wheat plants at later growth stages. 

 Glycine betaine is an important quaternary ammonium compound as it works as a 

potential osmolyte in cellular osmoregulation under stress conditions. Moreover, levels of its 

accumulation in plants are related to the degree of salt tolerance of most plants (Meloni et al., 

2004; Ashraf and Foolad, 2007). It is now evident that GB concentration in most plants 

increases under saline stress (Zhang et al., 2009; Meloni and Matinez, 2009). In the present 

investigation, enhanced GB accumulation was observed in all wheat cultivars because of 

salinity imposition at different developmental phases. Cultivars Saher-2006 and S-24 

maintained higher GB levels under stress conditions. However, cv. Saher-2006 showed a 

maximal GB accumulation due to saline stress applied at three different growth stages. 

Enhanced GB accumulation under salinity stress has been investigated earlier in many plants 

such as wheat (Liang et al., 2007), vinal (Prosopis ruscifolia Griecbach) seedlings (Meloni 

and Martinez, 2009), sunflower (Heidari et al., 2011), rice (Luo et al., 2012), and sorghum 

(Yang et al., 2003) etc. 

 It has been revealed from many studies that higher saline stress mostly causes 

anatomical alterations in different plant organs (Shennan et al., 1987; Hwang and Chen, 1995; 

Çavuşoğlu et al., 2007; Kiliç et al., 2007; Çavuşoğlu et al., 2008; Ola et al., 2012). For 

example, leaf architecture can plays an important role under salt stress (Balsamo et al., 2006). 

Structural modifications in leaves under limited moisture availability due to high salt 

concentration in soil medium contribute significantly in increasing degree of stress tolerance 

(Rhizopoulou and Psaras, 2003), and therefore, it is an indicator for adaptation to salt stress 

(Fahn and Cutler, 1992). Leaf thickness is directly related to salt tolerance in different plant 

species (Balsamo et al., 2006). In present study, a significant decline in leaf thickness was 
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observed in all wheat cultivars due saline stress imposed at the seedling and tillering stages. 

Decrease in leaf thickness under saline stress has been reported earlier in many plants. For 

example, in sorghum (Baum et al., 2000), in wheat (Farouk, 2011a), kallar grass (Leptochloa 

fusca L. Kunth) (Ola et al., 2012) etc. However, leaf thickness increased in different wheat 

cultivars when salinity applied at the boot stage. Salt-stressed leaves are generally thicker than 

in control plants and leaf thickening is likely to increase resistance to CO2 diffusion in the 

mesophyll tissues (Delfine et al., 1998), and may have an influence on gas exchange 

characteristics of plant (Bongi and Loreto, 1989). There are a few reports of increased leaf 

thickness due to salt stress. For example, in cogon grass [Imperata cylindrica (L.) Raeuschel] 

(Hameed et al., 2009), wheat (Hu et al., 2005), legumes (Abdel and Al-Rawi, 2011), 

Medicago sative L. (Mezni et al., 2012) etc. The increased leaf thickness and succulence may 

be responsible for the concomitance increase in water content and the increased cell size due 

to increasing vacuole volume is an anatomical adaptive way to escape toxic ions such as Na+ 

and Cl- (Longstreth and Nobel, 1979; Mezni et al., 2012). The observed reduction in leaf 

thickness of different wheat cultivars in present study may suggest that salinity reduced the 

capacity for re-translocation of mineral nutrients and assimilates. These results agree with Hu 

et al. (2005) who observed reduction in cross-sectional area of wheat leaves in the 120 mM 

NaCl treatment and explain the reasons for the observed reduction due to a decrease in the 

size of the midrib and large veins and also in the number of small veins. The different type of 

veins play different roles in the physiological functions of the leaf, e.g. the large veins are 

mainly for transporting water and the small veins are mainly for loading and transporting 

nutrients. Also, Bongi and Loreto (1989) showed that photosynthesis in salt-stressed olive 

leaves was reduced in part because of the reduced mesophyll conductance caused by 

decreased leaf thickening. 

Another feature of osmotic stress tolerance is highly developed sclerenchyma in leaves 

(Gielwanowska et al., 2005; Alvarez et al., 2008), and is vital for water conservation, 

especially under harsh climates (Hameed et al., 2009). This characteristics is significantly 

increased in all wheat cultivars under elevated salt stress, which gives mechanical strength to 

leaf tissues (Chandramony and George, 1975), prevent undue water loss (Abernethy et al., 

1998), and more importantly leaf rolling (Nawazish et al., 2006). In present investigation 
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sclerenchyma thickness increased in different wheat cultivars when salt stress applied at the 

tillering and boot stages and cvs. S-24 and Saher-2006 had relatively greater sclerenchyma 

thickness than other wheat cultivars. On the other hand, sclerenchyma thickness decreased in 

all wheat cultivars due to salinity imposed at the seedling stage which showed the sensitivity 

of wheat plant to saline stress at the seedling stage and showed less mechanical strength. 

Cortical cell area seems to be related to better storage of moisture that is essential for 

survival under harsh climates (Zwieniecki and Newton,1995; Baloch et al., 1998). In present 

investigation, decrease in leaf cortical cell area was observed in all wheat cultivars when 

salinity applied at the seedling and tillering stages. While, cv. Saher-2006 showed less 

decrease in this anatomical characteristic than the others which suggests the lack of tolerance 

of other wheat cultivars to adverse effects of salt stress and it could be related to an efficient 

adaptation to water absorption and storage. Similarly, Akram et al. (2002) reported a 

decreased size of cortex under salinity stress in three varieties of Triticum aestivum L.; the 

most salt sensitive variety showed a more pronounced decrease. Moreover, Céccoli et al. 

(2011) also observed the reduced cortical parenchyma in Chloris gayana under saline 

condition. Kurth et al. 1986 (Zea mays L.) and Akram et al. 2002 (Triticum aestivum L.) 

reported that the decreased cortex under saline stress is due to the reduced cortical cell size. 

Vascular bundle and metaxylem vessels area seems to be directly related to efficient 

transport of water and nutrients from the soil to different plant organs, and these might be of 

greater importance under low availability of moisture (Baloch et al., 1998; Vasellati, 2001). 

Greater vascular bundle size has been reported by Awasthi and Pathak (1999) in saline 

tolerant genotypes of Ziziphus species. The bundles in large veins are characterized by the 

presence of large metaxylem vessels on either side of the protoxylem (Russell and Evert, 

1985). The vast bulk of axial water movement occurs through proto- and metaxylem elements 

in the midrib and large veins. The obtained results from present study showed a significant 

increase in vascular bundle and metaxylem area in different wheat cultivars under saline 

environment when salt stress applied at different phases of ontogeny. Cvs. S-24 and Saher-

2006 showed more pronounced increase in these characteristics under saline stress than the 

other cultivars which suggests their better adaptability under stressed condition. 
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Thick epidermis of stems is a characteristic feature of salt tolerant species (Awasthi 

and Pathak, 1999; Rashid et al., 2004; Bahaji et al., 2002).This characteristic is critical under 

limited moisture availability as thick epidermis is capable of checking water loss through 

stems (Nawazish et al., 2006). The characteristic feature of increased sclerification and 

reduced size of sclerenchyma cells gives rigidity to the stem. It may also offer some resistance 

to water loss through the stem and again may play a crucial role in adaptation to unfavorable 

conditions. Earlier reports on Spartina alterniflora (Walsh, 1990), cotton (Reinhardt and Rost, 

1995), Puccinellia tenuiflora (YuJing et al., 2000 and Prosopis strombulifera (Reinoso et al., 

2004) support the present findings as epidermal thickness and sclerification increased in all 

wheat cultivars due salinity imposed at three different developmental phases.  

In present study, increase in vascular bundle and metaxylem area in stem was recorded 

in all wheat cultivars when salinity applied at different growth stages. Cvs. S-24 and Saher-

2006 showed higher vascular bundle and metaxylem area due to saline stress applied at three 

different growth stages. Increased vascular bundle and metaxylem area perhaps play an 

important role in conduction of water and photosynthates, particularly under adverse saline 

conditions. This has been supported by previous reports in different plant species (Datta and 

Som, 1973; Russell and Evert, 1985; Baloch et al., 1998; Vasellati, 2001). Enlarged 

metaxylem vessels in stem play a critical role for better transport of water and mineral 

(Steudle, 2000; Ali et al. 2009). Better development of vascular tissues and particular size of 

metaxylem vessels may be important for efficient transport of solutes and photosynthates 

under salt stress (Weerathaworn et al. 1992). 

Larger cortical cell area seems to be related to better storage of moisture that is 

essential for survival under harsh climates. Large cortical cells in stems of cvs. S-24 and 

Saher-2006 due saline stress applied at three different developmental stages is the indication 

of their tolerance against saline stress environment by developing increased moisture retaining 

capacity and enhanced compartmentalization by increasing cell size and vacuolar volume, as 

reported by Longstreth and Nobel (1979), Zwieniecki and Newton (1995), Baloch et al., 

(1998) and Mezni et al. (2012). 

Growth and development of plants can be related to plasticity in root anatomical 

characteristics for successful survival in environmental hazards (de Pereira-Netto et al. 1999). 
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Knowledge about the root system structure and the uptake efficiency of root is critical to 

understand the adaptive plasticity of plants towards salt stress (Rewald et al., 2012). Root 

cross sectional area of all wheat cultivars increased when salinity applied at different growth 

stages which is in agreement with previous studies (Barley, 1965; Atwell, 1988; Materechera 

et al., 1991; Stokes and Guitard, 1997; Goodman and Ennos, 1998).  The increase in root 

diameter under salinity was expected to be caused by increasing cortex dimensions as 

reported, for example, in cotton roots (Casenave et al., 1999) and citrus roots (Rewald et al., 

2012). Large cortical cells are supposed to be responsible for water, nutrients and toxic ions 

storage (Lux et al. 2004; Hameed et al. 2009). Of all wheat cultivars, cv. S-24 showed 

maximum increase in this attribute under saline conditions which shows its better tolerance 

than other wheat cultivars under saline environment which showed its better adaptability 

under harsh environment. 

Root epidermis is directly exposed to surrounding environments, and therefore, 

important in controlling water movements from growing medium to plant (Bahaji et al. 2002; 

Saleem et al. 2011). The thickness of epidermis is an important indicator and adaptive 

response of plant’s resistance against stress (Gomes et al., 2011; Ceccoli et al., 2011). In our 

study, epidermal thickness and cell area increased in different wheat cultivars due to saline 

stress applied at the tillering and boot stages. However it was more pronounced in cvs. S-24 

and Saher-2006. Increased epidermal thickness reduces the absorption of toxins by root cells. 

Under stress conditions, epidermis provides peripheral barrier to the penetration of solutes in 

the apoplast and represents a barrier of variable resistance to the flow of both water and 

nutrients to internal root cells and conducting elements (Atabayeva et al., 2013). Increased 

thickness of epidermis under high salinities can play a vital role in the survival of these 

species to withstand osmotic stress (Boughalleb et al., 2009; Dolatabadian et al., 2011). 

Thickening of root epidermis is an indicator of adaptive responses against stressors (Gomes et 

al., 2011). Decrease in root epidermis thickness was observed in different wheat cultivars 

when salt stress applied at the seedling stage. However, cv. S-24 showed minimum reduction. 

Decrease in root epidermal thickness due to salinity imposed at the seedling stage showed the 

sensitivity of wheat cultivars. 
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Root cortical cell area increased significantly under salt stress in all cultivars, the 

worst affected due to salt stress was cvs. Lasani and AARI-10. Parenchyma (cortical region) 

is the important component of roots, which is a storage region for water, nutrients and toxic 

ions (Lux et al. 2004; Hameed et al. 2009). Large cortical cells supported cvs. S-24 and 

Saher-2006 to tolerate higher extent of salt stress (Zwieniecki and Newton, 1995). All wheat 

cultivars showed increase in root vascular bundle and metaxylem area due to salinity 

application at different growth stages. While, cvs. S-24 and Saher-2006 showed more 

pronounced increase. Larger vessel diameter is identified to be have lower resistance to water 

conduction (Nicotra et al. 2002). This suggests the better adaptability of cvs. S-24 and Saher-

2006 to saline environment imposed at different growth stages. 

Conclusion 

Overall, it can be concluded that cvs. S-24 and Saher-2006 were salt tolerant cultivars 

and their salt tolerance was attributable to the higher photosynthetic rate, enhanced activity of 

antioxidative defense system, low levels of H2O2 and MDA, higher accumulation of organic 

osmolytes such as GB and proline, less reduction in essential cations like calcium and 

potassium and most important less accumulation of toxic ions such as Na+ and Cl- under 

saline environment when developed at different growth stages. Adaptability of both these 

cultivars to saline stress was also supported by different modifications in leaf, stem and root 

anatomical anatomical characteristics due to salinity applied at three different developmental 

stages which include thicker epidermis, more schlerification, greater cortical cell area, higher 

vascular bundle and metaxylem area. However, the salinity application at three different 

growth stages determined the seedling growth stage as more sensitive to saline stress in terms 

of showing greater decrease in biomass and yield, higher MDA content, higher degradation of 

photosynthetic pigments, low antioxidant activities and having low K+/Na+ and Ca2+/Na+ 

ratios. While, the boot stage was more salt tolerant on the basis of higher biomass, leaf turgor, 

K+/Na+ and Ca2+/Na+ ratios, proline content, antioxidant activities and well developed 

anatomical features for salt tolerance. 

 

 



 120

General discussion 

 

Saline stress either in soil or water is globally an important environmental constrain 

(Munns et al., 2010; Shaheen et al., 2012; Hassanzadeh et al., 2013) and a major threat to 

agricultural production as it negatively alters a multitude of structural, physio-biochemical 

and molecular phenomena in plants (Ashraf and Akram, 2009; Ashraf et al., 2010; Shahbaz et 

al., 2011; Foroozanfar et al., 2013). Many comprehensive studies on the effects of saline 

stress on plants and its reclamation have revealed that salt inclusion in irrigation water can 

cause various detrimental effects on most plants, in which hyper osmolality is a major factor 

that constrains water transport and harmfully retard plant growth (Gregorio et al., 2002; Zhu, 

2003; Munns and Tester, 2008; Turan et al., 2010; Akram and Ashraf, 2011; Sairam et al., 

2002; Munns, 2005; Siddiqi et al., 2009; Flowers et al., 2010). Moreover, under saline 

conditions, plants accumulate high levels of toxic ions (Na+ and Cl-) in different tissues which 

affect many vital plant metabolic processes and the photosynthetic process by hampering the 

photophosphorylation and electron transport system of thylakoid membranes (Santarius and 

Heber, 1970; Ashraf et al., 2010). It is now comprehensively reported that suppression of 

photosynthesis under saline environment also perturbs different gas exchange attributes, 

photosynthetic pigments, stomatal/non-stomatal factors, PSII efficiency, photochemical 

quenching, cultivar or species type as well as accumulation of different fundamental 

osmolytes and antioxidants (Yamaguchi and Blumwald, 2005; Ashraf, 2009; Ashraf et al., 

2010; Doganlar et al., 2010; Liu and Shi, 2010; Ashraf and Ashraf, 2012; Ashraf and Harris, 

2013).	

There is a need to adopt some meaningful strategies to overcome salinity-induced                

problems, so that salt-affected areas can be better utilized for crop production (Flowers, 2004; 

Athar and Ashraf, 2009). Different researchers have proposed various prospective strategies 

to improve crop salt tolerance which can be practically enhanced by using different traditional 

and molecular approaches like conventional breeding methods, development of transgenic 

plants, shotgun approaches and marker assisted selection or breeding etc (Munns et al., 2006; 

Ashraf and Akram, 2009; Athar and Ashraf, 2009; Munns et al., 2010; Ashraf and Foolad, 

2013; Kaya et al., 2013). In all these approaches, conventional breeding has been proven less 
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effective in producing salt tolerant cultivars (Ashraf and Akram, 2009; Athar and Ashraf, 

2009; Noreen et al., 2010; Siddiqi, 2010). Alternatively, the marker assisted selection (MAS) 

and development of transgenic plants have now gained ground but it has got limited progress 

in field conditions due to genetic variability and lack of sufficient information about complex 

genetic and physiological basis involved in plant tolerance against saline stress (Flowers and 

Flowers, 2005; Ashraf and Akram, 2009; Ashraf et al., 2010; Munns et al., 2010; Ashraf and 

Ashraf, 2012) and it is  so far attributed to the cumulative effect of a number of genes 

responsible for different mechanisms involved in plant salt tolerance (Zhu, 2002; Ashraf and 

Akram, 2009). Furthermore, variation in the extent of salt sensitivity throughout the growth 

period of different plant species creates more problems in improving the salt tolerance of 

plants as different plant species show differential behavior at different developmental stages. 

It is comprehensively addressed in many studies on salt tolerance (Läuchli and Grattan, 2007; 

Ashraf, 2009; Nawaz et al., 2010; Cuartero et al., 2006; Arzani, 2008; Singh and Flowers, 

2010).  It was earlier observed in many studies that different crop plants can maintain degree 

of salt tolerance at different phases of development, e.g.  safflower (Ashraf and Fatima, 1995), 

Brassica juncea (Ashraf, 1994), sweat pepper (Elwan 2007), sunflower (Ashraf and Tufail, 

1994), linseed (Ashraf and Fatima, 1994) etc. While, in contrast, many other plant species 

showed differential behavior in salt tolerance at different ontogenic phases of plant 

development (Ashraf et al., 2010; Ashraf and Ashraf, 2012; Hassanzadeh et al., 2013). As, it 

is widely reported that plant’s stress tolerance at the seedling or germination stage is not 

associated with its salt tolerance at later growth stages (vegetative or reproductive) (Foolad, 

2004; Nawaz et al., 2010; Magnaye et al., 2011; Ashraf and Ashraf, 2012). This has been 

observed in many studies in different crop plants. For example, in Brassica carinata (Ashraf 

and Sharif, 1998), wheat (Sairam et al., 2005; Ashraf et al., 2010; Ranjbar, 2010), Atriplex 

patula (Ungar, 1996), soybean (Ghassemi-Golezani et al., 2009) and tomato (Cuartero et al., 

2006). 

The actual dilemma in the improvement of crop salt tolerance is the variation in 

different plant species at different phases on ontogeny with respect to metabolic processes 

involved in salt tolerance (Ashraf and Akram, 2009; Kaya et al., 2013). During an entire life 

cycle of a plant, variation in phenotypic and physiological responses, the plant’s genotype and 
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its interaction with environment are very important to be considered in relation to plant salt 

tolerance. These factors are main limitations in assessing enhanced salt tolerance through 

conventional approach (Joshi et al., 2013). It has been observed that different crop plants have 

variation in degree of salt tolerance at different phases of their life cycle which is due to the 

salt-induced variation in different physio-biochemical processes under high saline regimes 

(Adolf et al., 2009; Sabir et al., 2011; Kandil et al., 2012) and a few of such physio-

biochemical processes are useful indicators of plant’s adaptation to saline stress (Ashraf, 

2004). One of the most important physiological processes involved in salt tolerance is the 

controlled transport of toxic ions like Na+ and/or Cl- that is mainly responsible for the up and 

down-regulation of many important physiological processes of a plant (Munns, 2005; Munns 

and Tester, 2008). For the physiological tolerance of plants against saline stress, osmotic or 

ionic tolerance is the main process in which plants avoid toxic salt levels of growth medium 

and protect different plant organs from the detrimental effects of saline stress particularly 

under mild stress for a short period. While, under longer periods, a plant faces ion specific 

effect and exhibits damages at cellular, tissue or whole plant levels. This ion-specific effect 

appears under higher salt levels particularly in those plants having less inherent ability to 

control Na+ ion transportation in tissues (Ashraf, 2004, Mguis et al., 2012). In our study, 

growth and yield reduction in all wheat cultivars under saline stress can be attributed to higher 

cellular Na+ levels in tissues. Furthermore, cvs. AARI-10 and Lasani being salt sensitive 

accumulated elevated levels of Na+. This shows their inability to control toxic ion (Na+ or Cl-) 

uptake into plant tissues under saline stress. These inhibitory ions affect the plant growth and 

ultimately had negative effects on grain yield. Plant tolerance against saline stress is 

dependent upon the maintenance of ion homeostasis in which toxic ion (Na+ or Cl-) exclusion 

and maintenance of higher K+/Na+ ratio in different plant organs are of prime importance  

(Zheng et al., 2009; Irshad et al., 2009; Kaouther et al., 2013). Many researchers suggested 

that the control of Na+ transport and distribution in different plant organs is one of the primary 

characteristics which determine the wheat plant adaptability to saline stress (Munns, 2005; 

Munns and Tester, 2008; Asgari et al., 2012; Agrawal et al., 2013) and wheat productivity 

can be increased by developing and selecting those varieties which have less Na+ 

accumulation ability in their shoots (Cuartero et al., 2006; Ashraf and Akram, 2009). From 

the critical analysis of many earlier published reports on the salt tolerance of wheat, it is clear 
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that Na+ exclusion is not only the principal characteristic for wheat salt tolerance, however, 

the variability in Na+ compartmentalization is also an important factor in some cases (El- 

Hendawy et al. 2011; Chen et al., 2007; Pandolfi et al., 2012; Keshavarz et al., 2013). It is 

also evident from different studies that crop species having the ability of maintaining higher 

K+/Na+ ratio in their tissues are better tolerant to saline stress and this physiological 

characteristic is suggested as a tool for evaluating the salt tolerance of glycophytic plants 

(Keshavarz et al., 2013; Kaouther et al., 2013). Similarly, plant growth, biomass production 

and yield attributes of different wheat cultivars examined in the present study show a positive 

relation with K+/Na+ ratio in present study. Greater ability of cvs. Saher-2006 and S-24 to 

maintain higher ratio of shoot K+/Na+ can be attributed to their greater salt tolerance potential.  

In the present research work, if we critically observe the relationship between the data 

for water relations, and growth and yield attributes of genetically diverse wheat plants under 

saline stress it is evident that growth and yield suppression of different genotypes was 

probably due to decrease in leaf water potential caused by salinity-induced osmotic stress. 

However, maintenance of relatively higher water potential and turgor potential in leaves of 

cvs. Saher-2006 and S-24 under salinity stress applied at different growth stages suggests 

their higher salinity tolerance. Leaf turgor potential and growth attributes showed a positive 

relation which confirms that salt stress affected the plant biomass due to decrease in cell 

expansion as a result of loss of turgor in growing plant organs under saline stress (Munns, 

2002; Eisa et al., 2012; Mguis et al., 2012). Generally, turgor loss is one of the major reasons 

of growth cessation in crop plants under saline stress.   

For the osmotic adjustment plants accumulate different inorganic ions like Ca2+, Na+, 

K+, Cl- and organic osmolytes which include mainly glycinebetaine, soluble sugars, amides, 

polyols and proline. Which lower the water potential in a cell so that water influx occurs to 

maintain proper cell turgor for normal cell functioning (Noreen et al., 2010; Farouk, 2011a) 

and it is extensively pinpointed in the literature that osmotic adjustment has a positive 

correlation with yield and biomass production (Ochiai and Matoh, 2001; Farouk, 2011a; 

Mguis et al., 2012; Lin et al., 2012). It has also reported extensively that salt tolerant plants 

accumulate higher concentrations of organic osmolytes for osmotic adjustment (Raza et al., 

2006; Farouk, 2011a, Lin et al., 2012). For example, Heidari et al. (2011) noticed a direct 
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relationship between growth and osmotic adjustment in 12 sunflower (Helianthus annuus) 

lines and additionally they reported that greater accumulation of K+, glycine betaine and 

proline might be attributable to osmotic adjustment of salt tolerant sunflower lines as 

ccompared to sensitive ones when they were exposed to higher salinity levels (100 and 200 

mM NaCl). Similarly, Mguis et al. (2012) reported higher osmotic adjustment in three wheat 

cultivars by accumulating high amounts of soluble carbohydrates and proline which showed 

their tolerance under saline stress by which wheat plant adjusts its cell water status for normal 

cell functioning. Furthermore, this osmotic adjustment varies during the life cycle of a plant in 

which uptake of different ions and production of organic osmolytes show variability at 

different phases of ontogeny (Sairam et al., 2002; 2005; Läuchli and Grattan, 2007). As both 

ions and organic osmolytes are collectively responsible for osmotic adjustment, so that they 

can markedly alter the plant’s osmotic adjustment at different phases of growth under saline 

environment (Nawaz et al., 2010). Similarly, in the present study, higher concentrations of 

proline and glycinebetaine as well as the higher K+/Na+ ratio in cvs. S-24 and Saher-2006 are 

directly linked to their inherent ability to retain leaf turgor by osmotic adjustment compared 

with the other two cultivars (Lasani and AARI-10). 

In the last decade, many scientists focused to know about the limitations of plant 

photosynthetic rate under saline environment as this process is of prime importance for plant 

growth and crop yield (Nazir et al., 2001; Flexas et al., 2004; Jiang et al., 2006; Chaves et al., 

2009). Both primary effects of salt stress (ionic and osmotic) have deleterious effects on plant 

photosynthetic rate as these alter the functioning of stomatal and non-stomatal factors and also 

cause secondary stress like oxidative stress (Chaves et al., 2009; Ashraf and Harris, 2013). 

However, stomatal and non-stomatal limitations to photosynthesis under saline stress are 

dependent upon the severity and duration of the stress as well as type of a cultivar or species 

(Chaves et al., 2009; Ashraf and Harris, 2013). If we draw relationships of data for plant 

water relation attributes, Na+ and K+ accumulation in leaves and those of different 

photosynthetic parameters, it is evident that stomatal closing occurs due to ionic and osmotic 

effects of saline stress to control the excessive water loss through transpiration. Due to 

stomatal closure, plant’s CO2 reduces and leaf cooling due to transpiration also decreases 

which increases the temperature leading to ROS production. It is also reported that the decline 
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in transpiration rate is responsible for the reduced Na+ translocation from root to shoot. Thus, 

the alteration in transpiration rate can be helpful in modulating the plant salt tolerance 

(Flowers, 2004; Eallonardo et al., 2013). In the present investigation, low Na+ accumulation 

with higher stomatal conductance and transpiration rate of cvs. S-24 and Saher-2006 suggests 

their better ability to protect photosynthetic machinery by regulating Na+ translocation within 

plant organs. It is also evident from the results that higher photosynthetic rate and low 

chlorophyll (chlorophyll a and b) degradation in both cultivars S-24 and Saher-2006 with 

lower Na+ and higher K+, Ca2+ and K+/Na+ ratios under saline stress imposed at three different 

growth stages showed their better protecting potential of photosynthetic machinery from 

photodamage and photoinhibition. It is evident that higher accumulation of toxic ions like Na+ 

and Cl- in chloroplast can damage thylakoid membranes and photosystem II (Sharma et al., 

2012; Yan et al., 2013). 

Photosynthetic process is dependent upon the activity of the electron transport 

components, carbon metabolism (Calvin cycle), light harvesting components and different 

enzymes (Taiz and Zeiger, 2010). Under saline stress, activities of all these components are 

disturbed and many scientists reported that un-sustained photo-protective energy dissipation 

causes photoinhibition leading to reduction in photosynthetic rate which in turn decreases 

plant production (Zhu et al., 2004; Ashraf and Harris, 2013). Over-excitation of PS II also 

occurs under saline stress which causes ROS productionin plant tissues under saline stress 

(Baker, 2008; Taiz and Zeiger, 2010). H2O2 is one of the strong oxidants produced in 

response to salt-induced oxidative stress and can disturb metabolic processes by localized 

oxidative damage (Mandhania et al., 2006; Shao et al., 2008; Sharma et al., 2012). Plant can 

overcome these harmful effects of saline stress either by up-regulation of photosynthetic 

process so that the additional energy can be utilized or by down-regulating this process to 

reduce ROS production by either decreasing ETR or by increasing photoprotective thermal 

energy dissipation process (Baker et al., 2008). Over-production of ROS under stress 

conditions is very deleterious for plants as it can harm different cellular components like 

proteins, pigments, lipids, DNA etc (Ashraf, 2009; Sharma et al., 2012). ROS greatly perturb 

membrane integrity by damaging lipids and proteins and this membrane damage in plants can 

be determined by measuring lipid peroxidation or malondialdehyde contents (MDA) (Bai et 
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al., 2013; Yan et al., 2013). Generally, it is reported that salt sensitive cultivars had more 

MDA content than that of tolerant ones (Ashraf et al., 2010). It is also reported in many 

studies that ROS production is variable at different growth stages of plant’s life cycle (Ashraf, 

2009; Sairam et al., 2005). Similarly, results of the present investigation showed that ROS 

production in terms of H2O2 and MDA contents was greatly enhanced in different wheat 

cultivars when salinity imposed at different growth stages. To counteract the oxidative stress 

caused by ROS, plants up-regulate the antioxadative defense system which includes different 

enzymatic and non-enzymatic compounds (Ashraf, 2009; Chen et al., 2012; Yan et al., 2013). 

Enhanced activity of antioxidant defense system under saline stress protects different plant 

organs from ROS damage (Ashraf, 2009; Abogadallah, 2010; Sharma et al., 2012). Likewise, 

in the present study, a marked variation was observed in different enzymatic and non-

enzymatic antioxidant in all hexaploid wheat cultivars due to saline stress applied at three 

different phases of development. Non-enzymatic antioxidants include secondary metabolites 

like tocopherols, ASA, and phenolics, and concentration of these metabolites decreases under 

saline stress (Falleh et al., 2008; Ashraf et al., 2010; Kanwal et al., 2013) as decrease in 

phenolic compounds was evident from the present study. 

It has been revealed from many studies that higher saline stress mostly causes 

anatomical alterations in different plant organs (Shennan et al., 1987; Hwang and Chen, 1995; 

Çavuşoğlu et al., 2007; Kiliç et al., 2007; Çavuşoğlu et al., 2008; Ola et al., 2012). Leaf 

architecture can play an important role under salt stress (Balsamo et al. 2006). Structural 

modifications in leaves under limited moisture availability contribute significantly in 

increasing degree of tolerance (Rhizopoulou and Psaras 2003). Leaf thickness along with 

epidermal thickness is directly related to salt tolerance in different plant species (Balsamo et 

al. 2006). Furthermore, parenchyma is a water storage tissue, and hence essential for survival 

under physiological drought conditions produced due to high saline stress (Zwieniecki and 

Newton, 1995; Baloch et al. 1998). Relatively greater leaf thickness and cortical cell area of 

cvs. S-24 and Saher-2006 may be responsible for their better survival under saline 

environment. 

Stem cellular area generally increased under salt stress in different wheat cultivars in 

the present study. Increased stem area has been reported by several authors such as Basal 
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(2010), Wu et al. (2010) and Hameed et al. (2011). Stem succulence is a rare phenomenon in 

grasses, but up to two-fold increase in stem area (mainly due to cortical parenchyma) can play 

a decisive role under water scarcity (Hameed et al., 2008). In addition, parenchymatous cells 

are known for storing additional water, and hence, very important under osmotic stress 

condition like salinity (Valenti et al., 1991). Cortical cell size increased in different wheat 

cultivars under salt stress, and maximum increase was observed in cv. S-24 due to salinity 

imposed at three growth stages. Increased cortical cell size of cv. S-24 suggests its capability 

of storing additional water in cortical parenchyma, which is a key factor for its better survival 

as reported by Grigore and Toma (2007). Enlarged metaxylem vessels in stem again play a 

critical role in better transport of water and mineral (Steudle, 2000; Ali et al., 2009). Better 

development of vascular tissue, and particular size of metaxylem vessels of cvs. S-24 and 

Saher-2006 under salt stress may be important for efficient transport of solutes and 

photosynthates under salt stress (Weerathaworn et al. 1992).  

Root epidermis is directly exposed to surrounding environments, and therefore, 

important in controlling water movements through roots (Bahaji et al. 2002; Saleem et al. 

2011). It is protective in nature and critical for limiting water loss from roots (Taleisnik et al., 

1999) and also for controlling radial flow of water (Bagniewska-Zadworna and Zenkteler, 

2006). Increased thickness in cvs. S-24 and Saher-2006 under salt stress may play a key role 

in drought and physiological drought conditions and can play a vital role in the survival of 

these cultivars to withstand osmotic stress (Boughalleb et al., 2009; Dolatabadian et al., 

2011).  

Higher salt tolerance of S-24 and Saher-2006 was found to be attributable to the 

higher photosynthetic rate, enhanced activity of antioxidative defense system, low levels of 

H2O2 and MDA, higher accumulation of organic osmolytes such as GB and proline, less 

reduction in essential cations like calcium and potassium and most important less 

accumulation of toxic ions such as Na+ and Cl- under saline environment developed at 

different growth stages. Adaptability of both these cultivars to saline stress was also supported 

by different modifications in leaf, stem and root anatomical characteristics due to salinity 

applied at three different developmental stages which include thicker epidermis, more 

schlerification, greater cortical cell area, higher vascular bundle and metaxylem area. 
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However, the salinity application at three different growth stages determined the seedling 

growth stage as more sensitive to saline stress in terms of showing greater decrease in 

biomass and yield, higher MDA content, higher degradation of photosynthetic pigments, low 

antioxidant activities and having low K+/Na+ and Ca2+/Na+ ratios. While, the boot stage was 

more salt tolerant on the basis of higher biomass, leaf turgor, K+/Na+ and Ca2+/Na+ ratios, 

proline content, antioxidant activities and well developed anatomical features for salt 

tolerance. 
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          Chapter 6 
 
SUMMARY 
 
 
Food insecurity is becoming a widespread problem these days all over the word. So, there 

is a dire need to overcome this food insecurity problems. Like other abiotic stresses, saline 

stress is supposed to be a great challenge for crop production world-wide. It is evident that 

salt tolerance of different crops varies at different growth stages. In context of this 

information, it is necessary to know about the degree of plant’s tolerance by appraising a 

number of physio-biochemical attributes during the whole plant’s life cycle, so that its 

adaptability against a stress can be observed at different phases of growth and 

development. This will help to improve the final crop yield by reducing the harmful 

effects of salt stress on a particular phase of plant ontogeny. Keeping in view the variation 

in salt tolerance level of different crop plants at different developmental phases, the 

present investigation comprising two independent experiments was planned to appraise 

physio-biochemical responses of different wheat cultivars to saline stress at different 

growth stages. Seeds of different wheat cultivars were grown in plastic pots filled with 

well-washed river sand. Two NaCl levels were applied i.e. 0 mM and 150 mM. Two liters 

of salt solution in Hoagland’s nutrient solution were applied to each pot at three growth 

stages, i.e. i. seedling, ii. tillering and iii. boot stages.  

The first experiment was conducted to screen the 10 wheat cultivars including five newly 

developed cultivars (S-24, Saher-2006, Inqlab-91, Faisalabad-2008 and Lasani) and five 

candidate cultivars (P.B-18, M.P-65, SH-20, AARI-10, G.A-20). Four wheat cultivars 

including two salt tolerant (Saher-2006 and S-24) and two sensitive (AARI-10 and 

Lasani) cultivars were selected from the screening experiment on the basis of results of 

biomass production and yield attributes. The second experiment was performed in the 

following year for detailed study of different physo-biochemical responses of four wheat 

cultivars to salt stress developed at three different growth stages. The plants were grown 

up to maturity and data for different morphological and pysio-biochemical attributes were 

recorded after two weeks of the application of saline stress at the boot stage. 
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 The results showed that salt application at three different growth stages caused a 

significant decline in plant biomass and yield of all wheat cultivars. Of all wheat cultivars, 

cvs. S-24 and Saher-2006 showed higher plant biomass and yield under saline stress 

imposed at different growth stages. Alteration in leaf water relation parameters in all 

wheat cultivars was observed under salt treatment imposed at different growth stages. 

However, cvs. S-24 and Saher-2006 maintained higher leaf water potential and leaf turgor 

as compared to the other wheat cultivars and it was more pronounced due to saline stress 

applied at the boot stage. Different gas exchange attributes were also affected in all wheat 

cultivars due to salinity imposition at three different growth stages. For example, 

photosynthetic rate (A) and transpiration rate (E) were significantly reduced under saline 

environment developed at different growth stages. Other gas exchange characteristics such 

as stomatal conductance (gs) and water use efficiency (WUE) decreased in all wheat 

cultivars due to salt application at different growth stages. However, cvs. S-24 and Saher-

2006 showed less reduction in different gas exchange characteristics like A, E, gs, Ci, WUE 

and Ci /Ca. while the other cultivars showed a variable decreasing pattern. Salt-induced 

reduction in photosynthetic pigments (Chl.a and Chl. b) was estimated at different growth 

stages in all wheat cultivars and was recorded highest in cv. Lasani as compared to that in 

the other wheat cultivars. Of different growth stages, salinity stress caused highest 

chlorophyll reduction at the seedling stage, while minimum at the boot stages. 

 Salt application at different growth stages markedly increased the endogenous Na+ 

level in all wheat cultivars due to salinity imposition at different developmental phases 

and it was less in cvs. Saher-2006 and S-24. Increased endogenous Na+ caused an 

inhibitory effect on K+ and Ca2+ uptake and markedly reduced their level in plant tissues 

under the stress developed at three different growth stages. In addition, K+/ Na+
 and Ca2+/ 

Na+
 ratios decreased in different wheat cultivars due to saline stress application at 

different growth stages. However, less decline in K+/Na+
 and Ca2+/Na+

 ratios was observed 

under stress condition imposed at the boot stage and more at the seedling stage. Overall, 

cvs. Saher-2006 and S-24 maintained higher K+/ Na+
 and Ca2+/Na+

 ratios as compared to 

those in the other wheat cultivars under salt stress. 

Reactive oxygen species (ROS) are produced in plans due to salt-induced 

oxidative stress. Likewise, in the present study, H2O2 and MDA contents were markedly 
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enhanced in all wheat cultivars under saline stress imposed at different growth stages. 

However, accumulation of both H2O2 and MDA was more pronounced in cv. Lasani. 

Among different growth stages, salinity application at the boot stage showed a maximal 

accumulation of these biomolecules. In response to elevated ROS levels, the activities of 

different antioxidants increased in all wheat cultivars under saline stress developed at 

three growth stages. Cvs. S-24 and Saher-2006 exhibited higher activities levels of 

different antioxidants such as SOD, POD, CAT, and phenolics. Endogenous levels of 

glycinebetaine and proline (osmoprotectants) increased in all wheat cultivars due to saline 

stress applied at three different growth stages and both S-24 and Saher-2006 exhibited 

higher endogenous levels of these osmolytes. 

Anatomical studies of four wheat cultivars under saline stress applied at different 

growth stages showed that cvs. S-24 and Saher-2006 had thick epidermis of stem and root, 

greater schlerification in stem and leaf, higher vascular bundle and metaxylem area and 

greater cortical cell area due to saline stress applied at three different growth stages than 

the other two cultivars (Lasani and AARI-10).  

In conclusion, both cvs. S-24 and Saher-2006 were found to be salt tolerant as they 

maintained higher biomass, yield, photosynthetic rate, antioxidant activities and K+/ Na+
 

and Ca2+/ Na+
 ratios, while they accumulated lower levels of toxic ions, ROS and MDA 

contents as compared to those of the other two cultivars i.e. Lasani and AARI-10 under 

saline stress conditions developed at three different growth stages. In addition, salt 

tolerance of both these cultivars was also supported by different modifications in leaf, 

stem and root anatomical characteristics such as thicker epidermis, more schlerification, 

greater cortical cell area, higher vascular bundle and metaxylem area when saline stress 

imposed at three different growth stages. Moreover, salt stress application at different 

growth stages resulted in considerable variation in salt tolerance of different wheat 

cultivars and it can be inferred that the wheat cultivars examined were more prone to the 

deleterious effects of saline stress at early growth stages than at maturity.  
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