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ABSTRACT 

Sustainable food production in the changing global environment is a major challenge 

to the world community. Depleting water resources, shrinking arable land and 

population explosion are further worsening the situation. The agricultural extension is 

under threat mainly due to the environmental stresses like drought, salinity, changing 

rainfall pattern and warmer temperature due to enhanced atmospheric carbon dioxide. 

The adverse effects of drought stress may be alleviated by mineral nutrition of crops. 

In this experiment, Brassica napus L. seedlings were subjected to 10 days period of 

drought stress (Relative Water Content: 58.98 %), one week after supplementation 

with 30, 60 and 90 mM solutions of Ca(NO3)2.4H2O; 50, 100 and 150 mM solutions 

of KNO3 and 30, 50 and 100 mM solutions of NH4NO3 in three doses at alternate 

days. Certain physiological parameters like relative water content, rate of water loss 

from excised leaves and membrane leakage were used to quantify and estimate the 

intensity of drought stress. Samples were analyzed in triplicate and standard deviation 

was calculated. Imposition of drought stress was found to affect the physiological and 

biochemical characteristics of Brassica napus L. seedlings. Supplementation of the 

given minerals (Ca2+, K+ and N) induced certain physiological and biochemical 

modifications in Brassica napus L. seedlings under irrigated and/or drought stress 

conditions. 

It was found that drought stress increased the rate of water loss and hence decreased 

the relative water content. Exogenous application of Ca2+ and K+ improved the water 

status of the seedlings by correcting these parameters, however, exogenous N showed 

a negative impact. The stressed seedlings suffered from damage as shown by higher 

level of membrane leakage (44.38 ± 3.07 %) and hydrogen peroxide accumulation 

(26.30 ± 3.21 µmol/g fresh weight). These effects of drought were however, mitigated 

in the seedlings subjected to exogenous supplementation of Ca2+ and K+. An 

important compatible osmolyte, proline was produced in greater quantity (9.15 ± 0.74 

µmol/g fresh weight) in stressed seedlings as compared to the control (02.00 ± 0.18 

µmol/g fresh weight). In the stressed seedlings treated with all the given supplements, 

greater proline contents were observed, with the larger linear effect of Ca2+. The 

greatest proline content (23.93 ± 0.98 µmol/g fresh weight) was noted for the stressed 

seedlings supplemented with 90 mM Ca(NO3)2.4H2O. Under irrigated conditions, the 
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seedlings treated with all the given supplements gave almost similar proline 

concentration as that of the corresponding control seedlings. Activities of catalases 

(EC: 1.11.1.6) and ascorbate peroxidases (EC: 1.11.1.11) were about 45.00 and 82.2 

% higher in stressed seedlings than the control, both of which were further increased 

with the increasing supplementations of Ca2+ and K+ under stressed conditions. The 

seedlings showed about 47.75 and 41.58 % loss in fresh and dry weight respectively, 

under stress condition relative to the control and irrigated plants. It was found that 

exogenous Ca2+ and K+ decreased the fresh weight  of the irrigated seedlings and 

slightly increased the fresh weight of the stressed seedlings with the significant 

increase at 90 mM Ca2+ (23.26 % increase) and 150 mM K+ (KNO3)  (24.67 % 

increase) relative to the respective control seedlings. Under both conditions, the dry 

weights of plants increased with increasing concentration of exogenous Ca2+ and K+.  

The total chlorophyll content exhibited about 41.92 % loss due to drought stress, 

which was protected to some extent by the exogenously supplied Ca2+ and K+ in 

stressed seedlings. However, in no case, the total chlorophyll content reached the 

control level in stressed seedlings. Under irrigation condition, the seedlings at all 

treatments showed almost similar chlorophyll content. Protein content was found to 

decrease by about 28.38 % due to the imposition of stress period, which was 

substantially increased after supplementations with all minerals (Ca2+, K+ and N).  

The mineral composition of Brassica napus L. seedlings was affected under drought 

stress as well as under exogenously provided supplements. The Ca, K, N, C, S, P, Mg, 

Fe and Na contents were decreased by about 3.45, 58.82, 28.40, 4.11, 21.64, 26.90, 

1.61, 52.56 and 30.13 % respectively under drought stress. Supplementations 

differently affected these mineral elements. Supplemental Ca2+ and K+ increased the 

shoot-Ca, K, N, C, S and P contents under irrigated and drought stress conditions. 

Drought stress affected the fatty acid contents. The palmitic acid, stearic acid and 

linoleic acid contents were decreased by about 6.26, 2.25 and 24.00 % respectively, 

whereas, the oleic acid and linolenic acid contents were increased by 99.66 and 4.74 

% respectively. Exogenous supplements variously affected the fatty acid composition. 

Under irrigated condition, increasing supplemental Ca2+ concentration increased the 

stearic acid, linoleic acid and linolenic acid contents and decreased the oleic acid 

content. Under drought stress condition, supplemental Ca2+ was found to increase the 
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palmitic acid, stearic acid and linoleic acid contents. The fatty acid composition was 

affected by K+-supplementation. The concentrations of palmitic acid, stearic acid and 

linoleic acid were increased under both irrigated as well as drought stress conditions, 

whereas, the oleic acid content was increased only under irrigated condition.  

Drought stress also affected the free amino acids composition. The free amino acids 

like aspartic acid, threonine, serine, proline, valine, isoleucine, leucine, tyrosine, 

phenylalanine, histidine, lysine, arginine and the total amino acids were increased by 

about 31.38, 19.47, 88.96, 507.09, 57.14, 34.09, 35.62, 6.04, 104.76, 4.42, 64.34, 2.68 

and 57.68 % respectively, while, the glutamine, glycine, alanine and methionine were 

decreased by about 26.89, 21.18, 13.08 and 9.63 % respectively. Exogenous Ca2+ 

mostly increased the concentration of aspartic acid, threonine, serine, glutamine, 

proline, glycine, alanine, valine, methionine, isoleucine, leucine, tyrosine and total 

amino acids under both  irrigated as well as drought stress conditions. It was revealed 

that supplemental K+ mostly increased the contents of aspartic acid, threonine, 

glutamine, proline, glycine, isoleucine, histidine, lysine, arginine and total amino 

acids under both irrigated as well as drought stress conditions. 
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Chapter-1 

INTRODUCTION 

1.1 Brassica napus 

Brassica napus commonly known as “Rapeseed” or “Canola”, belongs to the family 

“Brassicaceae”. The family “Brassicaceae”, also known as “crucifers”, “mustard” or 

“cabbage family”, consists of about 435 genera and 3675 species, distributed all over 

the world. The genus “Brassica” comprises of about 100 species including 

cauliflower, cabbage, kale, turnip, brussels spouts, broccoli, various mustards and 

weeds [1]. These vegetables are used all over the world as human food and as fodder 

for livestock [2]. The term “Canola” is actually a registered trademark of “Canadian 

Canola Association”, (derived from Canadian oil low acid) for a hybrid variety of 

rapeseed which was first bred in Canada and represents the genetically modified 

cultivars having less than 2 % erucic acid (22:1). In addition, it possesses meals with 

less than 30 micro moles of aliphatic glucosinolates per gram [3]. 

1.1.1 Cytogenetic basis of Brassica napus  

Morinaga hypothesized that the species with high chromosome numbers such as 

Brassica napus (2n=38, AACC), Brassica juncea (2n=36, AABB) and Brassica 

carinata (2n=34, BBCC) are amphidiploids arising from the combination of species 

with low chromosome numbers such as Brassica nigra (2n=16, BB), Brassica 

oleracea (2n=18, CC) and Brassica rapa (2n=20, AA) [4]. This hypothesis was 

verified by Nagaharu on successful resynthesis of Brassica napus [5]. He explained 

that each of the apmhiploids consisted of the combination of two haploid genomes. 

Following this, the maternal parents of Brassica juncea, Brassica napus and Brassica 

carinata would always be Brassica rapa, Brassica oleracea and Brassica nigra 

respectively [6]. Brassica napus (n=19) possesses both the A and C genomes of its 

two progenitors, Brassica rapa (genome A, n=10) and Brassica oleracea (genome C, 

n=9) and related wild species. Brassica napus can be resynthesized by crossing both 

diploid and tetraploid Brassica rapa and Brassica oleracea [7]. Interrelationship 

among these species is called “Triangle of U” shown in Fig.1 [1]. 
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Fig. 1.1. Triangle of U showing the interrelationship among the Brassica species 

1.2 Choice of Brassica napus for the Current Research Work 

Canola (Brassica napus L.) is known to be the second most important source of 

vegetable oil after soybean that has about 13 % contribution to the world’s supply [8]. 

It is largely cultivated in USA, Europe, Asia, Canada, Australia and South Africa. It is 

relatively a new crop in Pakistan, grown usually in rainfed areas where water 

availability is one of the most important factors limiting its growth and development 

[9]. Brassica species are important due to their economic and nutritional values. Its 

choice as the experimental material in the present research may be attributed to its 

importance in the following context; 

1.2.1 Nutrition for human 

The presence of low erucic acid in its oil and low glucosinolates in meal has made the 

canola a valuable rapeseed. The dieticians and nutritionalists accept the importance of 

canola due to the fact that its oil possesses the lowest level of saturated fatty acids (5-

8 %) among all oilseed crops. The stem and leaves of the rapeseed are also edible. 

Due to its valuable nutritional importance, its demand has increased tremendously in 

United States [10]. About 80 % of canola oil is utilized as human food, about 6 % is 
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used as animal feed and about 14 % is utilized in oleochemical industries [11]. 

Rapeseed oil with low erucic acid is believed to be a very digestible and healthy type 

of the vegetable oils and the presence of high oleic acid, low erucic acid and moderate 

PUFA (polyunsaturated fatty acids), linolenic acid and linoleic acid has made the 

rapeseed a source of high quality edible oil in the world [12]. Other plant oils having 

higher contents of linoleic and linolenic acid often possess undesirable saturated fatty 

acids (Fig. 1.2) [13]. Furthermore, the presence of vitamin E and other plant sterols, in 

relatively good concentration in rapeseed oil, has given it a distinct position among 

the vegetable oils. Canola oil is extensively used as salad oil and cooking oil and it is 

used in making margarine as well. 

 

Fig. 1.2. Fatty acid composition of important vegetable fats 

1.2.2 Nutrition for animals 

The residues obtained during the oilseed processing are recommended as useful feed 

for animals because of high energy source and crude protein. The residue left after the 

extraction of oil from the rapeseeds is known as “rape meal”. Due to the high level of 

protein content, the rape meal is used as a useful protein supplement in animals feed. 

The high nutritional quality of rape meal is also because of the essential amino acids 

composition of the rape meal (Fig. 1.3) [13]. As compared to soybean meal, the 
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higher levels of threonine, cystine and methionine in rape meal are important [13]. 

The ash and minerals composition of rape meal are also higher than that of the 

soybean meal. The concentrations of Ca, Mn, P, Mg and Se are especially higher in 

rape meal which further justifies its importance as a good food for animals (Table. 

1.1) [13]. 

Sanchez and Claypol studied that the lactating cows having the supplementation of 

canola meal showed better performance relative to other supplementations (soybean 

meal and cotton seed meal) in certain parameters (Table. 1.2) [14]. 

 

Fig. 1.3. Comparison of essential amino acid composition of protein in rape and soybean meal 

. 
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  Table. 1.1. Mineral composition of rape meal and soybean meal 

Nutrients Rape meal (g/Kg of dry 

matter) 

Soybean meal (g/Kg of 

dry matter) 

K 14.5 21.9 

Ca 7.1 3.2 

Mg 6.2 3.0 

P 12.3 7.0 

S 5.4 4.8 

Fe 2.30 1.60 

Mn 62.0 33.0 

Se 1.0 0.1 

Cu 11.0 19.0 

Zn 75.0 70.0 
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  Table. 1.2. Performance of lactating cows fed with canola, soybean and cotton seed meal 

Parameters measured Canola meal Soybean 

meal 

Cotton seed   

meal 

Fat-corrected milk (Kg/day) 

Milk total solids (%) 

Change in body weight (Kg/day) 

Milk produced (Kg/day) 

Milk proteins (%) 

32.13 

12.01 

0.38 

37.67 

2.96 

28.07 

12.02 

0.49 

34.45 

2.95 

29.71 

12.06 

0.36 

36.50 

3.02 

 

1.2.3 Uses in industrial sector 

In addition to the nutritional values, the rapeseed oil is also be used as a raw material 

for various purposes (Table. 1.3). For example, it is used as a source for the 

production of bioenergy, as a raw material for the production of certain chemical 

substances like esters, glycerin, soaps, varnishes, amines and lacquers and for other 

technical purposes because of its characteristic chemical composition and 

environmentally friendly nature. Using rape oil, a useful fuel, “bio-diesel” is 

produced, which can be easily decomposed biologically in water and soil [13].  

Vegetable oils are more rapidly decomposed than the synthetic and mineral oils. 

According to the legal test (method CEC-L 33-T 82), within a period of 21 days, 

about 80 % of the oil must be decomposed biologically. It has been reported that 

almost all rape oil is decomposed within 5 days only, which categorized it as “not 

endangering for water” as against the mineral oil, categorized as “dangerous for 

water” because of the fact that mineral oil is decomposed to a very less extent (about 

15-20 %) within the same period (Fig. 1.4) [13]. 
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Table. 1.3. Industrial uses of rape oil 

Major uses in environmentally 

sensitive areas 

As a raw material in various 

chemical industries 

Lubricating fats and oils 

Chain saw oils 

Oils for railway points 

Bio-diesel 

Offshore drilling operations 

Metal drilling oils 

Frame work  mould oils 

Hydraulic oils 

Motor oils 

 

Paints 

Esters 

Glycerine 

Softening agents 

Fatty acids 

Lacquers 

Amines 

Soaps 

Varnishes 

(Bio-) Ethanol 
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Fig. 1.4. Biological decomposition of different base oils within 21 days 

Biodiesel may be specially used in those areas which are sensitive from 

environmental point of view, for example in vehicles moving in water. The results of 

a number of experiments conducted in USA and Europe showed that a motor using 

bio-diesel produced less amount of exhaust as compared to that using mineral oil 

diesel [13]. Further, the bio-diesel also lacks sulphur, so, the resulting exhaust fumes 

do not contain sulphur oxides and hence, there is no reason of introduction of these 

gases into the surrounding atmosphere to cause acid rain. Thus, mainly due to these 

reasons, the use of bio-diesel is being increased rapidly in highly populated, 

especially, industrial countries, like in Germany, the consumption of bio-diesel has 

been recorded to increase form about 0 to 400000 tons per year [13]. 

1.2.4 Health benefits 

According to a report of FAD (Food and Drug Administration), canola oil can be used 

against coronary heart diseases. This assertion was made on the basis of a scientific 

argument which proposed that “the threats of coronary heart diseases can be reduced 

by utilization of canola oil in the amount of about 9 g on daily basis” [15]. The recent 

research reports recommend the greater utilization of vegetables, particularly the 

green leafy Brassicaceae vegetables, which have been proved to be effective in 
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reducing the risks of chronic problems [16]. Due to the presence of low saturated fat 

content and beneficial omega-3 fatty acid profile, the canola oil has been declared as 

“completely safe” and the “healthiest” of all the cooking oils. There are sufficient 

evidences arguing that the diet consisting of canola oil plays a major role in control 

and therapy of various chronic diseases like rheumatoid arthritis, cancer, depression 

and coronary heart diseases [17]. The alpha-linolenic acid (ALA) present in canola oil 

has also been found to be beneficial for heart. It is beneficial in the prevention of 

abnormal heartbeats, inflammation and blood clots. In the following Table. 1.4, some 

positive and negative effects of canola oil are mentioned [11]. 

Moreover, rotation with cereals and high oil quality and cultivation under different 

conditions are some of the special agricultural properties of Brassica napus L. which 

also favored its choice as the experimental material for the current study. 
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Table. 1.4. Various constituents of canola oil and their uses or proposed positive effects on 

human/animal health. 

S. No. Constituent Applications/ Benefits 

 

 

1 

 

 

 

Seed oil-canola oil 

Provides anti-arrhythmic protection 

Prevents blood pressure 

Controls obesity 

Controls LDL cholesterol level 

Prevents thrombosis 

As a salad oil, cooking oil and in margarine preparation 

 

2 

 

Glucosinolates 

Prevents colon cancer 

Bad effects on health such as liver and kidney 

problems, enlargement in thyroid glands etc. 

3 Phytosterol Prevents prostate, breast and colon cancer 

Prevents cardiovascular diseases 

4. Seed meal 

obtained after oil 

extraction 

Animal food 

 

5 

Vitamin E, 

flavonoids, 

antioxidants, 

phenolic acids. 

Prevents diseases such as neurodegenerative, 

cardiovascular disorders and cancer etc. 
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1.3 Current Research Trend on Canola and Brassica napus L. 

The search hits on canola and Brassica napus L., separately, in ISI web of knowledge, 

the most authentic search engine, depict the research trend in different research areas 

from 1975-2011 (Fig. 1.5, 1.6). According to this, relatively more research has been 

conducted in plant sciences and very less investigation has been performed in 

chemistry multidisciplinary and chemistry analytical sciences, which justifies the need 

of more research in these research areas, although, overall, the research is on increase 

on canola/ Brassica napus L (Fig. 1.6)  

 

Fig. 1.5. Results of search hits on canola and   Brassica napus L. as the key words in ISI web of 

knowledge from 1975-2011. 
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Fig. 1.6. Results of search hits with different key words from 1990-2011 using ISI web of knowledge 

1.4 Problem Identification 

The ever growing world population demands a sustainable food supply. Due to the 

rising burden of human population, the food production system is seriously 

pressurized as human directly or indirectly depends upon plants for food. Humans get 

about  80 % energy directly from plants [18]. It is expected that, by the year 2020, the 

human population will be over 8 billion which will further aggravate the insecure 

situation of food demand. Moreover, the declining trend of the soil fertility, 

productivity and the depleting water resources are further worsening the problem. In 

the developing world, about 800 million people are still malnourished and by the end 

of the current century, the number of hungry and malnourished people would be at 

least 10 billion [11]. According to the US estimation, about 60 % more food will be 

needed to fulfill the food requirement of the world human population in the next three 

decades [19]. Thus, to meet the challenge of the future food demand, we need to 

design technological strategies to improve the crop yield and productivity. About two-

third of the major crops are supposed to be lost because of the adverse environmental 

factors [20], therefore, research is needed in this context to explore the causes, effects 

and mechanisms of adverse environmental factors and to enhance the 
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tolerance/resistance in crop plants to minimize the damage caused by such factors in 

order to guarantee the sustainable future food production and security. On the other 

hand, there is a serious shortage of fresh water and the water available for agricultural 

purposes is depleting rapidly due to the global competition for clean water. Thus, the 

real challenge for the coming decades will be to increase food production with less 

water availability, particularly in arid and semi-arid countries where serious water 

shortages are developing, with the existing water resources fully utilized.  

1.5 What is Stress? 

Stress can be defined variously; however, scientists are of the view that “stress” 

should be defined in accordance with the ecological and physiological requirements 

of the organism under study, throughout its life span.  According to Gasper et al., 

“stress is the altered physiological condition caused by factors that tend to alter the 

equilibrium” [21]. Generally, “stress” may be any environmental factor that is 

“unfavorable” for a living organism. 

1.5.1 Environmental stresses 

Plants grown under natural environment are often exposed to several environmental 

stresses that affect the plants growth, yield and metabolism. The stresses may be 

biotic like insects, viruses, bacteria, nematodes, pests etc., or abiotic (physical or 

chemical) such as drought, chilling, high temperature, salinity etc., (Fig. 1.7). 

1.6 Drought Stress (DS) 

The “Drought” is defined in various contexts. Meteorologically, it is a period of 

insufficient rain fall. Drought stress arises when the amount of soil moisture is 

decreased to a level below the normal requirement of the agricultural system under 

consideration. The American Meteorological Society defines stress as, “a prolonged 

and abnormal moisture deficiency” [22]. It may be defined as the lack of adequate 

amount of moisture required by the plants for completion of their life cycle and 

normal growth. 
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Fig. 1.7.  Main sources of environmental stresses for plants 

1.6.1 Causes of DS 

Among the various factors causing drought, some are listed below; 

i. Lack of water 

ii. High irradiance 

iii. Low air humidity 

iv. High temperature 

v. High speed wind 

vi. Salted soil 

1.7 Effects of DS on Plants 

Drought or water deficit is the single most important limiting factor affecting the 

agricultural productivity. According to Boyer, more regions of the United States are 

affected by drought as compared to other environmental limitations [23]. In Canada, a 

loss of over $5 billion was caused by drought in agriculture sector in 2001 [24]. In 

China, it has affected about 80 % of the arable land of Henan, a province of China 

[25]. Pakistan also faced a severe drought during 1999-2001, which affected crops, 

water resources, human and livestock population. 
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Drought has complex effects on plants as no process in metabolism is left unaffected 

by drought stress. The responses of different plant species to drought stress are not 

uniform and depend upon the severity and duration of stress, plant species and the 

plant growth stage. Generally, the plants responses to DS include; 

1.7.1 Morphological response 

It is accepted that water deficit or drought stress, whether temporary or permanent 

severely impairs the plant growth and development. The initial effects of DS include 

poor stand establishment and impaired germination. Water deficit declines growth and 

yield traits by affecting mitosis, cell expansion and elongation [26]. Under DS, the 

leaf size, numbers of leaves per plant and leaf area are reduced. Fresh and dry 

biomasses are also decreased in crop plants. In a study on maize, water deficit caused 

reduction in plant height, leaf area, stem diameter, fresh and dry weight of shoot and 

other growth related traits [27]. In canola, DS applied at reproductive stage was found 

to cause yield reduction by 30 % [28].  

1.7.2 Physiological response 

Generally, the “root: shoot” ratio of plant is increased as roots are less sensitive to 

growth inhibition by low water potentials as compared to shoots. Under water deficit, 

roots induce a signal cascade to the shoots via xylem which produce physiological 

changes. These changes determine the stress adaptation level. Ethylene, abscisic acid 

(ABA), malate and cytokinins etc., are the factors implicated in root-shoot signaling 

which induce stomata closure, an important adaptation to DS. DS decreases 

transpiration rate, RWC (relative water content), photosynthesis and tissues water 

potential. It causes synthesis of new proteins and mRNAs and accumulation of ABA, 

sorbitol, mannitol, Pro (proline), glutathione and ascorbate etc., [29]. Due to the 

impaired active transport and decreased rates of transpiration under DS conditions, the 

uptake of nutrients by roots to shoots is decreased [30]. Under water deficit, the 

photosynthetic apparatus, components and pigments are damaged and the activities of 

Calvin cycle’s enzymes are disturbed which lead to the crop yield reduction [31]. In 

response to water stress, different types of organic (Pro, soluble carbohydrates, sugar 

alcohols, glycine betaine, sucrose, organic acids) and inorganic (potassium, calcium, 

chloride ions), highly soluble, low molecular weight solutes are accumulated in the 
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cytosol to protect the plants from stress injury through osmotic adjustment. Pro is 

considered to be the most important compatible osmolyte and it is widely 

accumulated in response to water stress in higher plants, animals, bacteria and algae.  

1.7.3 Biochemical response 

DS results in oxidative stress by overproduction of ROS (reactive oxygen species) 

like hydrogen peroxide (H2O2), superoxide radical (O2
•−), alkoxy radical (RO·), 

hydroxyl radical (·OH)  and singlet oxygen (1O2) [32]. Being highly reactive, ROS 

can potentially damage cell structure and function by interacting with a number of 

other species like proteins, DNA, lipids, pigments and ultimately cause cell death 

[33]. To cope with such situations, plants have naturally acquired certain adaptive 

mechanisms which account for the tolerance or avoidance of stress. One of such 

mechanisms includes the non-enzymatic and enzymatic systems which serve to 

detoxify the ROS and protect the cells from disruption [34]. Reduced glutathione 

(GSH), α-tocopherol (α-toc), ascorbic acid (AA) and β-carotenes are some of the non- 

enzymatic whereas glutathione reductase (GR), guaiacol peroxidase (GPX), 

polyphenol oxidase (PPO), ascorbate peroxidase (APX), catalase (CAT) and 

superoxide dismutase (SOD) are important enzymatic anti-oxidants responsible for 

scavenging the excess of ROS [35]. 
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Table. 1.5. Simple classification of response of plants to DS 

Biochemical 

response 

Physiological 

response 

Morphological 

response 

Accumulation of stressed 

metabolites like proline, 

polyamines etc. 

 

 Decreased growth rates 

 

Impaired germination 

Reduction  in 

photochemical efficiency 

Decreased internal 

concentration of CO2 

Decreased leaves area 

and number 

Increase in antioxidative 

enzymes like CAT, APX 

etc. 

 

Loss of osmotic & turgor 

adjustment 

 

Impaired mitosis 

Decrease efficiency of 

Rubisco 

 

Decrease in  photosynthesis 

 

Decreased stem diameter

Increased ROS 

accumulation 

Reduced stomatal 

conductance to CO2 

 

Deceased plant height 

 

- 

  

Recognition of root signals 

Decreased biomass 

accumulation 

 

- 

 Decreased root water     

potential 

 

- 

 

1.8 Strategies for Coping with DS 

In the past, various strategies have been employed for overcoming the problem of 

drought including development of tolerant genotypes, changing the crop environment, 

application of growth regulators and nutrient management etc. Of these, nutrient 
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management can be used as an economical and feasible technique for alleviation of 

drought-induced changes in plants. As water has a close relationship with nutrients, 

the harmful effects of DS may be alleviated by exogenous application of nutrients to 

the plants through the growth medium or aerially. In the current research, we have 

made use of exogenous application of calcium and potassium through growth medium 

to evaluate the response of Brassica napus L. seedlings to applied Ca2+ and K+ under 

normal and water deficit conditions. Ca2+ and K+ are both essential plant nutrients 

required in a number of developmental and metabolic processes. 

Calcium (Ca2+) performs many important functions. As a divalent cation, it is 

important in maintaining the structure and stability of cell walls, cell membranes and 

proteins. In cytosol, it works as an intracellular messenger and in vacuole, it acts as a 

counter-cation for organic and inorganic anions [36]. Although, Ca2+ has been found 

to regulate various cellular activities related to stress responses, photomorphogenesis, 

cytoplasmic streaming and cell division, elongation and differentiation, the 

mechanisms through which Ca2+ controls these activities are yet to be studied. 

Potassium (K+) is the most abundant cation in plant cells and makes about 10 % 

contribution to the plant dry weight [37]. It is involved in protein synthesis, osmotic 

adjustment, enzyme activation, photosynthesis and turgor regulation in plants. 

Exogenously applied K+ has been found to develop plant growth, yield and 

photosynthesis and hence drought resistance in various crops [38]. Understanding the 

mechanism of the response of Brassica napus L. seedlings to supplemental-K+ will 

further boost up the research into drought-tolerance/resistance discipline. 

Mineral N-fertilization is a key factor in canola production. As compared to cereals, 

more nutrients are required for canola production and the available N is supposed to 

frequently restrict the canola seed yield. Colnenne et al., have suggested that for 

biomass production, the critical N demand is higher for canola than for wheat [39]. 

While, Rathke et al., proposed that additional availability of N is still a prerequisite 

for better yield of canola, although a profound amount of N is made available to it in 

soil, through the conversion of soil organic matter and old crop residues into the 

soluble soil nitrogen [40]. Therefore, the proper use of N sources is necessary for 

optimization of economic canola yield and minimization of potential threats of 

adverse environmental conditions. Though, canola is said to be a heavy user of N, but 
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in many parts of the world, the available N is the most limiting source [41], so, we 

also used N-supplementation in our experiment.  

1.9 Justification of the Current Research Project with Reference to Pakistan 

Despite of being an agricultural country, Pakistan is spending a large amount of 

money on edible oil import, because the demand exceeds the production every year. 

For example, during 1998-1999, Pakistan required about 1.9 million tons of edible oil 

but it could produce only 0.6 million tons, which is only about 29 % of the total edible 

oil requirement. Similarly, Pakistan had to spend about Rs. 25. 803 billion on edible 

oil import during 2002-2003 [42], while during 2009-2010, an amount worth Rs. 77. 

78 billion was spent on the purchase of edible oil.  

The difference between demand and production of edible oil will further increase due 

to its increasing utilization by the rapidly growing population, depleting water 

resources and cultivable land. Pakistan is also facing serious shortage of irrigation 

water. Pakistan’s total geographic area is 79.61 million hectares, of which over 90 % 

is semi-arid to arid [43]. Despite having world’s largest irrigation system, Pakistan is 

still facing the problem of water scarcity due to the mismanagement and other 

problems. Due to the growing population and other factors, the demand of water has 

increased while the policies to further develop the water resources or better utilization 

of the available resources have not succeeded. The rainfall pattern is also irregular and 

uncertain. The lower per capita water availability (Table. 1.6) has categorized 

Pakistan to be “high water stress” country by Benchmark water scarcity indicator, 

while the annual average rainfall of below 244 mm places it in one of the most arid 

countries of the world (Table. 1.7).  

 Canola has been recently introduced in Pakistan and its study is beneficial in the 

context of edible oil productivity. Development of drought-tolerance ability in crops, 

self-sufficiency in local oil production and food productivity for the rapidly growing 

population are some of the major future challenges for Pakistan, as an arid and one of 

the major oil importing countries. In addition, the effects of exogenous Ca2+, K+ and 

N, the three important nutrients on physiological and biochemical properties of canola 

under both irrigated and drought stress conditions  need to be explored. 
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Table. 1.6. Per capita water availability of Pakistan 

Year Population (million) Per capita water 

availability (M3) 

1951 

1961 

1971 

1981 

1991 

2002 

2010 

2020 

2025 

34.0 

46.0 

65.0 

84.0 

115.0 

139.5 

167.7 

195.5 

208.4 

5260 

3888 

2751 

2129 

1565 

1282 

1066 

915 

858 

Source: Planning commission of Pakistan 

 

 

 

 

 

 

 

 



21 
 

  Table. 1.7. Rainfall pattern of Pakistan during the years 2009-2010 

 Monsoon rainfall (mm) 

(July-Sep) 2009 

Winter rainfall (mm) 

(Jan-Mar) 2010 

Normal 137.5 70.5 

Actual 101.8 49.2 

Difference -35.7 -21.0 

% Difference -26.0 -30.2 

                                                               Source: Pakistan meteorological department 

 

1.10 Objectives of the Current Research 

i. To enhance the drought resistance ability of Brassica napus L. seedlings 

through application of exogenous Ca2+ and K+ as relatively cheaper method 

for crop development under drought stress. 

ii. To understand the mechanism of oxidative stress and osmotic adjustment in 

Brassica napus L. under DS and treated conditions. 

iii. To study the effect of drought stress and applied Ca2+ and K+ on the elemental 

composition of Brassica napus L. 

iv. To investigate the variation of fatty acid and amino acid profiles with 

imposition of drought stress and exogenous application of Ca2+ and K+. 

v. To investigate the effect of applied Ca2+ and K+ on the antioxidant defense 

system of Brassica napus L. under normal and DS condition. 

vi. To design strategies for improving the crop production in regions of low soil 

moisture or arid and semi-arid regions of world. 
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vii. To develop the soil-crop management practices using low cost and easily 

manageable fertilizers addition.  

viii. To make an effort to enhance the crop productivity under low soil moisture         

availability as a step for designing a strategy for combating the future food 

security problem of the ever growing population.   
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Chapter-2 

LITERATURE REVIEW 

2.1 Experiments on Effects of DS (Drought stress) on Various Plants 

Kauser et al., applied DS for 3 weeks, on 3-weeks-old two cultivars of Brassica napus 

L. i.e., Dunkled and cyclone. The results showed that DS caused a significant 

reduction in all parameters measured like, leaf osmotic potential, shoot fresh & dry 

masses, shoot length, leaf area, root fresh & dry masses, photosynthesis, chlorophyll 

and Fv/ Fm (quantum yield of PS-II) except total carotenoids which were increased 

under stress. It was also revealed that the Dunkled cultivar was not as strongly 

affected by stress as the cyclone [44].  

Efeoglu et al., carried out a study on the response of maize (Zea mays L.) subjected to 

DS. They took three cultivars of maize i.e., Luce, Doge and Vero for their study and 

imposed DS for 12 days on these plants after 12 days of sowing. The DS period was 

followed by rewatering for 6 days. They found that under DS, the values of fresh and 

dry biomasses, RWC (relative water content),  chlorophyll a, b, total chlorophyll and 

carotenoids of maize decreased while those of Pro (proline) and anthocyanin 

increased in all cultivars and regained the control values after rewatering the plants 

[45]. 

Guerfel et al., noted that RWC, LWP (leaf water potential), total chlorophyll, 

photosynthetic rate and stomata conductance decreased when two cultivars i.e., 

Chemlali and Chetouli of olive (Olea europaea L.) were grown under DS. They 

subjected these plants to about one month water stress period and found significant 

loss in RWC in stressed plants as compared to the controlled ones [46]. 

Abdalla and El-Khoshiban studied the effect of DS on some characteristics of wheat 

(Triticium aestivum). They grew two varieties of Triticium aestivum; one 

comparatively drought resistant (Triticum aestivum L., cv. Fairy 8) and the other 

comparatively drought tolerant (Triticum aestivum cv. Ucorogoa), and imposed DS 

for different periods i.e., from 1 to 6 days on these plants. They concluded that under 

DS, both cultivars showed a progressive decrease in RWC, area and number of leaves, 

fresh and dry weights of shoots, circumference of stem, polysaccharide contents, 
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chlorophyll a, b, total chlorophyll contents, total sugars, and some mineral elements 

like K (potassium), P (phosphorus), Mg (magnesium) and Ca (calcium). On the other 

hand, DS was found to accelerate the growth, fresh and dry weights of roots, enhance 

the concentration of ABA (abscisic acid), Pro, reducing sugars, sucrose, carotenoid , 

sodium and iron [47]. 

Antolin et al., discovered reduction in chlorophyll content, RWC, leaf conductance, 

leaf area, plant weights, shoot weights, root weights and photosynthetic rate in 

nitrogen fixing and nitrate-fed alfalfa (Medicago sativa) plants exposed to DS 

conditions. Further, the concentrations of potassium, calcium and magnesium were 

found to increase slightly and the amount of nitrogen and phosphorus decreased in the 

leaves of drought stressed nitrogen-fixing plants, while the leaves of nitrogen-fed 

plants showed a decrease in the concentrations of all of the said elements except a 

larger increase in the potassium concentration [48]. 

Patakas et al., analyzed the leaves of 2-years-old, controlled and water stressed 

grapevines (Vitis vinifera L., cv. Savatiano) and discovered that the stressed plants 

showed lower stomatal conductance (g), photosynthetic rate, RWC and starch 

concentration while higher concentration of inorganic ions like K+, Mg2+, Na+  and 

Ca2+ as compared to the controlled grapevines [49].  

 Lu et al.,  imposed water deficit on potato (Solanum tuberosum L., cv. Folva) at two 

growth stages i.e., tuber initiation stage (after 35 days of sowing) and tuber bulking 

stage (after 52 days of sowing) and compared their characteristics with those of 

control samples. It was found that the stressed plants possessed lower values of RWC, 

stomatal conductance, LWP (leaf water potential), photosynthesis, root water 

potential and higher value of ABA relative to those of control [50]. 

Mahouachi studied the response of banana plants (Musa acuminata cv. Grand Nain) 

exposed to 62-days water deficit condition. He came to the conclusion that, as 

compared to the irrigated plants, the non-irrigated plants had lower values of RWC, 

soil moisture, plant height, pseudostem circumference, leaf number, leaf area, leaf 

DW (dry weight), root DW, stomatal conductance, photosynthetic rate, transpiration 

rate, root-K, root-Mg and higher values of leaf Ca, Cl-, K, Na, Mg and root-Ca, Na, 

Cl-. However, water depletion did not modify the foliar and root nitrogen and 

phosphorus content [51]. 
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Colom and Vazzana evaluated the effects of DS (9 days of stress) on three cultivars of 

weeping lovegrass (Eragrostis curvula) i.e., Tanganyika, Ermelo and Consol, after 51 

days of their growth. They found that DS caused a reduction in the values of RWC, 

LWP, leaf area, photosynthetic rate and CO2 quantum yield. However, rewatering for 

5 days recovered RWC, water potentials and photosynthesis in cultivar Consol [52]. 

Roussos et al., found a decrease in growth parameters, stomatal conductance, carbon 

assimilation rate, chlorophyll and an increase in leaf sucrose concentration in the 

water stressed olive plants (Olea europaea L., cv. Koroneiki) while they were 

studying the effects of exogenous alleviating products; GB (glycine betaine), Ambiol 

and kaolin on the olive plants under DS [53]. 

Bennett et al., investigated the status of field grown peanut (Arachis hypogaea L.) 

during 28 days of stress period and came to the conclusion that DS brought about 

reduction in the values of RWC, LWP and leaf turgor potential [54].  

Zivcak et al., studied the drought tolerance of seven winter wheat varieties i.e., 

Viginta,  Arida, Alona, Eva, Pobeda, Stephens and Amerigo subjected to water deficit 

at the onset of anthesis in two years (2004 and 2005) in pot experiments and reported 

that water deprivation decreased the values of RWC and  performance index (PIabs) in 

both experimental years, whereas the photosystem-II photochemistry was almost 

unaffected until the application of severe water stress [55]. 

Saddique et al., subjected pot grown four cultivars of wheat i.e., Kanchan, 

Kalyansona, Sonalika and C306, to four levels of stress at different development 

stages and found  that water stress  was associated with lowering of RWC, soil water 

potential, photosynthetic rate and LWP but raising of canopy temperature at all stages 

of development studied [56]. 

Repellin et al., interpreted the drought tolerance and leaf membrane lipids in three 

cultivars of coconut palm (Cocos nuciferu L ) i.e., two dwarf cultivars, Cameroon Red 

Dwarf (CRD) and Malayan Yellow Dwarf (MYD) and one hybrid cultivar, Malayan 

Yellow Dwarf x West Coast Tall (PB 121) subjected to two levels of stress; moderate 

stress and severe stress and found that under the moderate stress, only the plants of 

CRD cultivars showed significant reduction in total leaf lipids while severe stress 

caused losses in total lipids in all these cultivars and with respect to loss of total leaf 
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lipids, they were ranked as CRD › MYD › CRD corresponding to 47 %, 30 % and 18 

% loss of total lipids respectively. They also studied the variation in the composition 

of fatty acid of total lipid contents of Cocos leaves and observed that in all cultivars, 

the content of fatty acid 16:0 (palmitic acid) increased under moderate stress in 

comparison to the control contents, however, it was not affected by severe stress and 

was comparable to that of the control value in all respective cultivars. The 

concentration of 16:1 (palmitoleic acid) decreased under severe stress in all cultivars. 

The content of 18:0 (stearic acid) increased largely in MYD, then in CRD and then in 

PB 121 under moderate stress while under severe stress it was decreased than the 

corresponding control values in MYD and PB 121 while slightly increased in CRD 

relative to its control. A reduction was noted in the 18:1 content under severe stress in 

all cultivars. 18:2 showed different behavior in the cultivars studied in response to 

different stress levels. In PB 12, 18:2 (linoleic acid) decreased proportionally under 

both levels of stress. In MYD, the moderate stress decreased its content (12.1 %) than 

the control value (14.1 %) but severe stress raised its concentration (20.0 %) even 

than that of control, while in CRD the relative concentrations of 18:2 were 12.2 % , 

9.2 % and 10.8 % under control, moderate stress and severe stress conditions 

respectively, reflecting its pattern of change in the said cultivar. Moreover, 18:3 

content was enhanced by severe stress in all the three cultivars [57]. 

 Ashraf and Iram imposed 45 days of DS condition on 15-days-old two leguminous 

species,  Phaseolus vulgaris and Sesbania aculeate and investigated that both species 

exhibited reduction in root fresh mass,  root dry mass, shoot fresh mass, shoot dry 

mass, leaf area per plant, shoot length, NRA (nitrate reductase activity) and  total 

soluble proteins,  in all the three parts of the plants studied i.e., leaves, roots and 

nodules while increase in  GB (glycine betaine) content was observed only in nodules 

of Sesbania  aculeate. No significant changes were noted in chlorophyll a, chlorophyll 

b and chlorophyll a/b ratio whereas, Pro and total free amino acid contents were 

increased in both species in all parts of the plants. In addition, transpiration rate, 

stomatal conductance, net CO2 assimilation rate and WUE (water use efficiency) were 

also declined under water deficit environment [58]. 

Manivannan et al., conducted a research study on five varieties of sunflower 

(Helianthus annuus L.) i.e., Agsun 110 (A-110), Asgrow 416 (SH-416), Asgrow SH 

3322 (A-SH 3322), Sunbred 275 (S-275) and Kaveri 618 (K-618)  exposed to water 

deficit for 40 days, after 30 days of sowing. They made the analysis of the plants 50 
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days after sowing (50 DAS) as well as 70 days after sowing (70 DAS) and found that 

50th DAS (under stress), all varieties of the sunflower, under study, showed an 

increase in the root length, but on 70th DAS, all stressed varieties showed a decrease 

in root length except K-618, which exhibited greater root length as compared to that 

of control. Reduction took place in chlorophyll a, chlorophyll b, total chlorophyll, 

carotenoids, total leaf area, stem length, whole plant fresh weight and whole plant dry 

weight in all stressed varieties both on 50th DAS as well as on 70th  DAS. On the other 

hand, an enhancement occurred in amino acids, GB, Pro and γ-glutamyl kinase 

activity in all parts of the plants (root, stem, leaf) at all levels of stress in all of the 

tested varieties [59]. 

 Manivannan et al., investigated that imposition of water deficit led to overproduction 

of amino acids, Pro, GB, activity of APX (ascorbate peroxidases), polyphenol oxidase 

activity, activity of CAT (catalases) and activity of SOD (superoxide dismutase ) in 

roots, stem and leaves of sunflower [60]. 

Simon-Sarkadi et al., evaluated the biochemical modifications induced in “wild 

type’’, “sense” and “antisense” transgenic soybean  [(Glycine max L., Merr cv. Ibis)] 

plants subjected to simultaneous water and heat stress at 4 stages; 10 days of  

preliminary stress, 4, 7 and 10 days of  subsequent stress designated as 10 DPS, 4 DS, 

7 DS and 10 DS respectively. They found that all these plants exhibited a reduction in 

RWC and the extent of reduction was increased with increasing intensity of the stress. 

The Pro and glutamine concentrations were increased while those of arginine were 

decreased as compared to the control plants. The concentration of aspirine was 

increased in wild type and sense plants on 10 DPS but decreased in antisense plants. 

On 4 DS, the antisense plants followed further reduction in aspirine concentration 

which was however, increased regularly with increasing stress intensity. Sense plants, 

on 7 DS, possessed the highest aspirine concentration. All of these plants showed 

profound increase in methionine (Met) concentration on 10 DPS but decrease on 4 

DS. The wild and sense genotypes showed regular reduction in Met content with 

increasing subsequent stress levels. A substantial enhancement was occurred in Ileu 

(isoleucine), Val (valine), Phe (phenylalanine), Thre (threonine) and Leu (leucine) 

concentration in all genotypes after 10 DPS and then after transient decrease on 

subsequent 4 DS, their concentrations were again increased regularly with increasing 

levels of stress [61]. 
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Gzik studied the changes induced by osmotic stress, salt stress and drought stress in 

(Beta vulagaris L.) and noted a dramatic reduction in fresh weight and growth rates 

under osmotic and drought stresses and an increase in Pro accumulation under all 

these conditions. Most of the free amino acids (except serine) were increased in 

concentration [62]. 

Anjum et al., withheld water supply on 25-days-old, two barley cultivars, Jau-87 and 

S-84728 for 9 days and found that both cultivars exhibited a reduction in the 

concentrations of sodium and potassium in shoot and root dry matters. Similarly, both 

cultivars showed reduction in chlorophyll a and total chlorophyll contents. A decrease 

was observed in chlorophyll “b” content in Jau-87 but it was enhanced in S-84728 to 

some extent [31]. 

Zhang et al., observed that water stress in  soybean (Glycine max L., cv. Ken 5) 

decreased chlorophyll content, plant biomass, height, seed yield, photosynthetic rate 

and LWP and increased Pro, soluble sugars, MDA (malondialdehyde), electrical 

conductivities and activities of POD (peroxidase) and SOD (superoxide dismutase) 

[63]. 

Li et al., detected the drought-induced changes in chlorophyll content, relative grain 

yield, maximum primary yield of photosystem II photochemistry (Fv / Fo), initial 

fluorescence (F0) and maximum quantum yield of photosystem II (Fv/Fm) in four 

genotypes; Arta, WI2291, Tadmor and Morocco9-75 in barley (Hordeurn vulgare L.) 

and came to the conclusion that all these parameters were negatively affected by DS 

[64].  

 Sanchez et al., suggested that DS brought about a reduction in the values of 

chlorophyll content, stomatal conductance and photosynthesis in maize cultivars. 

While, no effect was reported on the nitrogen content of leaves. Rewatering, however, 

recovered the control values [65]. 

 Alberte and Thorner assessed the effects of 8-days-drought stress on 55- days-old 

maize (Zea mays L., cv. Funk's 4808) and found that water stress led to sharp 

reduction in leaf water porential and chlorophyll content and these values were 

recovered upon rewatering the plants [66]. 

Rahman et al., used two cultivars of Corn (Zea mays L.); Baimisal-4 and Sunehry and 

found that water stress caused a reduction in root length, shoot length, root DM (dry 
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matter), shoot DM and leaf area and enhancement in the contents of carotene and total 

chlorophyll in both cultivars [67]. 

 Basiouny described that water stress caused wilting and retardation of leaf 

development, enhancement in stomatal diffusive resistance and non-structural 

carbohydrates and a reduction in total chlorophyll and photosynthesis rate in peach 

(Prunus persica L.) leaves [68]. 

Shahenshah and Isoda struggled to assess the changes induced by drought in cotton 

and peanut. They grew 5 cotton cultivars and 6 peanut cultivars under two levels of 

water supply; control (equal to 100 % daily transpiration) and water stress (equal to 

50 % daily transpiration) and reported that peanut experienced greater reduction than 

cotton in Fv/Fm, chlorophyll content and water content per unit leaf area (WCLA) 

and a larger increase in non-photochemical quenching and leaf temperature under low 

water availability. While, cotton showed more reduction than  peanut in leaf area and 

actual quantum yield of PS-II (ΔF/Fm) under water stress. Cotton exhibited a larger 

decrease in leaf area with a smaller decrease in the root dry mass which increased 

WCLA, while peanut exhibited higher root dry mass with a smaller decrease in leaf 

area under lower water supply condition. In addition, photo damage in PS-II was 

observed to occur more severely in peanut than in cotton under water stress [69]. 

Sikuku  et al., undertook a study on the effects of different regimes of irrigation on 

three cultivars of rice i.e., NERICA-2, NERICA-4 and NERICA-11 designated as N2, 

N4 and N11 respectively, and found that, with increasing the severity of water 

deficiency, the content of total chlorophyll and protein were decreased while the 

chlorophyll fluorescence parameters were not affected. N2 plants showed appreciable 

resistance to water deficit conditions as reflected by the data of the parameters, 

measured during the experiment [70]. 

Mafakheri et al., applied four irrigation regimes i.e., control, DS during vegetative 

stage, anthesis stage and vegetative & anthesis stage, to three chickpea varieties; 

Bivaniej, ILC482 and Pirouz. They studied that DS affected all the physiological 

parameters. The chlorophyll a, chlorophyll b and total chlorophyll contents were 

significantly declined under DS at vegetative stage as well as at anthesis stage. 
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stomatal conductance, transpiration and photosynthesis were decreased while Pro 

concentration was increased due to DS [71]. 

Bandurska worked on spring barley (Hordeum vulgare L.) to evaluate the effects of 

drought stress. Two pot grown barley genotypes, cv.  Line R567 and Aramir were 

subjected to 9-day-period of DS, when they were 65 days old. The two genotypes 

showed different responses to the stress treatment. The RWCs of the Line R567 and 

Aramir were declined to 46.7 % and 39.9 % respectively in relation to the control 

level of about 85-90 %. Pro accumulation was observed in Aramir almost as much as 

twice the concentration accumulated in R567, while membrane injury was showed in 

Aramir as much as half of that exhibited by R567 [72]. 

2.2 Experiments on Exogenous Application of Calcium (Ca2+) 

Ma et al., found that exogenous application of Ca+2 on spring wheat (Triticum 

aestivum L.) led to the enhancement of RWC and root-shoot ratio and alterations in 

the endogenous polyamine contents. The concentrations of spermine and spermidine 

were increased whereas the putrescine concentration was decreased. Further, the 

reproductive maturity was also delayed [73]. 

Zaman et al., conducted a hydroponic study on wheat (Triticum aestivum L., cv. 

Punjab 85), under controlled conditions, with the application of Ca2+ as 3 mM (milli 

mole) and 6 mM Ca(SO4).2H2O under non-sodic (0 mM NaCl, control) and sodic (50 

mM NaCl) environment. It was investigated that, under non-sodic condition, the fresh 

weight of the shoot was increased by 30 % with the supplementation of 3 mM 

Ca(SO4).2H2O, whereas,  it was decreased by 27 % with the application of 6 mM 

Ca(SO4).2H2O. The plants treated with 50 mM NaCl, showed a 2 % reduction and 

102 % increment, in shoot fresh weight, with the application of 3 mM and 6 mM 

Ca(SO4).2H2O respectively. The root fresh weights, without salinity, with the 

treatment of 3 mM and 6 mM Ca(SO4).2H2O were increased by 188 % and 31 % 

respectively, while, the application of 3 mM and 6 mM Ca(SO4).2H2O increased the 

root fresh weights by 73 % and 125 % respectively, under 50 mM NaCl treatment. 

Under non-sodic condition, application of 3 mM Ca(SO4).2H2O caused a 15 % 

increase and 6 mM Ca(SO4).2H2O caused a reduction of about 23 %  in the shoot 

DM. Under sodic condition, about 13 % and 75 % enhancements were observed in the 

shoot DM of the plants treated with  3 mM and 6 mM Ca(SO4).2H2O respectively. 
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Supplementation of 3 mM Ca(SO4).2H2O increased the root DM by 3 % , while 6 

mM Ca(SO4).2H2O decreased it under non-sodic environment. Under sodic 

environment, the root DM observed 12 % increase and 76 % decrease with the 

application of 3 mM and 6 mM Ca(SO4).2H2O respectively. The descending order of 

the shoot RWC was found as control, sodic, 6 mM Ca(SO4).2H2O without salinity, 3 

mM Ca(SO4).2H2O without salinity, 3 mM Ca(SO4).2H2O with salinity; while the 

descending  order for the root RWC was, 6 mM Ca(SO4).2H2O  with salinity, 3 mM 

Ca(SO4).2H2O with salinity, 3 mM Ca(SO4).2H2O, 6 mM Ca(SO4).2H2O, sodic, 

control. In both shoot and root, the application of 3 mM Ca(SO4).2H2O caused 

maximum increase in K+-concentration under non-saline condition. In shoot, the Ca2+-

concentration, was the highest (7.93 mg/g DM) in the control but it was lowest (1.53 

mg/g DM) in the sodic plants supplemented with 3 mM Ca(SO4).2H2O. In root, Ca2+ 

had the highest concentration (1.02 mg/g DM) under non-sodic condition and lowest 

concentration (0.10 mg/g DM) on application of salt. In shoot, the Mg-concentration 

was the highest (7.70 mg/g DM) in control and lowest (0.05 mg/g DM) for 6 mM 

Ca(SO4).2H2O with salinity. In root, the highest Mg-content (1.51 mg/g DM) was 

noted for 30 mM Ca(SO4).2H2O without salinity and lowest Mg-content (0.40 mg/g 

DM) was observed for 6 mM Ca(SO4).2H2O with salinity [74]. 

Li et al., studied the effects of external Ca2+ (10 mmol/L CaCl 2 and 40 mmol/L 

CaCl2) in improving the drought tolerance of liquorice cells (Glycyrrhiza uralensis 

Fisch), the DS being induced by 10 % PEG (polyethylene glycol). It was found that 

DS caused a significant reduction in FW and RWC but exogenous application of Ca2+ 

increased these two factors significantly, after 10-days stress. Further, the applied 

Ca2+ reduced the accumulation of MDA and H2O2 and enhanced the activities of 

CAT, POD and SOD in cells as compared to the untreated cells, under water stress. 

Total Ca2+ in the cells was increased by water stress, which was further increased upto 

about 0.3 and 0.7 fold by the application of 10 mmol/L CaCl 2 and 40 mmol/L CaCl2 

respectively, in stressed media. It was concluded that DS induced oxidative stress and 

the applied Ca2+ was able to improve the DS tolerance in liquorice cells and the effect 

Ca2+ was increased with an increase in its concentration [75]. 

Abdel-Basset studied the responses of bean plants (Vicia faba) exposed to water 

depletion after external application of Ca2+ as CaCl2. It was noted that fresh weight, 
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DW (dry weight), water content and chlorophyll contents were decreased by DS, 

however, supplemental-Ca2+ could improve all these factors. The percent leakage was 

greater in droughted plants as compared to that of control plants, however, application 

of Ca2+ could reduce the percentage leakage and protect the membranes from severe 

dehydration. Further, the influx of K+ and Ca2+ was increased by water stress but 

decreased by applied Ca2+. It was found that applied Ca2+  could sustain the growth 

criteria of water stressed plants mostly similar to or even higher than those of the 

control plants [76]. 

Wei et al., analyzed the leaves of grafted and non-grafted egg-plant (Solanum 

melongena) seedlings  supplemented with Ca2+ [80 mmol/L Ca(NO3)2] and observed 

a large reduction in the biomass production and increase in the percent electrolyte 

leakage, H2O2 and MDA contents and O2
●¯ producing rates of both grafted and non-

grafted plants after 15 days of Ca2+ treatment. In non-grafted seedlings, the activities 

of APX, POD and SOD were declined during the whole period of Ca2+ treatment, but, 

in grafted seedlings, the activities of APX, SOD and GR (glutathione reductase) were 

increased during the initial few days of treatment. Further, the contents of free Spd 

(spermidine), Put (putrescine), Spm (spermidine) and total polyamines were increased 

profoundly in both types of plants during the first 6 days of Ca2+ treatment [77]. 

Elbieta et al., assessed the growth responses of two maize varieties (Cyrkon and 

Limko) to salinity (60 mmol/dm3 NaCl) and supplemented-Ca2+ as 5 mmol/dm3 

CaCl2, CaSO4, CaCO3 and K+ as 5 mmol/dm3 KCl. It was determined that salinity 

caused a dramatic reduction in growth parameters of the maize varieties and no 

significant improvement was observed in growth parameters by the addition of 

external Ca2+ and K+ to the nutrient solution containing salt. However, a useful effect 

was visually noted for the addition of CaCl2. By the application of CaCl2, the leaf 

NRA was inhibited (50 % inhibition as compared to the plants treated with NaCl 

alone) in Cyrkon but increased (30 % in relation to the plants treated with NaCl alone) 

in Limko [78]. 

Nayek et al., examined the response of field grown rice (Oryza sativa L., cv. Ratna) to 

three different modes of Ca2+-treatment (10-2 M CaCl2) i.e., seed treatment, foliar 

spray and their combination, in the plant development period under both control and 

water-stressed conditions and found that the pretreatment of the seeds with exogenous 
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Ca2+ could improve the RWC of the plant and this effect was most profound at the 

vegetative stage. The foliar Ca2+-spray could improve the hydration status of the plant 

pre-dominantly at the reproductive stage, while the combined Ca2+-treatment was 

found to regulate the plant’s water status at both the stages of development i.e., 

vegetative and reproductive stage. All the three modes of Ca2+ treatment prevented 

the reduction in protein and chlorophyll contents and the rise of RNAse and protease 

activities, with the most prominent effect of the combined treatment. In addition, the 

rise of free Pro accumulation was also inhibited by the Ca2+-treatment [79]. 

Kaya et al., suggested that salinity (35 mM NaCl) decreased the chlorophyll, 

membrane stability, dry matter, water status and fruit yield in two cultivars of 

strawberry (Fragaria ananassa Dutch) i.e., Osa Grande and Camarosa. Exogenous 

Ca2+ (5 mM CaCl2), however, improved all these parameters. Salinity increased the 

Na content in both cultivars which was decreased by exogenous application of Ca2+. 

In addition, the concentration of Ca2+ was decreased by salinity stress which was 

corrected by Ca2+-application [80]. 

2.3 Experiments on Exogenous Application of Potassium (K+) 

Khan investigated the response of Brassica juncea L., cv. Pusa Bold, to applied K+ 

under control and water stressed condition and observed a significant enhancement in 

yield, Pro content, RWC, leaf-K content and NRA under both irrigated and DS 

conditions [81]. 

Umar pointed out that application of K+ in different concentrations led to proportional 

enhancement of RWC, seed yield, leaf-K concentration, biomass and harvest index in 

sorghum, groundnut and mustard, grown under normal and water deficit conditions. 

Water stress, however, decreased all these parameters [82]. 

Carroll  studied the effects of supplementation of four levels of K+  as 0, 10, 100 and 

124 mg/L on accumulation of six osmotically active solutes; Mg, Ca, K, sucrose, 

fructose and glucose and turgor potential of Kentucky Bluegrass leaves, grown in 

silica sand during two years i.e., 1992 and 1993 and found that the leaf  turgor 

potential (Ψt) was increased by 0.19 MPa in 1992 and  0.35 MPa in 1993 by 

increasing the exogenous K+ from 0 or 10 to 100 or 124 mg/L. On the other hand, 

increasing K+ supply from 10 to 100 mg/L resulted in decreased leaf osmotic potential 
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by 0.17 to 0.23 MPa in the two respective years. The leaf-K content was increased by 

19.4 mg/kg in 1992 and 20.0 mg/kg in 1993 by increasing the exogenous supply of K+ 

from 10 to 100 mg/L. A reduction was observed in tissue glucose and fructose 

concentration by increasing the supplied-K+ concentration. The contribution of K+ to 

osmotic adjustment was greater than the combined effect of all the solutes towards the 

osmotic adjustment [83]. 

Nandwal et al., evaluated the effects of moisture stress and exogenous-K+, applied in 

the form of KCl as 2.56 and 3.84 mmol/dm3 on pot grown plants of cv. MH-83-30 of 

mungbean (Vigna radiate L. Wilczek). The contents of RWC, LWP (Ψw) and osmotic 

potential (Ψs) were siginificantly reduced under reduced soil moisture. Application of 

K+ maintained higher RWC and (Ψw) of leaves and nodules and lower (Ψs) as 

compared to control plants. Further, higher values of ‘‘C’’ and ‘‘N’’were noted in 

roots, stem and nodules for K+-fed plants as compared to untreated plants. The K 

content was also increased in nodules and stem in plants treated with K+, irrespective 

of soil moisture content. The supplemented-K+ increased the dry masses of all parts of 

plants significantly [84]. 

Valadabadi and Farahani  conducted a field experiment on maize, sorghum and millet, 

under water stress and treatment with K+ in the form of K2O (200 kg/ha) and came to 

the conclusion that the K+-supplementation reduced the damaging effects of water 

stress by increasing the depth of root penetration [85]. 

Tuna et al., studied the effect of K+-application as 6, 9 and 12 mM K2SO4 applied 

through hoagland’s nutrient solution on melon plants (Cucumis melo L., cv. Tempo 

F1) under well-watered and water-stressed conditions. It was observed that, K+-

application increased RWC, total DM, shoot DM, root DM, chlorophyll and fruit 

yield under both irrigated and DS conditions. Among the nutrients studied, Ca and Zn 

were decreased in well-watered plants, while they were increased under water-

stressed condition supplemented with external K+. On the other hand, the contents of 

K and Mg were increased by the external potassium application under both irrigated 

and water deficit environment. It was concluded that exogenous-K2SO4 improved 

drought tolerance in melon plants by improving RWC, chlorophyll, DM, some 

nutrients and fruit yield [86]. 
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Egilla et al., proposed that K+-fertilization could improve drought resistance and root 

longevity in hibiscus (Hibiscus rosa-sinensis L., cv. Leprechaun), when they 

subjected these plants to external application of K2SO4 (as 0, 2.5 and 10 mM) through 

modified hoagland’s solution. It was revealed that in both irrigated and drought 

stressed plants, increasing K+-fertilization to 2.5 mM caused significant increases in 

root DM, shoot DM, leaf DM and relative growth rate. Regarding the nutrients 

concentration, under well-watered conditions, increasing K+-application regularly 

increased the Fe, Zn, P, Cu, K, B, Al and Mo contents with the exception of Mn 

content which was increased to a larger extent at 2.5 mM K than at 10 mM K as 

compared to that at 0 mM K. The N, Ca and Mg contents were, however, decreased 

by increasing supply of K+ under irrigated condition. Concerning the drought stressed 

plants; increasing K+ supply regularly enhanced Ca, P, Fe, Zn, K, Cu, Mn, B, Al and 

Mo, while the Mg content was increased at 2.5 mM K and decreased at 10 mM K. 

However, a reduction was found in N and Ca contents in the leaves of the plants 

treated with exogenous-K+ [38]. 

Mengel and Arneke suggested that in Phaseolus vulgaris, the osmotic potential was 

increased with an insufficient K+-supply. The pressure potential was decreased in the 

younger leaves and water potential was increased in the older leaves, with insufficient 

K+-supply. The cell size was smaller in younger leaves with low K+-supply, than the 

leaves with sufficient K+-supply. It was concluded that K+-application had beneficial 

impacts of water status, fresh matter production and plant growth [87]. 

2.4 Experiments on Exogenous Application of Nitrogen (N) 

Ogunlela et al., treated Brassica napus (cv. Callypso) with three N levels i.e., 30, 100 

and 170 ppm NH4NO3 during vegetative and reproductive stages and found that N-

supplementation improved  significantly the leaf expansion and chlorophyll levels 

during both growth stages upto 100 ppm N. They found that 100 ppm was the 

optimum level of N for Brassica napus. They observed better response of lamina 

areas of younger leaves N-supplementation as compared to the older leaves. They 

concluded that N-supply as 30 ppm was “inadequate” and 170  ppm “excessive” [88]. 

Liu et al., examined the response of control and water-stressed cotton (Gossypium 

hirsutum L.) plants to three levels of N-supplementation (0, 240 and 480 Kg N/ ha or 
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0, 4.5 and 9.0 g N/pot) and found that N-supplementation increased the DM 

production, N accumulation and leaf area and decreased the soil RWC under DS. N 

supplementation increased the CAT and POD activities but declined the activities of 

SOD at DS and at recovery. MDA content increased under DS, which was reduced at 

240 Kg N/ha. Similarly, supplemental N @ 240 Kg N/ha also improved the 

photosynthesis and root vigor. However, 480 kg N/ha was proved as harmful on plant 

drought resistance [89].  

Premachandra et al., supplemented four soybean cultivars; Lee+, Lee-, Tamahomare 

and T201, with two N levels @ 50 and 300 Kg N/ha under DS condition to assess the 

drought tolerance of soybean with N-supplementation. They found that higher N-

supplementation prevented the cell membrane injury, did not change the LWP 

significantly, decreased osmotic potential (only at higher N supply i.e., 300 Kg N/ha) 

and increased the solute concentrations such as sugar, K, Na, Ca, Mg and P (at higher 

N-supply) in leaves [90]. 

Saneoka et al., studied the response of creeping bent grass (Agrostis palustris Huds., 

cv. Pencross) to four levels of supplemental-N (2, 6, 10 and 20 g N/m NH4NO3) under 

DS condition. It was observed that N-supplementation increased the CMS (cell 

membrane stability) and turgor pressure and decreased the osmotic potential. The 

concentrations of tissue-N, K, Ca and GB increased and that of MDA decreased in 

water-stressed plants. It was concluded that higher N-supplementation contributed to 

drought tolerance by enhancing osmoregulation and CMS (cell membrane stability) 

[91]. 

Roosta and Schjoerring studied the effects of ammonium toxicity on cucumber 

(Cucumis sativus L., cv. Styx). The seedlings supplemented with exogenous-N in 

three different forms i.e., Ca(NO3)2.4H2O, (NH4)2SO4 (both as 1, 5, 10, 15 mM N) and 

Ca(NO3)2.4H2O+ (NH4)2SO4 as 5 mM N. It was observed that higher levels of N as 

(NH4)2SO4, decreased the seedling growth. The plants supplemented with (NH4)2SO4 

showed lower DM production as compared to the plants supplemented with 

Ca(NO3)2.4H2O. About 50-100  % of the transplanted seedlings died treated with 10 

and 15 mM (NH4)2SO4. The Ca(NO3)2.4H2O treatments did not cause significant 

difference in DW of the plants. The root:shoot ratio was lower in plants supplemented 

with (NH4)2SO4 with most prominent decrease at 5 mM and 10 mM concentration as 
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compared to the other two types of N-supplementations. Increasing supplementation 

of (NH4)2SO4 increased the free NH4
+ content in plant tissue. Supplementation with 

Ca(NO3)2.4H2O increased the accumulation of NO3
- in leaves, roots and stem but not 

in fruits. While, no NO3
- accumulation was caused with supplementation of 

Ca(NO3)2.4H2O + (NH4)2SO4. Total C and total N was higher in the leaves of plants 

supplemented with (NH4)2SO4 than the other two supplements. The carotenoids and 

chlorophyll contents were higher in the plants treated with (NH4)2SO4, but not at the 

higher N concentration. They found that the concentration of free amino acids 

increased with increasing supply of (NH4)2SO4 or Ca(NO3)2.4H2O. In the plants 

supplemented with (NH4)2SO4, Glu (Glutamine) was the most prominent amino acid, 

in addition to Arg (arginine). Among the nutrients studied, Ca2+ had higher 

concentration in the plants supplemented with (NH4)2SO4 or Ca(NO3)2.4H2O, 

however, increasing supply of (NH4)2SO4 decreased the Ca2+ in all parts of plant and 

Mg2+ in roots and fruits only. The P, S, Zn and Cu were higher in concentration in 

plants supplied with (NH4)2SO4 [92].  

Li et al., conducted a hydroponic experiment with rice seedlings (Oryza sativa L., cv. 

‘Shanyou 63’ hybrid indica China), supplemented with N by equal amounts of 

(NH4)2SO4 and Ca(NO3)2 in three different levels; low (20 mg/L), intermediate N (40 

mg/L), or high N (100 mg/L). It was observed that N-supply increased the leaf-N, 

shoot DM, leaf area, rubisco content, light-saturated CO2 assimilation rate, 

intercellular CO2 concentration, quantum yield, stomatal conductance, chloroplastic 

CO2 concentration, mesophyll conductance and chlorophyll [93] etc. 

Thus, in past, various results have been suggested regarding the imposition of DS on 

plants and the response of plants to supplementations of different minerals. To arrive 

at a logical conclusion, comprehensive research is needed in the area of DS which can 

lead us to better understanding in connection with the results of different 

supplementations. In the current experiment, the effects of exogenous 

supplementation of Ca2+, K+ and N have been investigated under both control and DS 

conditions. 
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Chapter- 3 

METHODS AND MATERIALS 

3.1 Plant Material and Growth 

The experiment was conducted at the Institute of Biotechnology & Genetic 

Engineering, Khyber Pakhtunkhwa Agricultural University Peshawar, Pakistan during 

February 2009 to August 2010. Seeds of Brassica napus. L., cv.  Bulbul-98 were 

sown in plastic pots filled with 5.5 Kg of silty clay loam soil and FYM (Farm Yard 

Manure) in ratio of 2:1. The seeds were provided by the Agricultural Research 

Institute, Tarnab Farm Peshawar. After few days of sowing, germination of these 

seeds took place and the seedlings began to emerge. The seedlings, after having been 

emerged, were irrigated regularly with almost equal amount of tap water on need 

basis. Thinning of the seedlings was continued in order to remove the unnecessary 

and extra seedlings from the pots. Five plants of uniform size were maintained in each 

pot.  

3.2 Treatment of Plants with Supplements 

After 30 days of the sowing of the seeds, the plants were arranged in groups for the 

desired treatments. The plants in the first group were taken as “control”. They were 

the plants without any supplementation. The rest of the pots were supplemented with 

the respective solutions. Calcium (Ca2+) was supplemented as 30, 60 or 90 mM (milli 

mole) solutions of Ca(NO3)2.4H2O (calcium nitrate tetrahydrate) denoted as 30Ca, 

60Ca and 90Ca respectively. Potassium (K+) was added as 50, 100 or 150 mM 

solutions of KNO3 (potassium nitrate); termed as 50K, 100K and 150K respectively. 

Similarly, because Ca2+ and K+ were provided in the form of nitrates, three 

supplementations of 30, 50 or 100 mM NH4NO3 (ammonium nitrate) [termed as 30N, 

50N and 100N] were also provided to check the changes due to the supplemental 

nitrogen. All the supplements were applied to the plants through irrigation water via 

growth medium, three times at alternate days. The pots were kept at equal distance 

from each other under the same climatic and meteorological conditions. 
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3.3 Imposition of DS (Drought stress) 

After supplementation, the pots were irrigated with equal amount of tap water for one 

week, after which DS was imposed by withholding irrigation water from half the pots 

in each treatment. Thus, in each group, half of the plants were provided with irrigation 

water regularly and the remaining half were deprived of water for the duration of 

about 10 days. Analyses were made after 10 days of imposition of DS. Each treatment 

was replicated at least three times and five pots were maintained in each treatment. 

3.4 Arrangement of Pots with Respect to Treatments 

The details of the treatments have been described in Table. 3.1. 

3.5 Irrigation Water Analysis 

Three samples of irrigation water were taken for physiochemical analysis. The 

average of the physiochemical properties of the water samples used for irrigation of 

the pots during the whole experiment is shown in Table. 3.2. 
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Table. 3.1. Pattern of treatments of pots with supplements 

S. No Treatments Treatments codes 

1 Control + Irrigation C+I 

2 Control + Drought stress C+DS 

3 Supplementation with 30 mM Ca(NO3)2.4H2O + Irrigation 30Ca+I 

4 Supplementation with 30 mM Ca(NO3)2.4H2O + Drought stress 30Ca+DS 

5 Supplementation with 60 mM Ca(NO3)2.4H2O + Irrigation 60Ca+I 

6 Supplementation with 60 mM Ca(NO3)2.4H2O + Drought stress 60Ca+DS 

7 Supplementation with 90 mM Ca(NO3)2.4H2O + Irrigation 90Ca+I 

8 Supplementation with 90 mM Ca(NO3)2.4H2O + Drought stress 90Ca+DS 

9 Supplementation with 50 mM KNO3 + Irrigation 50K+I 

10 Supplementation with 50 mM KNO3 + Drought stress 50K+DS 

11 Supplementation with 100 mM KNO3 + Irrigation 100K+I 

12 Supplementation with 100 mM KNO3 + Drought stress 100K+DS 

13 Supplementation with 150 mM KNO3  + Irrigation 150K+I 

14 Supplementation with 150 mM KNO3 + Drought stress 150K+DS 

15 Supplementation with 30 mM NH4NO3 + Irrigation 30N+I 

16 Supplementation with 30 mM NH4NO3 + Drought stress 30N+DS 

17 Supplementation with 50 mM NH4NO3 + Irrigation 50N+I 

18 Supplementation with 50 mM NH4NO3 + Drought stress 50N+DS 

19 Supplementation with 100 mM NH4NO3 + Irrigation 100N+I 

20 Supplementation with 100 mM NH4NO3 + Drought stress 100N+DS 
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 Table. 3.2. Physiochemical properties of water used for irrigation during the         

experimental period 

Property Value 

pH 7.37 

Conductivity (dS/m) 815.0 

TDS (ppm) 645.0 

TSS (ppm) 4.0 

Total hardness as CaCO3 (ppm) 296.0 

Calcium as CaCO3 (ppm) 220.0 

Magnesium as CaCO3 (ppm) 76.0 

Total alkalinity as CaCO3 (ppm) 300.00 

Phenolphthalein alkalinity as CaCO3 (ppm) Nil 

Chloride as Cl- (ppm) 27.50 

Sulphate as (SO4
-2) (ppm) 47.50 

Sodium as Na+ (ppm) 26.95 

Potassium as K+ (ppm) 2.40 

Nitrite as NO2  (ppm) Nil 
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3.6 Soil Analysis 

The soil analysis, performed by XRF spectrometry is shown in the Table. 3.3, below; 

     Table. 3.3. Chemical analysis of soil used for the germination of Brassica  napus L. seeds 

Parameter measured Value obtained (%) 

LOI (Loss on ignition) 8.84 

SiO2 51.55 

Al2O3 14.40 

CaO 10.46 

Fe2O3 6.42 

MgO 3.17 

K2O 3.17 

Na2O 0.82 

TiO2 0.77 

P2O5 0.22 

SO3 0.15 

MnO 0.11 

ZrO2 0.03 

Cr2O3 0.02 

SrO 0.02 

Cl- 0.02 
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3.7 Analysis of Samples 

The samples were tested for the following parameters; 

i. Rate of water loss from excised leaves (RWL) 

ii. Relative water content (RWC) 

iii. Hydrogen peroxide (H2O2) content 

iv. Membrane stability index (MSI) 

v. Proline (Pro) content 

vi. Activity of catalases (CAT) (EC: 1.11.1.6) 

vii. Activity  of ascorbate peroxidases (APX) (EC: 1.11.1.11) 

viii. Shoot fresh biomass (FM) 

ix. Shoot dry weight (DW) 

x. Total chlorophyll content 

xi. Protein content 

xii.  Minerals (Calcium, Potassium, Iron, Sodium, Magnesium, Nitrogen, Carbon, 

Sulphur and Phosphorus) contents 

xiii. Fatty acids concentration 

xiv.  Amino Acids profile 

3.7.1 Determination of RWL (rate of water loss from excised leaves) 

RWL was determined according to the method reported elsewhere [94]. Youngest 

fully expanded leaves were selected in each pot and their fresh weights were 

determined (W0). The leaves were then placed in a controlled environment at 25 °C 

and 50 % relative humidity for six hours. The leaves were removed and weighed at 2, 

4 and 6 h (W2, W4 and W6) and then placed for 24 h at 50 °C in an oven and 

reweighed (Wd). The RWL was calculated as follows; 

RWL = (W0– W2) + (W2-W4) + (W4-W6) ⁄ 3 × Wd (T2-T1) 

Where, T2–T1 is the time interval between the two subsequent measurements. 

3.7.2 Determination of RWC (relative water content) 

The RWC values of the samples were measured according to the method reported 

elsewhere [95]. The leaf samples (about 5-cm2 each) were taken in 15 mL falcon tubes 
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and their fresh weights (Wf) were measured immediately with an analytical balance. 

Then, these samples were completely immersed in deionized water and were placed at 

4oC in freezer for 24 hours in dark. After about 24 hours, the samples were taken out 

of the freezer, blotted dry with tissue paper and were weighed to get their turgid 

weights (Wt). Then, the samples were placed in oven for about 48 hours at about 70 

oC. After 48 hours, the samples were taken out of the oven and weighed to find the 

dry weight (Wd) of the respective samples. After finding all these weights, the values 

of the RWC of the samples were determined as, 

RWC  =  [(Wf– Wd) / (Wt –  Wd)] x 100 

3.7.3 Determination of H2O2 (hydrogen peroxide) content 

 i . Instrument used: 

Spectrophotometer (Bio Rad Smart Spec TM Plus, USA). 

 ii. Sample preparation: 

Using method reported in the literature [96], about 100 mg of leaf sample was ground 

and added with 0.5 mL 0.1 % Trichloroacetic acid (TCA) solution. Then, the sample 

was centrifuged for 15 minutes at 12000 rpm. The supernatant was collected and 

added with 1M potassium iodide (KI) and 100 mM Potassium phosphate buffer. The 

reaction was conducted in darkness for I hour and the absorbance was determined at 

390 nm. The H2O2 concentration was determined with the help of a standard curve 

developed with the known concentrations of H2O2.  

3.7.4 Determination of MSI (membrane stability index) 

 i. Instrument used: 

Conductivity meter Consort C-931, USA. 

 ii. Procedure: 

MSI was measured in terms of membrane electrolyte leakage according to the method 

[97]. 
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The samples were subjected to incubation for three hours in 5 mL de-ionized water 

with continuous shaking at about 25oC. Using the conductivity meter, the initial 

conductivity (Ci) of the respective samples was determined. The samples were then 

autoclaved for 30 minutes at 120 0C at 120 psi. The samples were allowed to cool 

down and their final conductivity (Cf) was noted. The following formula was used to 

determine the membrane stability of the respective samples; 

MSI (%) = [1 – (Ci/Cf)] × 100 

3.7.5 Determination of Pro (Proline) content 

 i. Instrument used: 

Spectrophotometer  (Bio Rad Smart Spec TM Plus, USA). 

ii. Sample preparation: 

Pro was determined according to the method of Bates et al., with minor modifications 

[131]. About 500 mg of plant material was frozen. In 1 mL of sterilized ion-free 

water, plant material was homogenized. The sample was centrifuged at 5,000 rpm and 

the debris was removed. About 100 μL of the extract was made to react with acid 

ninhydrin at 100 °C for 1 hour. The reaction was then terminated in an ice bath. The 

optical density was measured (at 520 nm) after mixing the reaction mixture with 

toluene. The Pro content was measured from a standard curve in the range of 0-20 

µg/mL of L-proline.  

3.7.6 Determination of activities of CAT (catalases) (EC: 1.11.1.6) 

 i. Instrument used: 

 Spectrophotometer  (Bio Rad Smart Spec TM Plus, USA). 

 ii. Procedure: 

The activity of CAT was determined following the method of Chandlee and 

Scandalios in a 2.0 mL reaction mixture consisting of 10 mM H2O2, 50 mM potassium 

phosphate buffer (pH=7.0) and the crude enzyme solution [98]. The H2O2 solution 
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was added and the reaction was initiated. The activity was measured by measuring the 

decrease of absorbance at 240 nm, as a result of the consumption of H2O2. 

3.7.7 Determination of activities of APX (ascobate peroxidases) (EC: 1.11.1.11) 

 i. Instrument used: 

 Spectrophotometer  (Bio Rad Smart Spec TM Plus, USA). 

 ii. Procedure: 

The activity of APX was measured following the method of Nakano and Asada with 

some modifications [99].  The crude enzyme and a reaction mixture consisting of 

0.25 mM ascorbate, 25 mM potassium phosphate buffer, 0.1 mM H2O2 and 0.1 mM 

EDTA was used. Using UV/VIS spectrometer, the oxidation of ascorbate was 

determined at 290 nm.  

3.7.8 Determination of shoot FM (fresh mass) 

The seedlings, after being harvested, were enclosed in aluminium foil and were 

immediately shifted to laboratory, where they were weighed on a digital balance. 

3.7.9 Determination of shoot DW (dry weight) 

The samples were placed in an oven for 48 hours at about 65 0C. When they became 

dried at constant weight, then their weights were measured with a digital balance. 

3.7.10 Determination of total chlorophyll content 

 i. Instrument used: 

Spectrophotometer  (Bio Rad Smart Spec TM Plus, USA). 

 ii. Chemicals used: 

  Acetone (analytical grade) 

 iii. Solution preparation: 

 For this process, 80 % acetone solution was prepared by dissolving 80 mL of acetone 

with 20 mL of distilled water. 
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 iv. Procedure: 

Total chlorophyll contents of the samples were measured by the method of Arnon 

[100]. 

About 300 mg of leaf samples were harvested from the plants and were placed 

immediately in liquid nitrogen. The samples were then homogenized in 3 ml of 80 % 

acetone solution. These homogenates were subjected to centrifugation at 15,000 rpm 

for 10 minutes at 4 0C. Supernatant from each sample was collected and the 

chlorophyll content was calculated by noting absorbance at 645 and 663 nm through 

spectrophotometer. 

3.7.11 Determination of Protein content 

Total protein was determined by multiplying the percent nitrogen content by a factor 

of 6.25 [101]. 

3.7.12 Determination of minerals contents 

The concentrations of Ca (calcium), K (potassium), Fe (iron), Na (sodium), Mg 

(magnesium), N (nitrogen), C (carbon), S (sulphur) and P (phosphorus) were 

determined.  

3.7.12.1 Determination of K, Ca, Fe, Na and Mg contents 

 i. Method used 

For the determination of Na, K, Ca, Mg and Fe contents, wet digestion method was 

used in accordance with AOAC (Association of Official Analytical Chemists) [102]. 

 ii. Instrument used:  

Double beam atomic absorption spectrophotometer (Model, AAS 700, company: 

Perkin Elmer, USA). 

iii. Procedure: 

 Samples were placed in oven at 65 0C for 48 hours for drying at constant weights. 

The dried samples were ground with pestle and mortar and about 0.5 g of sample was 
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taken in digestion flask. To it, 10 mL of concentrated HNO3 (nitric acid) (65 %) was 

added and was kept overnight at room temperature for digestion. Then, 4 mL of 

HClO4 (perchloric acid) (72 %) was added to it and was heated gently until a clear 

and colourless solution appeared. Heating was stopped when about 2-3 mL of solution 

was left. The solution was cooled, diluted upto the mark of 100 mL in deionized water 

and filtered into a volumetric flask and was used for analysis. 

3.7.12.2 Analysis of N, C and S 

 i. Method used: 

The analysis of N, C, S was carried out by the method of AOAC [103].  

 ii. Instrument used: 

Elemental analyzer  (Vario EL III CHNS-O, GmbH, Germany). 

 iii. Procedure: 

The Vario EL Elemental analyzer was used in CHNS mode. It worked according to 

the principle of catalytic tube combustion in an oxygenated atmosphere and high 

temperature. The sample was dried to a constant weight and about 2 mg of it was 

introduced into the system in tightly packed small tin vessel, where it was 

automatically subjected to complete combustion in a highly oxygenated atmosphere at 

high temperature. The elements were converted into their respective oxides. Using 

specific adsorption columns, the desired measuring components were separated from 

each other and determined with TCD (thermal conductivity meter). Helium (He) 

served as a career and flushing gas.  

 iv. CHNS Parameters  

The CHNS parameters have been shown in Tables. 3.4,  3.5 and 3.6. 
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     Table. 3.4. Temperatures during operation of  CHNS  EL analyzer 

Furnace 1 1150 0C 

Furnace 2 850  0C 

Furnace 3 0  0C 

CO2 Column 100   0C 

SO2 Column 210   0C 

SO2 Column, Stand by 140   0C 

 

   Table. 3.5. Timing observed during operation 

Flush 5 Sec 

O2 Delay 10 Sec 

Auto Zero Delay 30 Sec 

Integrated Reset Delay 25 Sec 

Peak Anticip. N 70 Sec 

Peak Anticip. C 100 Sec 

Peak Anticip. H 100 Sec 

Peak Anticip. S 80 Sec 

Integr. Reset. Delay S 70 Sec 
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  Table. 3.6. Thresholds during operation 

N Peak 3 mV 

C Peak 3 mV 

H Peak 5 mV 

S Peak 3 mV 

 

3.7.12.3 Determination of Phosphorus content 

 i. Method used: 

The Phosphorus content was measured by the spectrophotometric molybdovanado 

phosphate method as described in AOAC [103]. 

 ii. Instrument used: 

Spectrophotometer with 1 cm cell, Model: Hitachi, Japan. 

 iii. Sample Preparation: 

The samples were dried at 110 oC, crushed and ground. Then, a known weight of each 

sample was placed in china/porcelain crucible at 450 0C–500 oC and the ash was 

weighed and dissolved in a mixture of 1:1 HCl and HNO3. The solution was filtered 

and the volume make up was noted. 

 iv. Reagents 

a. Molybdovanadate reagent 

About 400 mL hot water was taken and 40 g ammonium molybdate.4H2O was 

dissolved in it and cooled. Then, in 250 mL hot water, about 2 g of ammonium 

metavenadate was dissolved, cooled and added with 450 mL of 70 % HClO4. The 

molybdate solution was gradually added to vanadate solution, stilled and diluted to 2 

L. 
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b. Phosphate standard solution 

Pure KH2PO4 was dried for two hours at 105 0C. Solutions were prepared containing 

0.1 mg increments by weighing 0.0767, 0.0959, 0.115, 0.1342, 0.1534, 0.1726 and 

0.1918 g of KH2PO4 and diluting each to 100 mL with distilled water. 

 v. Preparation of standard curve 

About 5 mL aliquots of 7 standard phosphate solutions were transferred to 100 mL 

volumetric flask and then 45 mL of distilled water was added to each solution. About 

20 mL of molybdovanadate reagent was added to each solution. Each solution was 

diluted to about 100 mL, mixed and allowed to stand for 20 minutes. The absorbance 

of each solution was noted at 400 nm on spectrophotometer and the absorbance was 

plotted against concentration in mg/mL standard solution and the same procedure was 

repeated for the test samples. 

3.7.13 Determination of free fatty acids contents 

 i. Method used:  

Determination of fatty acids was carried out according to the method described by 

AOAC [103]. Fatty acids present in samples were derivatized into their respective 

methyl esters and were separated in the form of FAMEs (Fatty acid methyl esters). 

 ii. Instrument used: 

GC-MS (gas chromatography mass spectrometer); Model: QP 2010 plus; Company: 

Schimadzu, Japan). 

iii.  Chemicals and Reagents used: 

a. Methanol: HPLC grade 

b. Boron triflouride solution: 10 % in methanol 

c. Hexane: HPLC grade 

d. Sodium chloride: saturated solution (36 gram NaCl/100 mL H2O) 
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e. Methanolic sodium hydroxide solution: 0.5 N (2.0 g NaOH/100 mL 

CH3OH). 

f.  A 37 component FAMES mixed standard (10 mg ampoule; Cat # 

47885U): purchased from sigma, was diluted to 10 mL with 

dichloromethane. 

 iv. Procedure for sample preparation 

A known weight of the sample was taken and ground in a glass tube. To it, about 1.5 

mL of 0.5 M MeOH-NaOH solution was added. The glass tube was sealed with 

Teflon lined cap and shaken thoroughly to mix the sample with the added solution. 

The sample was heated in boiling water bath at 100 0 C for 5 minutes. The hydrolyzed 

sample was cooled and 2.5 mL BF3–MeOH solution was added to it. The glass tube 

was sealed with cap again and was heated in boiling water bath at 100 0C for 30 

minutes with occasional shaking. The sample was then cooled and I mL of hexane 

was added to it. The glass tube was caped tightly and shaken vigorously to ensure 

complete extraction of fatty acids in hexane. To it, about 5 mL of saturated NaCl 

solution was added. The tube was tightly caped and agitated and was allowed to stand 

for some time until two layers were appeared in the glass tube, the upper hexane layer 

having extracted fatty acids and the lower aqueous phase. The hexane layer was 

transferred to another tube. To the remaining extract, again 1 mL hexane was added, 

caped and shaken to transfer another hexane layer to the tube. It was then filtered 

through 0.45 µm membrane filter. Finally, about 1 µL of the sample was used for 

injection into GC-MS system.  

v. GC-MS conditions 

a. Injector temperature: 240 0C 

b. Interface temperature: 240 0C 

c. Ion source temperature (EI): 250 0C 

d. Acquisition mode: Scan 

e. Pressure: 70 KPa 

f. M/Z: 85-380 

g. Column oven programming: 
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     The following Table. 3.7, shows the column oven programming.  

              Table. 3.7. Column oven programming used in GC-MS system 

Rate (0C/ min ) Temperature (0C) Hold (minutes) 

- 50 1 

15 150 0 

2.5 175 5 

2.5 220 5 

 

 h. GC programme time: 45.67 minutes 

 i. MS start time: 1.65 minutes 

j. Solvent cut time: 1.6 minutes 

 k. MS end time: 45 minutes 

 l. Split ratio: 1:50 

 m. Volume injected: 1µL 

 n. Column Specification: 

Treated polyethylene glycol (TRB-FFAP; Technochroma) (30 m × 0.35 mm, 

0.25 µm) 
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3.7.14 Determination of free amino acids contents 

i. Method used: 

Amino acids were extracted according to the method reported elsewhere [104]. The 

samples were then subjected to post column derivatization with OPA (O-

Phthaldehyde).   

ii. Instrument used: 

Na-type amino acid analysis system, HPLC based amino acid analyzer, LC-

20AD, Schimadzu, Japan. 

iii. Extraction of free amino acids 

Leaves were collected in field, placed in liquid nitrogen immediately and stored at -80 

0C in refrigerator to minimize protease activity. For extraction, the samples were 

gently cleaned and dried with paper towels. Fresh weights (0.2 to 0.5 g) of the 

samples were measured and then were placed in oven for about 24 hours at 40-50 0C 

to constant weight and reweight to obtain dry weights. Each sample was ground with 

a clean pestle and mortar in liquid nitrogen. The powdered sample was transferred to 

a 10 mL centrifuge tube and was vertexed after addition of 5 mL of 0.1 % HCl. The 

tube was centrifuged at 12,000 g for 5 minutes. The supernatant was filtered and 

stored in freezer (preferably at -80 0C) until use. 

iv. Preparation of mobile phase  

a. A-Mobile phase: 0.2 N sodium citrate (pH=3.20) adjusted by perchloric acid 

(HClO4: 60 %) including 7 % of ethanol. 

About 58.8 g of sodium citrate tribasic (Na3C6H5O7.2H2O; MW=294.10 g) was 

dissolved in 2.5 L distilled water. To this, 210 mL of ethanol and 50 mL of HClO4 

were added and the solution was shaken vigorously. To make the solution 3 mL, 

distilled water was added to it with vigorous shaking. The pH of this solution was 

measured and adjusted to 3.20 by adding HClO4 when necessary. The so formed A-

mobile phase was filtered using 0.45 µm membrane filter. 
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b. B-Mobile phase: 0.6 N sodium citrate (pH=10.0) and 0.2 M boric acid adjusted 

by 4.0 N of sodium hydroxide. 

About 58.8 g of sodium citrate tribasic and 12.4 g of boric acid were dissolved in 

about 800 mL of distilled water. The solution was shaken vigorously. About 30 mL of 

4 N sodium hydroxide aqueous solution was added to it. Distilled water was added to 

it to make 1 L of solution. The pH of this mobile phase was measured and adjusted to 

10.0 by adding 4.0 N sodium hydroxide. The mobile phase was then filtered using 

0.45 µm membrane filter. 

c. C- Mobile phase: 0.2 M sodium hydroxide. 

About 4.0 g of sodium hydroxide was dissolved in 450 mL of distilled water. Distilled 

water was added to make 500 mL of solution. This mobile phase was filtered using 

0.45 µm membrane filter. This solution was used for analysis without fine adjustment 

of pH. 

v. Preparation of reaction solutions: 

   a. Preparation of buffer solution: 

About 122.1 g of Na2CO3 was added to 2.5 mL of distilled water. About 40.7 g of 

H3BO3 was added to it. The solutions were shaken vigorously and the final volume 

was made upto 3 L by adding distilled water. Then, the solution was filtered using 

0.45 µm membrane filter. This buffer solution solution was used for reaction solution 

without fine adjustment of pH. 

b. Preparation of reaction solution-A: 

About 500 mL from the above buffer solution was taken and added to 0.2 mL of 

sodium hypochloride (NaClO: 7-10 %) solution. The solution was shaken vigorously 

and filtered with 0.45 µm membrane filter. 

c. Preparation of reaction solution-B: 

About 0.4 g of OPA was dissolved in 7 mL of ethanol. This ethanol solution was then 

added to 450 mL of the above buffer solution. To it, about 0.5 g of N-Acetyl cysteine 
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was added, shaken vigorously till all the crystals completely dissolved, followed by 

filtration with 0.45 µm membrane filter.  

vi. Amino acids standard used: Amino acids mixture standard solution, Type H,  

Wako, Code No. 013-08391 (5mL), 019-08393(1mL × 5A). 

vii. Instrument conditions: 

a. Detector used: Fluorescent detector (RF-10AXL). 

b. Excitation wave length: 350 nm 

c. Emission wave length: 450 nm 

d. Total time: 72 minutes 

e. Mode: Binary gradient (pump) 

f. Total flow: 0.5 mL/minute 

g. Column oven temperature: 60 0C 

h. LC time program: The LC time program is given in the Table. 3.8. 

3.8 Statistical Analysis 

The data were subjected to analysis of variance according to completely randomized 

design (CRD) using MS excel and when significant differences were noted, the 

treatment means were separated using least significant difference (LSD) test. 
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      Table. 3.8. LC time programming fixed in amino acid analyzer 

Time (minute) Pump A (%) Pump B (%) Pump C (%) 

0-14 100 0 - 

14-18 93 7 - 

18-21 90 10 - 

21-29 88 12 - 

29-38 70 30 - 

38-43 37 63 - 

43-48 0 100 - 

48-53 0 0 100 

53-59 100 0 0 

59-68 100 0 0 

68-72 100 0 0 
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Chapter-4  

RESULTS & DISCUSSION 

Plants are the organisms that survive in SPAC (soil-plant-atmosphere continuum) 

environment and they need to co-ordinate different types of mechanisms to react to 

any change in this environment for continued growth and sustainable yield. Water 

availability is one of the most important factors which affect the plant production. 

Water deficit in the soil environment greatly reduces the crop production as shown by 

the reduction in total grain yield in several countries of the world. Water is important 

for physiological reactions in plants and different physiological mechanisms are 

associated with the different supply of soil water. In addition to the physiological 

changes, water availability also affects plant mineral nutrition, thus determining the 

plant growth and development. Plant mineral nutrition is important not only for better 

growth but it also helps in mitigating the adverse effects of environmental stresses 

like DS. This chapter summarizes the results of the exogenous application of Ca2+ and 

K+; the two important nutrients, to the Brassica napus L. seedlings followed by 10-

days period of DS (drought stress), in the context of physiological and biochemical 

response. 

4.1 Physiological Response 

4.1.1 RWL (rate of water loss from excised leaves) of control and treated plants 

under I (Irrigated) and DS (Drought stress) conditions 

It was observed that the RWL of the control plants was about 63.06 ± 0.76 mg/g FW, 

which was reduced by supplementations of Ca2+ and K+ (Fig. 4.1). Water is one of the 

basic needs of living organisms, involved in numerous vital biological reactions due 

to its performance as a transport medium, solvent and evaporative coolant. Plants may 

avoid DS usually by minimizing loss of water (e.g., reduced leaves size, stomata 

closure) or maximizing the uptake of water (e.g., deep root growth to absorb water). 

In plants, water performs an additional service i.e., it provides the energy needed to 

drive the process of photosynthesis. Through autolysis, the water molecules split and 

release the electrons. These electrons are used to drive the photosystem-II reaction 

centre that yields energy. Under DS, the protoplasmic water is lost causing an 

elevation in concentration of ions including Cl- and NO3- which ultimately leads to the 
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inhibition of cell metabolic processes. It also leads to a phenomenon known as “glassy 

state” characterized by the development of a very highly viscous fluid in the cells. As 

a result, the molecular interactions are increased leading to membrane fusion and 

protein denaturation [105].  

At 30Ca [30 mM Ca(NO3)2.4H2O], the RWL was about 54.06 ± 0.35 mg/g FW, 

which was less than the control level by about 14.27 %. At the maximum Ca2+ 

supplementation (90 mM Ca(NO3)2.4H2O), the RWL was found to be about 48.99 ± 

0.28 mg/g FW representing about 22.31 % reduction in RWL as compared to control 

level. Externally applied-Ca2+ affects the cell osmotic adjustment under stressed 

conditions by interfering with cellular Ca2+. As a signaling species, Ca2+ is intimately 

connected to plant resistance to a wide variety of abiotic stresses. Special proteins 

known as “calcium signals decoding elements”, mainly control the Ca2+ signal 

pathways. These proteins are also responsible for Ca2+ transportation. The stomata 

aperture also depends upon Ca2+. Evidences reveal that ABA (abscisic acid) causes an 

elevation in [Ca2+]cyt (cytosolic free calcium concentration) in guard cells, which 

regulates the activity of stomata aperture [106]. It is therefore, supposed that [Ca2+]cyt 

reduces the stomata aperture. According to a research finding, Ca2+ regulates the 

stomata conductance directly through its role in ABA-induced signal transduction in 

guard cells. The calcium signals decoding elements also regulate the genes which are 

associated with the WUE (water use efficiency) of leaves. It is known that more than 

95 % of water moving through plants is lost through stomata and the large quantity of 

CO2 enters through stomata for the process of photosynthesis. Stomata work as 

miniature homeostatic sensory that sense various stimuli, thereby inducing guard cell 

shrinking or swelling, accompanied by the stomata movement i.e., opening and 

closing. As a result, WUE is optimized. WUE reflects the degree of the capacity of 

the plants to facilitate the CO2 influx at the cost of water loss.  

Application of K+ also reduced the RWL in the leaves of Brassica napus L. seedlings 

as compared to the control. The RWL changed from 55.76 ± 0.33 mg/g FW at 50K 

(50 mM KNO3) to 51.44 ± 0.46 mg/g FW at 150K (150 mM KNO3), which were less 

than the control seedlings by about 11.58 and 18.43 % respectively. Potassium 

increases the driving force for water uptake and hence performs an active role in 

osmotic adjustment by regulating the plant water status like on leaves, roots and 
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fruits. It was found that the photosynthetic efficiency was declined with declining 

supply of K+ in spinach roots [107]. Application of K+ promotes the water status and 

overall metabolism of plants by improving important physiological characteristics of 

plants such as RWC (relative water content), chlorophyll, Pro (proline) contents, NRA 

(nitrate reductase activity) and stomatal resistance [108]. The improved water 

relations in the seedlings supplemented with K+ could be due to the osmotic 

adjustment as well as more regulated stomata opening. 

Supplementation of NH4NO3 also affected RWL. It was shown that the RWL 

increased from 55.98 ± 0.23 mg/g FW at 30N (30 mM NH4NO3) to 65. 32 ± 0.37 

mg/g FW at 150N (150 mM NH4NO3). Our results for water losses from seedlings 

provided with exogenous-N are in close agreement with the previous findings of 

reduction in root growth, increase in certain diseases and high water use, associated 

with excessive use of N-fertilizers under dry conditions [109]. Furthermore, the net 

fluxes and tissue concentration of NH4+ and K+ are negatively correlated. Thus the 

enhanced susceptibility of NH4NO3-fed seedlings to drought could partly be due to 

the K+-efflux and low tissue concentration. The negative effect of applied N in 

Brassica napus L., in our experiment also confirms the investigation of Ashraf et al., 

who reported that increasing supply of N had a negative effect on the growth of pearl 

millet under DS condition [110].  
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Fig. 4.1. RWL of Brassica napus L. seedlings at C (control) condition and after different 

supplementations. The vertical lines on the bars represent the standard deviation. 

4.1.2 RWC (relative water content) of control and treated plants under I and DS 

conditions 

As revealed by the research under study, DS decreased the RWC of control seedlings 

from about 88.00 ± 5.00 % to about 59.00 ± 6.8 % (Fig. 4.2). Reduction in RWC 

under DS has been reported by other workers too, in different plants e.g., by Kumar et 

al., in tobacco, Patakas et al., in grapevines and Liu et al., in potato [49, 50, 97] etc. 

RWC relates the plants physiological traits to the level of DS tolerance as it is a stable 

yet a dynamic characteristic that is associated with the integration of the water 

balance of tissues over the periods of days and even weeks. At the initial stage of leaf 

development, the RWC is usually higher, but, it decreases when the leaf gets matured 

and the accumulation of DM (dry matter) has started. Under DS, the leaf temperature 

is increased due to the reduction in RWC, LWP (leaf water potential) and 

transpiration rate [56]. At low RWC, the cell volume and cell turgor decrease and the 

contents of cellular particles increase leading to lowered water potential and osmotic 

potential. Low cell turgor and RWC lead to impaired growth and stomata 

conductance. A number of changes in metabolism and physiology take place in 

mesophytes facing DS. These changes are concerned with the adjustment or 
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regulation of metabolism to the conditions within the cells. Improper regulation or 

metabolism often leads to cell damage and hence death. It has been suggested that 

regulation depends upon the particular species, environment and particular functions 

such as protein composition, changes in biochemistry and changes in cell, tissue, 

organ and whole plant structure. 

Application of exogenous supplements caused non-significant changes in RWC under 

I conditions. However, under DS conditions, considerable differences were noted in 

RWC values of treated seedlings as compared to the un-treated; control seedlings. The 

results showed that under DS conditions, after treating the plants with doses of 30, 60 

and 90Ca, the RWC were nearly 64.34 ± 7.0, 70.00 ± 3.0 and 74.00 ± 0.01 % 

respectively, which correspond to approximately 8, 19 and 25 % increases as 

compared to the RWC of DS plants without any supplementation (C+DS). It shows 

that Brassica napus showed an increasing trend in terms of RWC values in response 

to increasing supply of exogenous Ca(NO3)2.4H2O supplements under DS condition. 

Tuna et al., investigated that exogenous CaSO4 alleviated the RWC, membrane 

permeability, DW (dry weight) and some minerals of tomato under salinity stress 

[111]. Our results agree with those of Ma et al., who soaked the seeds of spring wheat 

(Triticum aestivum L., cv. Zhangye 8511) with 0.5 % CaCl2 solution before sowing 

and also sprayed the leaves with the same solution [73]. The present study suggests 

that the WUE and water holding capacity of leaves were improved by exogenously 

applied Ca2+. Our work also supports the finding of Mukherjee and Choudhuri who 

suggested that exogenous-Ca2+  (as 10-2 and 10-4 M CaCl2) increased the RWC, LWP 

(leaf water potential), chlorophyll and protein contents in cowpea (Vigna catjang), 

which were previously decreased under DS [112].  

The data showed that the plants treated with external K+, gave almost similar values 

of RWC under I condition. However, changes were noted in RWC values of the 

seedlings treated with exogenous K+ under DS conditions, as evident from the RWC 

values of 60.48 ± 7.77, 75.46 ± 3.06 and 83.00 ± 4.14 % at 50K (50 mM KNO3), 

100K (100 mM KNO3) and 150K (150 mM KNO3) respectively, showing increments 

of about 1.7, 27 and 40.7 % respectively, over that of C+DS seedlings. Thus, an 

increasing trend was observed in RWC of leaves of Brassica napus L. seedlings with 

increasing supply of external KNO3 before the imposition of DS. The positive effects 
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of exogenous-K+ on Brassica napus L. seedlings support the work of Umar, who 

found that K+-application improved the seed yield, biomass, RWC and leaf-K in 

sorghum, mustard and groundnut under normal as well as DS condition [82]. The 

increased RWC with K+-application has also been reported in other plants like, melon 

and mungbean [84, 86] etc. In fact, K+-fertilization to the plant growth medium 

promotes the root growth which in turn makes the roots explore the soil water 

efficiently. It increases the water holding capacity of tissues and hence leads to 

reduction in loss of soil moisture by decreasing the transpiration. It has been 

investigated that under DS condition, application of K+ improves the growth and 

development of roots, which utilize the soil moisture more strongly as compared to 

the plants under control condition. Thus, K+-treated plants have efficient capacity for 

water and nutrients uptake, thus, leading to greater stress tolerance. There is a positive 

and significant correlation between RWC and externally applied- K+ under all levels 

of DS. 

The plants treated with exogenous-N showed almost similar responses in terms of 

RWC at 50N and 100N under I condition, however relatively larger RWC value 

(about 93 ± 2.26 %) was observed at 100N under I condition which was about 5.7 % 

above that of seedlings without supplementation under I condition (C+I). Under DS 

conditions, increase in N application from 30N to 100N, showed a decreasing 

tendency in terms of RWC, giving the RWC values as 65.97 ± 4.65, 63.50 ± 1.98 and 

61.07 ± 1.47 %  respectively, although these values were greater than C+DS seedlings 

by approximately 10.2, 6.8 and 3.4 % respectively. Though, the plant’s responses to 

either exogenous N or DS have been studied but less work has been done on the 

interaction of these two conditions applied together to plants and the available 

information related to this area in the literature is also controversial. It has been 

suggested that N had an indirect impact on plant water relations i.e., through 

carbohydrate metabolism. Low N-nutrition of plants is associated with high contents 

of soluble carbohydrate and lower LWP and under DS, this osmotic aspect of N 

deficiency serves to maintain the leaf turgor.  
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Fig. 4.2. RWC of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.1.3 Hydrogen peroxide (H2O2) content of control and treated plants under I and 

DS conditions 

The H2O2 content of C+DS plants was greater (26.33 ± 03.20 µmol/g FW) than that of 

C+I plants (5.91 ± 1.4 µmol/g FW) showing the induction of oxidative stress due to 

the imposition of DS. The results showed that DS caused accumulation of H2O2 (as 

one of ROS) to the extent above 345.2 % as compared to the control plants (Fig. 4.4). 

The overproduction of H2O2 under DS, in the experiment under investigation is in 

consistency with Shehab et al., who also investigated overproduction of H2O2 in 

stressed rice plants (Oryza sativa L.) [113]. In plants, aerobic metabolism involves 

continuous production of ROS (reactive oxygen species) like H2O2, .OH etc., in 

various cellular sites such as peroxisomes, mitochondria, chloroplast and cell wall. 

There is a system of enzymatic and non-enzymatic antioxidant mechanisms in plants 

that maintains a balance between the generation and utilization of ROS. However, DS 

and other environmental stresses (Fig. 4.3) lead to overproduction of ROS, thus 

disturbing the balance between ROS production and removal. ROS can potentially 
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lead to cell death by attacking membrane lipids, accelerating lipid peroxidation, 

disrupting metabolic enzymes and destroying nucleic acids [34]. 

As an important ROS, H2O2 has earned much attention during the past few decades.  

A large number of evidences suggest that, at low concentration, H2O2 plays beneficial 

roles under adverse environmental condition. It is a key regulator in a large variety of 

physiological processes including cell cycle, stomatal movement, senescence, 

photosynthesis and photorespiration, cell growth and development [34]. It acts as a 

second messenger and a signaling molecule and increases the plant’s tolerance to 

environmental stresses. It has been studied that H2O2 modulated the signaling 

activities of many species like protein phosphatases, protein kinases and transcription 

factors. It has been called a ‘master hormone’ by Slesak et al., for it controls various 

physiological adjustments and stress responses [114]. 

The H2O2 contents at 30Ca+I, 60Ca+I and 90Ca+I were measured out to be 6.53 ± 

1.38, 7.52 ± 0.59 and 8.00 ± 0.84 µmol/g respectively. At 30Ca+DS, 60Ca+DS and 

90Ca+DS, the tissue H2O2 levels of Brassica napus were 19.96 ± 2.39, 13.61 ± 1.73 

and 9.27 ± 0.28 µmol/g respectively which show approximately 24, 48 and 64 % 

reduction in H2O2 contents as compared to that of the plants at C+DS condition. It 

was thus found that under DS condition, application of Ca(NO3)2.4H2O supplements 

suppressed the accumulation of H2O2 to a significant extent reducing the generation of 

ROS. 

Our result of decrease in H2O2 production in Ca2+-treated seedlings is in accordance 

with Li et al., who reported a reduction in H2O2 production in liquorice plants treated 

with external Ca2+ (as 40 mmol/L CaCl2) under DS [75]. It is well documented that 

Ca2+ is a ubiquitous second messenger involved in a large variety of cellular 

processes. For the H2O2 induction, Ca2+ and proton influx are supposed to be 

important and sufficient, which are mainly caused by variations in plasma membrane 

permeability [115]. It is believed that Ca2+-influx is necessary for H2O2 production, as 

it enhances Ca2+-dependent cellular responses associated with anion and K+-efflux. 

Ca2+ inhibitors, which control the cytosolic Ca2+ concentration, have been found to 

delay the endogenous H2O2 accumulation. In a study on Arabidopsis, it was studied 

that both Ca2+ and H2O2 were involved in signaling cascade resulting in stomata 
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closure [115]. Ca2+/CaM regulates the H2O2 homeostasis and stimulates the CAT 

activity in plants, thereby downregulating plant’s H2O2 level [116]. 
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Fig. 4.3. Agents causing production of ROS 

Brassica napus L. seedlings showed significant response in terms of H2O2 content, to 

applied KNO3 under DS condition. It was found that with application of 50, 100 and 

150 mM KNO3, the tissue H2O2 concentrations were respectively, 23.28 ± 2.53, 16.87 

± 2.02, 13.96 ± 1.11 µmol/g under DS condition which represent about 11.48, 35.85 

and 46.92 % reduction, respectively, in H2O2 content in comparison with that of 

seedlings at C+DS condition. Thus, exogenously applied K+ also proved to alleviate 

oxidative stress by overcoming the excessive generation of H2O2 in the seedlings of 

Brassica napus. It is accepted that H2O2 level is increased in plants deprived of K+. 

The accumulation of H2O2 occurs in the root’s discrete region which is involved in the 

uptake and translocation of K+. During stomata closure, the activity of K+ channel is 

inhibited and the cytosolic alkalinization is induced in guard cells by H2O2 [117]. 
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The data of H2O2 contents obtained for the seedlings supplemented with exogenous 

NH4NO3 gave quite different results under DS condition. With the supplementation of 

30N, 50N and 100N, the tissue H2O2 contents were about 20.04 ± 2.09, 27.60 ± 2.59 

and 32.48 ± 2.52 µmol/g  respectively. Thus, increasing supply of exogenous N, from 

30N to 100N, had enhancing effect on tissue H2O2 level of Brassica napus L. 

seedlings under DS condition. As evident from the data, 100N caused maximum 

oxidative effect raising the tissue H2O2 concentration to a level higher than the control 

seedlings exposed to DS condition. It is also worth mentioning, that almost no effect 

was observed on tissue H2O2 level in response to exogenous NH4NO3 application 

under I condition. 

 

Fig. 4.4. H2O2 content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation 

4.1.4 MSI (membrane stability index) of control and treated plants under I and DS 

conditions 

MSI was calculated by measuring the EL (electrolyte leakage) of samples. MSI is a 

better technique to assess the degree of cell membrane damage caused by abiotic 

stresses, since this is relatively rapid, simple and repeatable techniques and requires 



68 
 

inexpensive equipment. The data of MSI obtained in the current investigation 

disclosed that the plants exposed to DS suffered from greater damage to cell 

membranes showing greater membrane rupture and hence greater   EL. It was evident 

from the lower value of MSI i.e., 55.62 ± 3.07 % in C+DS plants as compared to that 

of plants under C+I condition i.e., 92.59 ± 1.36 % (Fig. 4.5). Thus, a reduction of 

about 39.92 % was brought about in MSI of the control plants after the imposition of 

DS showing a membrane damaging effect of DS. This increased membrane injury 

under DS is in accordance with the findings of Slama [20]. The cell membranes were 

damaged by the imposition of DS as they are the prior targets of abiotic stresses. The 

important aspects of drought tolerance in plants include the maintenance of stability 

and integrity of membranes. Reciprocal to cell membrane injury is the CMS (cell 

membrane stability), which is an important physiological parameter used extensively 

for the drought study. Loss of water from membrane, damages the bilayer structure 

producing porosity in membrane when desiccated. It displaces the membrane proteins 

which lead to disturbance in cellular compartmentalization, loss of enzyme activity, 

membrane integrity and selectivity. Further, the activity of cytosolic and organelle 

protein is also reduced or even completely denatured [118]. The membranes of 

chloroplast are particularly sensitive to oxidative stress damage cause by the 

excessive accumulation of ROS.  

The exogenously provided supplements had almost no varying effect on MSI of the 

irrigated seedlings irrespective of the nature of the salt supplied and MSI values 

similar to that of C+I seedlings were obtained with the supplementation of the salts 

under study. It was, however, noted that under DS condition, the seedlings were 

affected by the external addition of the supplements in terms of MSI. At 30Ca+DS, 

60Ca+DS and 90Ca+DS, the average values measured for MSI of Brassica napus L. 

seedlings were observed to be about 61.32 ± 4.49, 73.08 ± 5.78 and 80.13 ± 3.22 % 

respectively. It shows that addition of the said doses to the growth medium increased 

the MSI of the seedlings by 10.24, 31.39 and 44.06 % respectively over that of C+DS 

seedlings. It shows that exogenous Ca(NO3)2.4H2O  tended to contribute towards the 

protection of the membranes of Brassica napus L. seedlings from being damaged by 

DS. In agreement with our results, Kaya et al., suggested that supplementary Ca2+ (as 

5 mM CaCl2) ameliorated the osmotic stress by increasing the MSI, FW (fresh 

weight), DW (dry weight), fruit yield, water used by plant and chlorophyll contents in 
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two cultivars of strawberry (Fragaria ananassa Dutch) grown in pots [80]. 

Exogenous Ca2+ also prevented the membrane leakage in beet roots (Beta vulgaris L.) 

induced by high temperature [119]. Ca2+ plays a big role in regulation of ion transport 

and selectivity, stabilization of cell membrane structures and maintenance of 

functional and structural integrity of membranes of plant cells. It plays an important 

role in enzyme activities and ion-exchange behavior. Ca2+ as a second messenger is 

involved in growth and development, signal transduction and many physiological and 

biochemical metabolic processes in plants [120]. It increases the MSI by preventing 

the cell membrane injury and membrane rupture and improving the cell membrane 

structure under stresses. Yang et al., reported that, under DS condition, cell membrane 

integrity could be maintained by the higher concentration of Ca2+ and this effect was 

the function specific to Ca2+ [121]. Ca2+ activates the plasma membrane enzyme 

ATPase. It serves to return the nutrients lost in cell injury during the period of DS 

[122]. Similar to the results of the current research, exogenous-Ca2+ was found to 

increase drought resistance in soybean (Glycine max L.) [121]. Evidences suggest that 

Ca2+ decreases lipid peroxidation of cell membranes and increases antioxidant 

enzyme activities. It is also involved in regulation of stomata aperture and guard cells 

turgor. 

Under DS conditions, applied KNO3 was also associated with protection of 

membranes shown by MSI of 62.67 ± 3.78, 67.98 ± 3.28 and 75.5 ± 5.34 % at 

50K+DS, 100K+DS and 150K+DS respectively, corresponding to an increment of 

about 12.67, 22.22 and 35.74 % over that of seedlings under C+DS condition; while 

under I condition, almost similar MSI values were obtained for the K+-treated 

seedlings. In an investigation on maize, the exogenous application of K+ was found to 

enhance the drought tolerance mainly because of enhancing CMS [123]. Our results 

support the work of Premachandra et al., [123]. 

It was noted that under I condition, the seedlings treated with exogenous-N, had 

almost similar MSI values as control. However, DS caused damage to cell membranes 

of the Brassica napus L. seedlings treated with NH4NO3 solutions and a greater 

damage to cellular membranes was caused at 100N shown by MSI of 44.94 ± 6.74 %  

which is even greater damage than that caused by DS alone i.e., with no 

supplementation (C+DS). It was noted that cellular damage was enhanced with supply 
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of increasing concentration of NH4NO3 supplements. It was further investigated that 

no supplementation under DS condition could increase the MSI of the seedlings upto 

the control level. Our results partly agree with Saneoka et al., who suggested that 

under I condition, the CMS was not affected by exogenous N, however, under DS 

condition, the CMS was increased with higher N-supplementation [103]. They 

concluded that levels of N-supplementation reduced cell damage, enhanced turgor 

maintenance and osmotic adjustment. Unlike our results, Premachandra et al., 

reported increased CMS with higher N-supplementation [90]. 

 

Fig. 4.5. MSI of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.1.5 Pro (Proline) content of control and treated plants under I and DS conditions 

According to the results of the current experiment, DS caused an increased 

accumulation of Pro (9.15 ± 0.74 µmol/g FW) as compared to that of control leaves 

(02.00 ± 0.18 µmol/g FW) under I condition with no supplementation (C+I) (Fig. 

4.6). These results support the findings of increased concentration of Pro under low 

soil moisture levels, by many workers such as Mafakheri et al., and Manivannan et 

al., in different crops [59, 71]. In a very recent research conducted by Anjum et al., on 
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soybean, a large increase was observed in Pro concentration under DS [124]. Plants 

produce different osmoprotectants during environmental stresses which provide 

protection to the cellular components from the expected consequential injuries under 

stresses. Among them, Pro is the most important compatible solute, which is an amino 

acid and is produced in profound amounts in plants during a wide range of 

environmental stresses, thereby providing energy to the plants for survival and growth 

during environmental stresses.   

Pro can act as an osmolyte and enables the plants to sustain the stress, playing an 

important role in osmotic adjustment. It contributes to the detoxification of ROS, 

stabilization of sub-cellular components like membrane, proteins etc., buffering of 

cellular redox potentials and scavenging of free radicals under limited water supply. 

Its work as a protein compatible hydrotrope has also been determined. It plays an 

important role in alleviation of cytoplasmic acidosis and stabilization of 

NADP+/NADPH ratio in accordance with metabolism [125]. Thus, Pro is considered 

as one of the suitable criteria for selection of plant species and varieties tolerant to 

environmental stresses. Recovery of plants from stress is accompanied by the rapid 

break down of Pro which provides several reducing agents that promote 

mitochondrial oxidative phosphorylation and production of ATPs, thereby helping the 

plants to repair the damages caused by stress and to get recovered from the stress 

situation. It can also provoke the expression of genes that respond to salt stress. The 

plants that are genetically engineered are capable of producing larger amounts of Pro 

and hence acquire the capability of tolerating adverse environmental conditions like 

DS and salinity [126]. In response to water or salinity stress, Pro is normally 

accumulated in cytosol, where it aids in the cytoplasmic osmotic adjustment [127]. In 

plants, L-glutamic acid is the precursor for biosynthesis of Pro. Two enzymes, P5CS 

(pyrroline-5-carboxylate synthetase) and P5CR (pyrroline-5-carboxylate reductase ) 

are involved in Pro biosynthesis as shown below [128]. 
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Several evidences provided the idea that the correlation between the Pro accumulation 

and stress tolerance might not be universal. For instance, in salt-stressed rice plants, 

Pro was accumulated in leaves as one of the symptoms of salt injury, not an indication 

of salt tolerance [129]. Similarly, in sorghum genotypes, Pro generation appeared as a 

reaction to salinity stress rather than a tolerance response [130]. While, in another 

investigation on rice, greater amount of Pro was accumulated in sensitive cultivars as 

compared to the tolerant ones [129]. However, a comprehensive inquiry is to be 

undertaken to study if the correlation between the Pro accumulation and stress 

tolerance is species-specific or may be subjected to alteration by experimental 

conditions. Presently, the positive correlation is supported by the vast majority of 

evidences. 

The seedlings treated with the supplementations of Ca2+, K+ and N under I condition, 

gave almost similar concentrations of Pro as that of C+I seedlings. However, under 

DS conditions, the Pro contents were affected. Increased Pro concentrations were 

shown by the stressed seedlings as 14.16 ± 1.50, 17.79 ± 0.45 and 23.93 ± 0.98 

µmol/g FW at 30Ca, 60Ca and 90Ca treatments, respectively, which were larger than 

that of C+DS seedlings by 54.64, 94.42 and 161.53 %, and that of C+I seedlings by 

608.0, 789.50 and 1096.50 % respectively. Other evidences suggest that Ca2+ 

increased the concentrations of Pro and GB, reduced the membrane injury and 

improved the hydration status and growth of seedlings, thus alleviating the adverse 

effects of stress [131-133]. However, increase in free Pro content in stressed seedlings 

with the Ca2+-addition, in our experiment does not support the investigation of Nayek 

et al., who discovered that Ca2+-addition (foliar) prevented the accumulation of free 

Pro in stressed field-grown rice (Oryza sativa L., cv. Ratna) [79].  

At 50K+DS, 100K+DS and 150K+DS, the Pro contents were about 10.96 ± 0.97, 

11.15 ± 0.46 and 11.15 ± 0.73 µmol/g respectively which were, though close to that of 

C+DS seedlings, but greater than that of C+I seedlings by 448, 457.5 and 457.5 % 

respectively. As can be seen from the data, supplementation of 100K and 150K had 

similar effect on tissue-proline content under DS condition giving same Pro 

concentration i.e., 11.15 µmol/g FW. Our finding of increased Pro level with K+-

supplementation is in accordance with Nandwal et al., who also reported increase in 

Pro content with external K+ addition [84]. However, it is different than the findings 
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of Tuna et al., who found that Pro level was reduced in melon (Cucumis melo L., cv. 

Tempo F1) under both I and DS conditions with increasing K+-supply (as K2SO4) at 

6, 9 and 12 mM treatments [86]. 

The stressed seedlings treated with 30N and 100N showed similar response to the said 

supplementations giving almost similar Pro concentrations of about 10.96 ± 0.47 and 

10.27 ± 0.42 µmol/g FW respectively, while a concentration of about 12.13 ± 0.28 

µmol/g FW was recorded for the tissue-proline of the stressed plants supplemented 

with 60 mM NH4NO3 solutions which is larger by 32.56 and 506.6 % than that of the 

seedlings under C+DS and C+I conditions respectively. The work of Neuberg et al., 

revealed that Pro contents were increased in mixture of plants grown in pots treated 

with three different supplements i.e., NH4SO4, Ca(NO3)2 and NH4NO3, supplied alone 

according to conventional and CURTAN (controlled uptake long term ammonium 

nutrition) method, with more profound effect in the latter method [134]. 

 

Fig. 4.6. Pro content of Brassica napus L. seedlings at C (control) condition after different 

supplementations under and DS conditions. The vertical lines on the bars represent the standard 

deviation. 
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4.1.6 CAT (catalases) activities of control and treated plants under I and DS 

conditions 

The data recorded for the CAT activities, in the present research, suggested that DS 

induced an enhancement in the antioxidant enzymes activities in the tissues of 

Brassica napus L. seedlings, shown by the CAT activity of about 81.06 ± 2.55 nmol 

H2O2/mg protein/min which is about 82.2 % greater than the C+I seedlings (44.5 ± 

1.32 nmol H2O2/mg protein/min) (Fig. 4.7). These results strongly support the 

investigation of Shehab et al., with rice plants [113]. Unlike our results, Abedi and 

Pakniyat observed reduction in CAT activities in ten cultivars of Brassica napus L. 

used in their experiment except the two cultivars; Zarfam and Licord, exposed to DS 

at 60 % and 30 % FC (field capacity) [135]. In agreement with our results, sofo et al., 

found that, with increasing severity of DS, the activities of CAT and APX were 

increased in olive plants (Olea europaea L., cv. Coratina) [136]. Plants possess 

enzymatic i.e., CAT, APX, SOD (superoxide dismutase), GR (glutathione reductase), 

POD (peroxidase) etc., and non-enzymatic (anthocyanins, flavanones, ascorbic acid, 

carotenoids etc.) antioxidant systems to keep the ROS production under control. 

Sufficient amount of evidences have revealed that SOD is responsible for the 

conversion of O2
- to H2O2 and O2 while CAT and APX convert H2O2 to H2O and O2 

[137]. CATs are tetrameric iron porphyrins, catalyzing the conversion of H2O2 to H2O 

and O2 through a redox reaction as follows; 

2 H2O2 → 2 H2O + O2 

CAT has been found to have higher turnover rate and one CAT molecule can 

dismutate about 6 million H2O2 molecules to H2O and O2 in one minute. About 12 

isoenzymes have been studied in Brassica. According to a research report, CAT reacts 

with some hydroperoxides too, besides its reaction with H2O2 [138]. In addition, high 

light condition has also been found to increase the CAT activity in Dragon Spruce 

(Picea asperata) seedlings under DS [139]. The CAT activity was also increased in 

Cassia auriculata seedlings under UV-B stress [140]. Contrarily, the combined 

stresses of salinity and water deficit led to a reduction in CAT activity in Chinese 

liquorice (Glycyrrhiza uralensis) seedlings as reported by Pan et al., [141]. 
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Almost similar CAT activities were shown by the plants treated with the supplements 

of exogenous Ca2+, K+ or N under I condition, while changes in CAT activities were 

observed under DS conditions.  

Addition of Ca(NO3)2.4H2O supplements progressively increased the CAT activities 

under DS condition shown by the observed values of 89.1 ± 1.50, 92.00 ± 2.52 and 

105.46 ± 2.70 nmol H2O2/mg protein/min at 30Ca+DS, 60Ca+DS and 90Ca+DS 

respectively which were greater than the C+DS seedlings by 9.91, 13.49 and 30.1 % 

and than the C+I seedlings by 100.2, 106.74 and 136.98 %  respectively. The 

enhanced antioxidant activities, with increasing Ca2+ supply in Brassica napus L. 

seedlings, supports the findings of Li et al., who suggested that Ca2+ application could 

increase the antioxidant activities in liquorice cells exposed to 10-days period of DS 

[75].   

 

Fig. 4.7. CAT activity  of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

Moreover, Jiang and Huang suggested that exogenous Ca2+ (10 mM CaCl2) addition 

could help maintain higher CAT activity in two cool-season grasses under heat stress 

[142]. While working on the water stressed Vigna seedlings (Vigna catjang), 
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Mukharjee and Choudhuri found that Ca2+-application (10-2 M CaCl2) increased the 

activities of all enzymes except CAT, which exhibited an increase as compared to the 

stressed seedlings with no Ca2+-treatment [112]. 

The stressed plants treated with 50K, 100K and 150K showed almost similar CAT 

activities of 82.1 ± 1.11, 82.76 ± 1.89 and 83.6 ± 2.05 nmol H2O2/mg protein/min 

respectively. Though, these are similar to that of C+DS seedlings, yet greater than the 

C+I seedlings by 84.5, 85.97 and 87.86 % respectively. Our result of increased 

antioxidant enzymes activities with K+ supplementation under DS, does not agree 

with that of  Soleimanzadeh et al., who discovered that in sunflower leaves, K+-

supplementation decreased the antioxidant enzyme activities at all irrigation levels 

[143]. 

Decreasing trend was observed in CAT activities in stressed plants treated with 

NH4NO3 doses. The CAT activities measured for the plants treated with 30N+DS, 

50N+DS and 100N+DS were 87.46 ± 1.65, 79.4 ± 1.01 and 76.33 ± 1.88 nmol 

H2O2/mg protein/min respectively which were greater than the C+I plants by 96.54, 

78.43 and 71.53 % respectively. As the data revealed, among the NH4NO3 

supplements, only 30N showed an enhancing effect on CAT activity above the level 

of C+DS seedlings (by 7.89 %). These results are in contradictory with those of Liu et 

al., who suggested that N supplementation significantly increased the CAT activities 

in cotton plants under both I and DS conditions [89]. They, however, concluded that 

increasing N-supply (480Kg N/ha) had negative effects on plant drought resistance. 

4.1.7 APX (ascorbate peroxidases) activities of control and treated plants under I 

and DS conditions 

It was investigated that DS significantly increased the APX activity of Brassica napus 

L. seedlings to about 6.11 ± 0.14 nmol AsA/mg protein/min as compared to 3.36 ± 

0.18 nmol AsA/mg protein/min measured in the irrigated seedlings under control 

condition showing approximately 2-fold increment in the stressed seedlings (Fig. 4.8). 

Moradshahi et al., subjected 9 cultivars of Brassica napus L. to PEG (polyethylene 

glycol)-induced DS and found that APX activity was higher in tolerant cultivars in all 

stress treatments, although the DS did not cause significant variations in leaf APX 

activity [144]. In accordance with our results, DS was found to increase the APX 
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activity in Picea asperata and Picea vulgaris [139, 145]. It is though that APX plays 

the most important role in detoxifying the harmful effects of ROS not only in higher 

plants but also in euglena, algae and other organisms. The APX family contains 

various isoforms e.g., gmAPX (glyoxisome membrane form), tAPX (thylakoid form), 

sAPX (chloroplast stroma soluble form), cAPX (chloroplast soluble form) etc., [146]. 

All these forms have been reported to catalyze the conversion of H2O2 to H2O and O2 

in order to protect the cells from harmful effects of ROS. APX has more affinity to 

scavenge H2O2 than CAT. Different stresses enhance the APX activity.  

The supplementations did not affect significantly the APX activities of the seedlings 

under I condition and all the irrigated seedlings treated with either Ca(NO3)2.4H2O, 

KNO3 or NH4NO3 showed almost similar APX activities as that of C+I seedlings. 

However, some changes in APX activities were found under DS condition in response 

to exogenously supplied salt solutions.  

The APX activities measured for the seedlings under the conditions; 30Ca+DS, 

60Ca+DS and 90Ca+DS were 7.12 ± 0.36, 8.37 ± 0.42 and 10.55 ± 0.6 nmol AsA/mg 

protein/min respectively. These APX activities were larger than the C+DS seedlings 

by 16.53, 36.98 and 72.66 % and then C+I seedlings by 111.90, 149.10 and 213.98 % 

respectively. The increased APX activity with exogenous-Ca2+ supports the findings 

of Amor et al., who suggested that APX activity was increased with increasing 

addition of Ca2+ to the salt-stressed halophyte Cakile maritime [147]. In fact, Ca2+ 

regulates NAD kinase and ∆1-pyrroline-5-carboxylase synthetase [148]. In plants, 

calcineurin-B-like proteins and calcium dependent protein kinases calmodulin have 

also been known as evident candidates for primary decoders of cytoplasmic calcium 

oscillations and changes in these proteins may be the involved in enhancing the 

antioxidant activities under Ca2+-treatment. Some evidences have also shown that the 

effect of exogenous-Ca2+ on APX activity depends upon the plants. Thus, Hernandez 

et al., found that Ca2+-supplementation rather decreased the APX activity in anger 

plants (Cydonia oblonga), but increased the APX activity in loquat plants (Eribotria 

japonica) exposed to salinity stress [149].  

The APX activities of about 6.90 ± 0.37, 7.27 ± 0.58 and 8.19 ± 0.69 nmol AsA/mg 

protein/min were obtained for the seedlings at 50K+DS, 100K+DS and 150K+DS 
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conditions respectively with the maximum effect at 150K+DS (34.04 % VS C+DS 

and 143.75 % VS C+I).  

Exogenous-N had almost similar effects on APX activities as that of C+DS seedlings 

shown by the APX activities of about 6.25 ± 0.46, 6.49 ± 0.39 and 5.93 ± 0.39 nmol 

AsA/mg protein/min respectively. Though, these were higher activities as compared 

to C+I seedlings. 

 

Fig. 4.8. APX activity of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.1.8 Shoot FM (fresh biomass) of control and treated plants under I and DS              

conditions. 

According to the results of the present experiment, the above ground fresh biomass of 

the non-supplemented seedlings under control and irrigated condition (C+I) was about 

25.84 ± 1.45 g which was decreased to about 13.50 ± 0.63 g after the imposition of 

DS (Fig. 4.9). It shows that DS caused about 47.75 % reduction in shoot FM of the 

seedlings. Loss in shoot FM is one of the common adverse effects of DS in plants. 

Tahir and Mehdi obtained similar results of reduced biomass in sunflower genotypes 

subjected to DS [150]. Siddiqui et al., found that FM was reduced when DS and salt 
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stress were applied together to Brassica napus genotypes [151]. DS generally causes 

stomata closure, reduction in LWP, lowering of water content, impaired cell 

enlargement finally leads to restricted plant growth. Plants under water stress usually 

tend to reduce their growth rate and biomass production in order to increase the 

absorption and decrease the consumption of water and to maintain high R/S (root, 

shoot ratio) by promoting the root growth and root biomass [152].  

Under I condition, supplementation of the seedlings with the Ca2+ and K+ solutions 

decreased and N solutions increased the shoot FM. However, the effect of these 

supplementations was reversed under DS condition. At 30Ca, the FM values were 

28.37 ± 1.26 and 14.19 ± 1.58 g under I and DS conditions respectively, which were 

greater than the respective control values. The FM values observed at 60Ca+I and 

60Ca+DS conditions were 26.76 ± 0.95 and 14.33 ± 0.59 g respectively. This shows 

that as compared to 30Ca application, the 60Ca application has caused less increase in 

FM under I and greater increase under DS condition. At the application of higher 

doses of Ca2+ i.e., 90Ca, under I and DS conditions, the FM were 24.45 ± 0.81 and 

16.64 ± 0.03 g respectively. Thus, the largest FM value of the DS conditions (under 

Ca2+-treatment) was given by the seedlings supplemented with 90Ca i.e., 16.64 g 

which is even greater than the C+DS seedlings by 23 %. It was found that, with the 

application of Ca2+, the seedlings showed a decreasing trend under I condition and an 

increasing trend under DS conditions in terms of shoot FM values. Increase in FW 

and RWC with exogenous-Ca2+ has also been reported by Li et al., [75]. Our results 

also confirm the work of Abdel-Basset who investigated that DS resulted in decreased 

FM, DW, RWC and chlorophyll content, however, they were increased by 

exogenous-Ca2+ [153]. Application of Ca2+ promoted the growth of Brassica napus L. 

seedlings as it increased RWC and protected the membranes from severe dehydration. 

It has been studied that Ca2+ regulates many plant processes including cell polarity, 

thigmotropism, cell elongation, gravitropism, photomorphogenesis and stress 

responses. In addition, its signaling function has been found to be very important and 

almost every process in plant which involves cell to cell communication is dependent 

on Ca2+. The plant’s signaling processes are concerned with special putative parallels 

between initial guard cell signaling and both the phytochrome-induced signaling and 

initiation of defense responses [154].  
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Application of K+ also affected the shoot FM of the seedlings under both irrigation 

conditions. At 50K+I and 50K+DS, the shoot FM values, as were obtained from the 

present experiment, were about 26.40 ± 0.48 and 16.27 ± 1.08 g respectively, showing 

about 2.16 and 20.51 % increases as compared to those of corresponding control 

conditions. Supplementation of higher doses of K+ showed decreasing trend in shoot 

FM values under I condition while the opposite trend was observed under DS 

conditions. Thus, the FM noted for 150K+I and 150K+DS were 23.90 ± 0.49 and 

16.83 ± 1.07 g respectively which represent about 7.50 % reduction and 24.66 % rise 

in shoot FM values than those of the corresponding control values. The positive effect 

of K+-application on Brassica napus growth, in our experiment is in accordance with 

the findings of Mengel and Arneke, who found that applied-K+ had beneficial effects 

on plant growth especially on FM of Phaseolus vulgaris [87]. The positive effects of 

applied-Ca2+ and K+ on stressed Brassica napus L. in the present research resemble 

the findings of Akinci and Simsek, who found that supplemented calcium nitrate and 

potassium nitrate positively affected the growth of salt-stressed cucumber embryos 

[155].  

The shoot FM values were affected by exogenous application of N also. The FM 

values at 30N+I and 30N+DS were about 27.83 ± 1.32 and 13.86 ± 0.96 g, showing 

respectively about 7.70 and 2.66 % enhancement in FM values over the control 

seedlings under corresponding conditions. The FM of I seedlings showed increasing 

trend while that of DS seedlings first increased, then decreased with increasing supply 

of N from external source. Thus, the largest FM resulted at 100N+I i.e., 29.54 ± 0.72 

g, greater than that of C+I by about 14.31 % while 100N+DS declined the FM value 

to about 11.69 ± 0.28 g, lower than C+DS by about 13.40 %. These results can be 

compared with the findings of Nielson and Halvorson who found that increasing 

supply of N had inhibitory effect on winter wheat under severe DS condition [156]. 

Kazemeini et al., reported increased FM in canola fertilized with four levels of N (0, 

50, 100 and 150 kg N/ha) [157]. Previous research provided diverse reports regarding 

the plant responses to supplemental-N. Some evidences show that exogenous 

supplementation of N alleviated the effects of DS in plants by improving 

osmoregulation and WUE and minimizing the cell membrane damages [91]. Also, no 

significant interactions between N-application and DS for root DW, root/shoot ratio, 

root length, average root radius and N flux have been investigated [158]. In sophora 



81 
 

(Sophora davidii) seedlings subjected to DS, low N-supply (92 mg N/kg soil) 

increased the FM but higher N supply (184 mg N/kg soil) decreased it under I and DS 

conditions [159]. Excess N-supplementation may thus be toxic to plants.  

 

Fig. 4.9. FM of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation 

4.1.9 Shoot DW (dry weight) of control and treated plants under I and DS 

conditions 

According to the results of the present experiment, the DW of the C+I seedlings was 

5.05 ± 0.21 g/seedling, which declined to about 2.95 ± 0.11 g under C+DS condition 

(Fig. 4.10). It shows that DS caused a reduction of 41.58 % in DW of the control 

seedlings. Our result of decreased DW under DS supports the findings of Gupta and 

Sheoran, who also reported reduction in DW in Brassica species under DS [160]. 

Under DS condition, the reduction in shoot DW may be due to the decrease in cell 

turgor pressure and chlorophyll contents and efficiency. The reduction in FM and DW 

of stressed shoots shows that water has a role in regulating and stimulating the 

photosynthetic enzymes which has an impact on FW and DM (dry matter)  production 

[47]. Sangtarash et al., studied that the photosynthetic rate and DM of individual plant 
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decreased under DS due to the biochemical restrictions under DS and declined 

photosynthetic pigments, particularly chlorophylls [161]. Under DS, the productivity 

of plants is strongly associated with the processes of temporal biomass distribution 

and DM partitioning. It has been suggested that DS increased the length and quantity 

of functional roots and the biomass allocation to roots. One of the responses of 

Brassica napus L. to DS is that it sheds off leaves to minimize the transpiration loss 

of water and transfer the assimilates to the roots to promote their water and nutrients 

uptake capacity. This has also been observed in a study on cotton (Gossypium 

hirsutum L.), where shoot DM, shoot N-accumulation, root DM, root N-accumulation 

and leaf area were all decreased under DS [89].  

Applied supplements affected the DW under both I and DS conditions but to non-

significant extents as compared to the control. The DW measured at 30Ca+I and 

30Ca+DS were about 5.15 ± 0.16 and 3.10 ± 0.15 g respectively, showing about 1.78 

and 4.74 % increment in DW over the control seedlings under I and DS conditions, 

respectively. At 60Ca+DS and 90Ca+DS, the DW as recorded were about 3.19 ± 0.10 

and 3.38 ± 0.01 g respectively, showing about 8.13 and 14.23 % increment as 

compared to that at C+DS condition. The DW values observed for all the treatments 

of Ca2+, under both I and DS conditions were higher than those of the corresponding 

control conditions. Thus, a positive correlation existed between Ca2+ application and 

DW under both I and DS conditions. In agreement with our result Kaya et al., also 

reported increased DW in two strawberry cultivars exposed to salinity stress, in 

addition to increase in FW, membrane stability and chlorophyll contents [80]. Tuna et 

al., also suggested similar results [111]. 

The results revealed that increase in K+-supply from 50K to 150K increased the shoot 

DW under both I and DS conditions in comparison with the respective control 

conditions, but to a non-significant levels. At 50K+I, 100K+I and 150K+I, the DW of 

the shoots were calculated to be about 5.22 ± 0.08, 5.29 ± 0.14 and 5.43 ± 0.26 g 

respectively. It shows that the said supplements of K+ have increased the DW by 3.16, 

4.75 and 7.32 % respectively over that of the seedlings under C+I condition. 

Similarly, the same supplements of K+, under DS conditions have increased the DW 

of Brassica napus L. seedlings by 8.47, 12.88 and 16.27 % respectively, in 

comparison with that of seedlings under C+DS condition. Thus, under both 
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conditions; I and DS, a positive correlation was established between applied-K+ and 

DW of seedlings of Brassica napus. These results support the findings of Tuna et al., 

who suggested that application of K+ (K2SO4) as 6, 9 and 12 mM, increased the DW, 

FM, RWC and chlorophyll of melon (Cucumis meloL., cv. ‘Tempo F1’) under both I 

and DS conditions [86]. Egilla et al., also found that increasing supply of K+ as 0, 2.5 

and 10 mM K2SO4 increased the shoot DM, root DM and leaf DM under both I and 

DS conditions [38]. It has been suggested that K+ drives water into the xylem tissues 

from the surrounding cells. It regulates the root pressure and translocation of solutes 

from roots to the shoots. The leaf turgor, which plays an important function in cell 

metabolism, is lost as a result of K+-deficiency.  

It was investigated that 30N increased DW but 50N (only I) and 100N (both I and DS) 

again decreased it. At 30N, the DW were about 5.48 ± 0.23 and 3.07 ± 0.27 g under I 

and DS conditions respectively showing about 8.31 and 4.06 % rise in DW as 

compared to those of C+I and C+DS seedlings. A quite negative correlation was 

found between 100N supplementation and shoot DW of seedlings under both I and 

DS conditions. Hence, DW was decreased by 3.36 and 4.47 % under I and DS 

conditions respectively with the supplementation of 100N. It must be mentioned that 

50N+I had the same effect as that of 100N+DS. It is also worth mentioning that, 

under all treatments (Ca2+, K+ and N), the values of DW were smaller under DS 

conditions than those under I conditions. It means that no treatment could raise the 

DW to the level as that of C+I. In winter wheat, low doses of exogenous-N could 

increase the grain yield under mild DS while higher doses of N were found to be 

detrimental under severe DS [156]. Thus, it is now clear that exogenous application of 

N in higher amounts does not always alleviate the adverse effects of DS in plants. 
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Fig. 4.10. DW of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.1.10 Total chlorophyll content of control and treated plants under I and DS 

conditions 

According to the results obtained from the present experiment, it was studied that the 

total chlorophyll content of C+I seedlings was 1199.67 ± 19.66 µg/g FW which 

decreased to 696.67 ± 17.62 µg/g FW in C+DS seedlings (Fig. 4.12). It shows that DS 

caused a reduction of about 41.92 % in the total chlorophyll content of leaves as 

compared to that of control and irrigated seedlings without any treatment of 

supplements. This result agrees with that of Din et al., who also found chlorophyll 

reduction in five cultivars of Brassica napus i.e., Oscar, Shirale, 19H, Rainbow and 

Con-II, under DS in a pot experiment [9]. Our results also agree with the work of 

Wang et al., who reported the chlorophyll degradation and membrane damage in 

stressed maize seedlings as compared to unstressed seedlings [162]. Stress-induced 

reduction in chlorophyll contents has been reported by many workers like Mafakheri 

et al., [71] etc. 
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It is well established that plant’s growth and survival depend upon photosynthesis and 

the characteristics related to photosynthesis such as chlorophyll content, 

photosynthetic rate and chlorophyll fluorescence etc., are strongly affected by 

environmental stresses. In plants, the photosynthetically active radiation is absorbed 

by chlorophyll and other pigments. Change in chlorophyll contents is used to assess 

the stress effects on plants and recent investigations reported that the chlorophyll 

contents are reduced under DS because of their fast breakdown or slow synthesis. 

Therefore, the determination of chlorophyll content is considered as one of the 

important parameters to evaluate the degree of water stress, effects of water stress on 

plants and plants tolerance to stress. Evidences have proved that, in relation to 

environmental stresses, the chlorophyll fluorescence parameters have a strong 

correlation with the whole plant mortality and hence they may be regarded as reliable 

and useful indicators for stress evaluation. The photosynthetic apparatus of plants is 

generally considered to be drought-resistant, at least under moderate DS. However, 

evidences have revealed that imposition of drought stress for a long period of time can 

result in certain biochemical and morphological changes in plant leaves [164]. 

Further, under long-term DS, the photorespiration rate is significantly increased, 

which is a protective mechanism, usually working for the dissipation of excessive 

energy. The loss in chlorophyll may be attributed to the construction of proteolytic 

enzymes e.g., chlorophyllase, which causes degradation of chlorophyll as well as 

photosynthetic apparatus. Manivannan et al., reported a large reduction in chlorophyll 

a, b and total chlorophyll content in different sunflower varieties exposed to DS [72]. 

Under DS, ROS are produced that damage the chloroplasts and hence the chlorophyll. 

The photosynthetic rate decreases under DS as RWC decreases.  Production of ABA 

is one of the early adaptive responses of plants to DS. ABA is a plant growth hormone 

and it regulates the induction of stomata closure to reduce the evapo-transpirational  

water loss from plants under DS. It decreases the CO2 inflow into leaves and spares 

more electrons to generate ROS. The fall in transpiration rate gives rise to an increase 

in the quantity of heat that can be dissipated. 

Plants exposed to environmental factors may suffer from leaf senescence. Leaf 

senescence is a highly regulated process that may lead to death. Leaf senescence 

involves change in leaf color which may be attributed to the chlorophyll degradation. 
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It usually ends with the leaf abscission which is the point of leaf death. In senescing 

leaves, the cellular components undergo highly organized degradation processes 

[165]. The products of the degradation processes are then transferred to reproductive 

or growing parts of the plant as their nutrients [166]. In the Fig. 4.11, a mode of the 

drought-induced leaf senescence has been presented showing three main phases of 

leaf senescence; initiation phase, re-organization phase and termination phase [167]. 

Exogenous-Ca2+ affected the total chlorophyll content under both conditions i.e., I and 

DS with more effect in the latter case than in the former. It was determined that the 

total chlorophyll contents of the well-watered plants treated with 30Ca, 60Ca and 

90Ca were 1216.00 ± 14.00, 1218. 67 ± 26.03 and 1198.67 ± 26.63 µg/g FW 

respectively. The total chlorophyll contents of the plants under DS condition after 

treatment with the said supplements of Ca2+ were calculated to be 946.33 ± 23.71, 

1006.33 ± 19.66 and 1088.67 ± 10.79 µg/g FW which were respectively 35.83, 44.44 

and 56.26 % enhancement in the total chlorophyll content as compared to that of 

C+DS seedlings. Thus, with increasing supplementation of Ca(NO3)2.4H2O, the total 

chlorophyll content was found to follow an increasing trend under DS condition. 

 

Fig.  4.11. Schematic representation of three phases of leaf senescence (CKs; Citokinins) 
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Abdel-Basset also reported similar results with Ficia faba, but Tanaka and Tsuji  

found that application of Ca2+ as CaCl2 after 6 hours illumination, resulted in 

inhibition of chlorophyll accumulation and with Ca2+ at 40 mM and higher, the 

chlorophyll accumulation was almost completely inhibited [76, 168]. The increase in 

chlorophyll contents with exogenous Ca2+ supplementation has also been reported by 

Kaya et al., and Jiang and Huang [80, 142] etc. Application of Ca2+ retards the 

oxidative metabolism and other deteriorative changes in the seedlings facing DS and 

senescence. It also delays leaf senescence of plants exposed to DS, by preventing the 

degradation of protein and chlorophyll and checking the tissue permeability as 

compared to the control and stressed plants. The early symptoms of leaf senescence 

include the deterioration of chloroplasts and chloroplast is the site of more than half of 

the leaves Ca2+ content. In responses to environmental stresses, various genes get 

upregulated in many plants which alter the metabolic activities, as an adaptation to 

alleviate the effect of stresses. The receptors located on the membranes of the plant 

cells, perceive the stress signal followed by the downstream transduction of the signal 

information. As a result, many stress responsive genes are activated, inducing the 

plants adaptive or stress tolerance responses. The responses may also lead to growth 

disruption or even cell death depending upon the nature of genes up or down 

regulated in response to the stress [169].  

It was also found that chlorophyll content was increased with supplementation of 

exogenous K+ under both I and DS conditions. The positive effect of exogenous K+ on 

total chlorophyll content of Brassica napus L. seedlings was revealed from the 

increasing values of chlorophyll contents i.e., 1207.33 ± 19.66, 1213.00 ± 20.66 and 

1223.67 ± 21.59 µg/g FW after the supplementation of 50, 100 and 150 mM K+ 

respectively under I condition, which are 0.63, 1.11 and 02.00 % increment in the 

total chlorophyll content of the leaf tissue under control condition, irrigated regularly 

with no supplementation of exogenous salt solution. Whereas, under DS conditions 

and with the same supplements, the total chlorophyll contents of the leaf tissues were 

measured to be 925.00 ± 21.00, 988.00 ± 12.50 and 1033.33 ± 8.02 µg/g FW 

respectively showing 32.77, 41.86 and 48.32 % increment in the leaf total chlorophyll 

content of the seedlings under control condition subjected to DS condition with no 

exogenously supplied salt solution. It shows that the total chlorophyll content of 

Brassica napus L. seedlings increased with the increasing supply of exogenous 
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supplements of KNO3 under both condition i.e., I as well as DS. Under DS condition, 

K+ regulates the stomata functioning, osmotic potential and cell turgor which lead to 

better crop yield. The positive effect of exogenous-K+ on stressed Brassica napus L. 

and other plants may be associated with its role to maintain the stroma pH  and protect 

the chloroplasts from photo-oxidative damage. The protective role of applied-K+ on 

chlorophyll content of Brassica napus L. seedlings, in our experiment is in close 

agreement with the results of Tuna et al., who investigated that applied-K+ mitigated 

the DS effects by protecting chlorophyll content, increasing RWC, total DM and fruit 

yield [86]. K+ application also affects the carbohydrate partitioning which may be 

attributed either to its effect on phloem export of photosynthates or growth rate of 

sink and/or source organs [170]. It is believed that stomata control the transpirational 

loss of water from the plant. In case of K+-deficiency, the water losses from the plants 

are enhanced and reached the damaging levels due to the fact that the stomata 

function is inhibited due to the K+-deficiency.  In response to DS, stomata closure 

takes place decreasing the efficiency of carboxylation of chloroplasts. When stomata 

remain closed for a long time, oxygen molecule (O2) is photoreduced to harmful ROS. 

This phenomenon is more severe in case of K+-availability below the normal limits as 

stomata functioning is mainly regulated by K+ [171]. Under DS, the chloroplasts 

undergo dehydration which results in impaired photosynthetic efficiency. The 

photosynthesis is declined as a result of loss of a large amount of K+ by the 

choloroplasts. K+-deficiency declines translocation of fixed carbon, chlorophyll 

contents and photosynthetic activity, hence, K+ is required for efficient work of 

photosynthetic apparatus. Thus, additional supply of K+ is important to restore the 

photosynthesis under DS. Increase in DS intensity increases the K+ demand of plant 

tissues to regulate the photosynthesis and protect the oxidative damage of chloroplast. 

In an experiment on wheat, Gupta et al., observed that increasing K+-nutrition 

increased the photosynthesis rate regularly in low, mild and severe DS [172]. K+ has 

an impact on many stages of photosynthesis such as ATP synthesis, CO2 uptake, 

enzymes activation for photosynthesis and balance of electrical charges needed for 

photophosphorylation in chloroplasts. It also acts as a counter ion to light-induced H+ 

flux across the thylakoid membranes [36]. It is conceived that K+-deficiency is 

associated with stomata limitations, as, in stomata opening, light dependent K+ uptake 

into the guard cells is critical step. However, the internal mechanisms of 

photosynthesis in relation to K+ are still to be researched. In young tissues, adequate 
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K+ concentration is necessary for efficient enzyme activation. It is well documented 

that K+ is the preferred cation responsible for cell turgor maintenance and this 

postulate is supported by the lower WUE in many crops like oil crops and cereals 

under limited K+-supply [173]. K+-supply enhances resistance against various 

diseases and environmental stresses due to temperature, wind, transpiration, moisture 

etc. Several research reports provide the evidence of positive effect of K+ on frost 

resistance [36]. This effect of K+ is of great benefit for cultivation areas with hard 

winters and for regions with late frost periods usually in spring. 

With the supplementation of NH4NO3, the irrigated plants followed a positive effect 

on the total chlorophyll content. That is, at conditions; 30N+I, 50N+I and 100N+I, the 

leaf tissues showed the total chlorophyll values of 1204.00 ± 24.4, 1232.67 ± 6.66 and 

1230.67 ± 17.04 µg/g FW respectively. These values were higher than those of 

seedlings at C+I condition by l0.36, 02.75 and 02.58 % respectively. Under DS 

conditions, the total chlorophyll contents of the leaf tissues were about 927.33 ± 

26.31, 844.67 ± 20.98 and 620.00 ± 16.09 µg/g FW respectively at 30N, 50N and 

100N respectively. As can be seen from the given values, the total chlorophyll 

contents measured at 50N+DS and 100N+DS condition were higher than that 

measured at C+DS condition by 33.10 and 21.24 % respectively, while at 100N+DS, 

it was lower than that at C+DS by 11.00 %. Overall, increasing N supply showed a 

positive effect on total chlorophyll content of I seedlings, but a negative effect on the 

chlorophyll content of the DS seedlings. In irrigated seedlings, the positive effect of N 

supply on leaf chlorophyll content is similar to the investigation of Ogonlela et al., 

who reported that N-supply (as NH4NO3) increased the chlorophyll content in 

Brassica napus L [88]. Our work also supports the suggestion of Smika et al., who 

suggested that exogenous supplementation of N could not increase the plant yield 

without adequate water supply and adequate water supply could not enhance the yield 

without proper N-supplementation [174]. Exogenous N-application has also been 

associated with increased radiation interception, leaf area duration, radiation use 

efficiency and leaf area index [175]. It also alters the radiation-use efficiency by 

affecting the photosynthetic activity of the leaf canopy. Higher amounts of 

ammonium nitrogen in supplement or in soil may result in accumulation of toxic 

levels of ammonium ions (NH4
+) in plants [176]. Various hypotheses have been 

proposed to identify the reasons of NH4
+ toxicity. These hypotheses mostly agree on 
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the conclusion that physiological changes are created by the NH4
+ assimilation which 

is the main cause of NH4
+ toxicity. Quick assimilation of NH4

+ in roots requires large 

amount of carbohydrates, which may ultimately causes reduction in root carbon. It has 

been observed that NH4
+ assimilation is accompanied by a net release of H+ which 

decreases the concentration of dicarboxylic acids through decarboxylation. It is a 

cellular response by which the cytoplasmic pH is maintained [177]. Due to the 

decarboxylation of dicarboxylic acids, the root carbon budget experiences further 

strain which is associated with increased anions uptake for establishing the charge 

balance. Besides, NH4
+ toxicity results in impaired photosynthesis and hormonal 

imbalances. 

 

Fig. 4.12. Total chlorophyll content of Brassica napus L. seedlings at C (control) condition and after 

different supplementations under I and DS conditions. The vertical lines on the bars represent the 

standard deviation. 

4.1.11 Protein content of control and treated plants under I and DS conditions 

The protein content decreased from about 21.14 ± 0.22 % under C+I condition to 

about 15.14 ± 0.36 % under C+DS condition (Fig. 4.13). It shows that DS decreased 

the protein content of Brassica napus L. seedlings by 28.38 % as compared to the 

control and non-supplemented seedlings. Our result is in contradiction with the 
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findings of Gupta and Sheoran, who reported increased protein contents in drought-

stressed Brassica species (Brassica juncea and Brassica compestris) [160]. They 

argued that the increased protein synthesis might be due to the relatively larger 

number of cells per unit tissue weight as the DS declined cell elongation rather than 

cell division. Our results also agree with Ashraf and Irum, who reported a decreasing 

trend in soluble protein contents in two leguminous species (Phaseolus vulgaris and 

Sesbania aculeata) [58]. They argued that reduction in protein content was related to 

the sharp enhancement in Pro concentration in all parts of plant. In agreement with 

our results, Rahman et al., also reported decreased total protein content in drought-

stressed tomato leaves [178]. They attributed the reduction in total protein synthesis to 

the reduced energy supply because of impaired photosynthesis and overall damaging 

effects of DS on the plant biochemical characteristics. It was studied that, in wheat, 

under osmotic stress, the protein synthesis was inhibited to a greater extent in 

drought-sensitive genotypes than in tolerant genotypes [179]. The decrease in protein 

content under DS may be attributed to the decreased RNA content and higher RNAse 

activities induced by DS. 

Supplementations have shown little effects on protein content of irrigated and stressed 

seedlings. It was shown that Ca2+ treatment gradually increased the protein content of 

irrigated and stressed seedlings with the largest effect at 90Ca as shown by the protein 

contents of 22.36 ± 0.58 and 17.09 ± 0.27 % respectively, under I and DS conditions 

respectively. These results agree with investigation of Mukherjee and Choudhuri on 

vigna seedlings [112].  

Application of KNO3 also brought about little changes in protein contents of Brassica 

napus L. seedlings under both I and DS conditions. The protein contents were about 

22.10 ± 0.37, 22.51 ± 0.73 and 22.65 ± 0.37 % at 50K+I, 100K+I and 150K+I and 

were 16.75 ± 0.41, 17.28 ± 0.39 and 17.45 ± 0.32 % at 50K+DS, 100K+DS and 

150K+DS respectively.  

Seedlings treated with NH4NO3 also showed little response in terms of protein content 

to NH4NO3 supplementation. At 30 mM NH4NO3 the protein contents of the seedlings 

were 22.90 ± 0.33 and 16. 44 ± 0.36 % at I and DS conditions respectively, while at 

the maximum NH4NO3 supplementation (100N), the protein contents calculated were 

approximately 23. 50 ± 0.84 and 18. 44 ± 0.29 % respectively, showing about 11.16 
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and 21.79 % increase in protein contents as compared to I and DS plants without any 

supplementation. El-Nakhlawy and Bakhashwain reported that N-application 

increased protein content in four varieties of Brassica napus L. seeds [180]. They 

proposed that nitrogen absorption was increased in plant root cells due to the 

exogenous application of N-fertilizers which caused an increase in protein 

concentration in seeds of Brassica napus L. cultivars. Lawlor suggested that the 

protein-based plant metabolic activities, which are associated with both the 

reproductive and vegetative growth and yield, totally depend upon the proper N-

supply [181].  

 

Fig. 4.13. Protein content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2  Biochemical Response 

Associated with the physiological characteristics, many biochemical characteristics 

were affected by the supplemented solutions. Some of these are discussed below; 
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4.2.1 Minerals composition of control and treated plants under I and DS conditions 

The concentrations of various nutrients such as Ca (calcium), K (potassium), N 

(nitrogen), C (carbon), S (sulphur), P (phosphorus), Mg (magnesium), Fe (iron) and 

Na (sodium) were studied under control and DS conditions and their interaction with 

the supplemented solutions of Ca(NO3)2.4H2O, KNO3 and NH4NO3 were assessed. 

The following results were obtained; 

4.2.1.1 Shoot-Ca content of control and treated plants under I and DS conditions 

The data of the current research show that imposition of DS decreased the tissue-Ca 

content of Brassica napus L. seedlings from 2.61 ± 0.27 mg/g DW at C+I to 2.52 ± 

0.12 mg/g DW showing about 3.45 % loss in tissue-Ca2+ content as compared to the 

C+I seedlings (Fig. 4.14).  The reduction in soil water content reduced the flow rates 

of mineral elements in soil and hence their absorption by the drought-stressed root 

cells, consequently leading to declined translocation of such elements through the 

plant tissues. Our result of decreased tissue-Ca content under DS, supports the 

findings of Abdalla [47], however, it does not support the investigations of Patakas, 

and Mahouachi [49, 51]. The drought-induced loss in minerals contents often leads to 

disturbance in certain metabolic pathways including photosynthesis, respiration and 

biosynthesis of nucleic acids, enzymes, phospholipids, plastids etc. In addition to this, 

disturbance in elemental composition of plants also creates disorders in stomata 

osmotic regulations and plasma membrane permeability which ultimately lead to 

plant’s death.  

Application of Ca2+ positively affected the tissue-Ca contents under both I and DS 

conditions. It was found that at 30Ca+I, 60Ca+I and 90Ca+I; the tissue-Ca contents 

were about 3.09 ± 0.24, 3.64 ± 0.03, 5.09 ± 0.03 mg/g DW respectively, which were 

respectively, about 18.39, 39.46 and 95.02 % rise in the tissue-Ca contents as 

compared to the seedlings at C+I condition. At 30Ca+DS, 60Ca+DS and 90Ca+DS; 

the tissue-Ca contents were 2.83 ± 0.28, 3.60 ± 0.11 and 4.24 ± 0.19 mg/g DW 

respectively; showing 12.30, 42.86 and 68.25 % rise in tissue-Ca2+ contents as 

compared to the seedlings at C+DS. In agreement with our results, Hu and 

Schmidhalter investigated that in stressed wheat leaves, the tissue-Ca level was 

decreased, but, it was increased by exogenous Ca2+-supplementation [182]. However, 
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in a later experiment on wheat, they observed no difference in tissue-Ca contents 

between the control and stressed plants [183]. Our result of increase in tissue-Ca 

content with exogenous Ca2+ supplementation agrees with the results of Kaya et al., 

and Tuna et al., [80, 111]. 

The results showed that K+-application did not cause large changes in tissue-Ca 

contents. At 50K+I, 100K+I and 150K+I; the tissue-Ca2+ contents were about 2.7 ± 

0.08, 2.66 ± 0.04 and 3.10 ± 0.10 mg/g DW respectively. At 50K+DS, 100K+DS and 

150K+DS; the tissue-Ca contents were about 2.58 ± 0.08, 2.43 ± 0.36 and 2.74 ± 0.07 

respectively. It is evident from the mentioned values, that among the K+- treatments, 

relatively greater tissue-Ca2+ contents were measured in the seedlings treated with 

150K under I as well as DS conditions. In another experiment by Mengel and Kirkby, 

increasing K+-supply was found to decrease the Ca2+ uptake [184]. Tuna et al., 

reported that tissue-Ca level was decreased in I plants and increased in DS plants with 

supplemental-K+ [86]. 

N-treatments varied in results. At 30N+I, relatively greater tissue-Ca content was 

obtained i.e., about 3.00 ± 0.35 mg/g DW, which was about 14.94 % greater than the 

C+I seedlings. While, the tissue-Ca content measured at 30N+DS was about 1.83 ± 

0.14 mg/g DW, which was about 27.38 % less than the C+DS seedlings. The tissue-

Ca contents calculated at 50N+I and 100N+I were about 2.55 ± 0.03 and 2.45 ± 0.02 

mg/g DW respectively. At 50N+DS and 100N+DS; the tissue-Ca contents were about 

1.93 ± 0.26 and 2.46 ± 0.14. Thus, among all the treatments, only 30N+I caused 

relatively greater tissue-Ca content. These results partly agree with Karaaslan [41]. 

Our work does not support the findings of Premachandra et al., and Roosta and 

Schjoerring who reported increased tissue-Ca content with increasing N-supply [90, 

92]. 
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Fig. 4.14.  Shoot-Ca content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.2 Shoot-K content of control and treated plants under I and DS conditions 

It was investigated that the average tissue-K content of the seedlings at C+I was 9.86 

± 1.43 mg/g DW which was decreased to 4.06 ± 0.19 mg/g DW at C+DS (Fig. 4.15). 

Thus, imposition of DS brought about 58.82 % reduction in the tissue-K content as 

compared to the C+I seedlings. Our results support the findings of Bharambe and 

Joshi who reported decreased contents of K, Ca, N, P and Mg under lower soil 

moisture condition in sorghum [185]. However, our result of decreased K content in 

stressed seedlings does not support the work of Martinez et al., who reported 

increased K content in two populations of sea purslane (Atriplex halimus L.) subjected 

to 22-days period of DS [186]. Our result is also in contradiction with that of Pathakas 

who observed increased K content in stressed grapevines (Vitis vinifera L., cv. 

Savatiano) [49]. It may be assumed that when plants are exposed to stress, the 

minerals composition of the tissues is decreased due to the declining nutrients uptake 

and this declining tendency is due to the poor absorbing power of roots induced by 

DS. Low availability of soil moisture leads to low mobility of K due to lowered 
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diffusion rates of water molecules through root cells. Reduction in the tissue-K 

contents  has also been suggested by Anjum et al., in barley cultivars [31]. 

Ca2+-supplementation could increase the tissue-K contents of the seedlings 

progressively. At 30Ca+I and 30Ca+DS; the K concentrations of were about 11.05 ± 

1.78 and 6.13 ± 0.10 mg/g DW respectively, corresponding to about 12.07 and 50.99 

% increases in the K-concentration as compared to the seedlings at C+I and C+DS 

respectively. At the greatest Ca2+-treatment (90Ca), the tissue-K contents measured 

for I and DS conditions were about 16.51 ± 0.42 and 7.68 ± 1.06 mg/g DW 

respectively, showing about 67.44 and 89.16 % rise in tissue-K contents as compared 

to the control seedlings under corresponding conditions. In experiments on wheat and 

strawberry, application of exogenous Ca2+ [as Ca(NO3)2] in the growth medium, was 

found to increase the tissue-K levels in the whole plant in comparison with that of 

stressed-plants [187, 188].  

Exogenous K+-treatment also increased significantly the tissue-K contents of the 

seedlings under both I and DS conditions. The tissue-K contents for the seedlings at 

50K+I and 50K+DS were about 30.19 ± 1.47 and 19.30 ± 2.09 mg/g DW 

respectively, corresponding to about 206.19 and 375.37 % increases in the tissue-K 

contents in comparison with the control seedlings at C+I and C+DS. At the maximum 

K+-supplementation (150K), under I and DS conditions, the tissue-K contents 

obtained in the current experiment, were about 35.18 ± 3.38, 26.19 ± 4.61 mg/g DW 

respectively, which were about 256.80 and 545.07 % increases in the K-concentration 

as compared to the seedlings at C+I and C+DS respectively. These results support the 

work of Shirazi et al., [189]. As plants obtain K only from soil solution, its 

availability depends upon the total K+ content and nutrients dynamics. Further, the K-

exchange between different soil pools is related to the concentration of other nutrients 

in soil solution such as NO3
-. Application of K+ to the growth medium leads to greater 

root penetration and root length which results in enhanced nutrients absorption by 

roots. 

 Morgan suggested that in wheat, the lines exhibiting higher osmotic adjustment 

possessed higher K contents, accumulated in their tissues. He found that K made 

about 78 % contribution to all osmotica, while 22 % contribution was made by amino 

acids [190]. Our result also supports the work of Mengel and Arneke [87]. 
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The tissue-K contents of the seedlings were enhanced with N-supplementation too. At 

30N+I and 30N+DS, the tissue-K contents as obtained in the present experiment, 

were 10.77 ± 1 .64 and 5.58 ± 1.65 mg/g DW respectively, showing 9.13 and 37. 44 

% increases in the tissue-K content as compared to the seedlings at C+I and C+DS 

conditions respectively. At the maximum N supplementation (100N), the tissue-K+ 

concentrations were about 13.58 ± 1.23 and 6.36 ± 0.56 mg/g DW under I and DS 

conditions respectively, showing about 37.73 and 56.65 % increases as compared to 

the control seedlings under corresponding conditions. Our results agree with the 

investigations performed with soybean [90]. In an experiment on Brassica napus L. 

cultivars (Lirawell, Semu 86/225Na and Westar), the tissue-K content was decreased 

in Lirawell cultivar and no change was observed in other cultivars with increasing N-

supply [41]. 

 

Fig. 4.15. Shoot-K content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 
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4.2.1.3  Shoot-K/Ca ratio of control and treated plants under I and DS conditions 

Asghari et al., used the ratio between tissue-K and Ca (tissue-K/Ca) to identify 

drought tolerant lines in wheat and related it to the regulation of stomatal movement 

[191]. In our experiment, the tissue-K/Ca was affected under DS and with 

supplementations. The results of the experiment showed that the tissue-K/Ca ratio was 

declined from 3.78 ± 0.34 to 1.61 ± 0.88 due to the imposition of DS (Fig. 4.16). 

Thus, DS resulted in 57.41 % reduction in the tissue-K/Ca of the seedlings. The lower 

value for K/Ca ratio under DS in our experiment, suggests that a larger reduction 

occurred in tissue-K content as compared to tissue-Ca under DS. In fact, the mobility 

of K and Ca is not equal in plants. K has higher mobility and also can be reutilized 

easily but, Ca has poor mobility and practically, it cannot be reutilized at all. Since, 

the absorption and translocation of mineral nutrients including K and Ca is disturbed 

due to the impaired diffusion and transpiration of water due to water deficit, a change 

in tissue-K/Ca occurs in shoots of plants under DS and change in tissue-K/Ca also 

affects the physiological functions of stomata. According to Asghari et al., higher 

tissue-K/Ca value under DS was related to drought tolerance of wheat cultivars [191]. 

Exogenous application of Ca2+ altered the tissue-K/Ca ratio under both conditions. At 

30Ca+I and 30Ca+DS, the tissue-K/Ca ratio of the tissues were found to be about 

3.57 ± 0.46 and 2.17 ± 0.65 respectively, showing about 5.56 reduction and 34.78 %  

increase in the tissue-K/Ca as compared to the seedlings at C+I and C+DS 

respectively. At the maximum Ca2+-supplementation (90Ca), the tissue-K/Ca ratios 

were about 3.24 ± 0.77 and 1.81 ± 0.13 under I and DS condition, respectively, 

showing about 30.86 % reduction and 12.42 % increment in the tissue-K/Ca ratios as 

compared to the seedlings under I and DS condition respectively. It is clear from the 

Fig. 4.17, that, among the Ca2+-supplementations, the leaves showed the largest 

values for the tissue-K/Ca ratio at 30Ca under I as well as DS condition. 

The tissue-K/Ca values were increased by K+-supplementations also. The leaf tissues 

showed the tissue-K/Ca values of about 11.18 ± 0.23, 13.18 ± 0.99 and 11.38 ± 0.56 

at 50K+I, 100K+I and 150K+I respectively. Moreover, at 50K+DS, 100K+DS and 

150K+DS; the leaf tissues showed the tissue-K/Ca values of about 7.47 ± 0.65, 9.65 ± 

0.35 and 9.59 ± 0.42 respectively. It is evident from the mentioned values that 100K+I 

showed the greatest effect on the tissue-K/Ca values under I as well as DS conditions, 
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increasing the tissue-K/Ca values to about 248.68 and 499.38 % in comparison with 

C+I and C+DS. These greater changes were primarily due the greater effect of applied 

K+ on tissue-K levels as compared to the applied Ca2+ under both I and DS conditions.  

N-supplementations also affected the tissue-K/Ca values. It was found that at 30N+I 

and 30N+DS, the tissue-K/Ca values were 3.58 ± 0.34 and 3.04 ± 0.35, showing about 

5.29 % reduction and 88.82 % increase in the tissue-K/Ca  values as compared to the 

seedlings at C+I and C+DS. Relatively low tissue-K/Ca values were recorded at the 

highest N-supplement (100N) i.e., 5.56 ± 0.35 and 2.59 ± 0.31 under I and DS 

conditions. As supplemental-N affected the tissue-K content largely than the tissue-Ca 

content under both irrigation regimes, therefore, the tissue-K/Ca ratios were also 

greater at supplemental-N. 

 

Fig. 4.16. Shoot-K/Ca ratio of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.4  Shoot-N content of control and treated plants under I and DS conditions 

The supplementation affected the shoot-N content under both I and DS conditions. 

The N content of the dried shoot biomass under irrigated conditions (C+I) was 3.38 ± 

0.03 %, which decreased to 2.42 ± 0.06 % after exposure to DS (C+DS) (Fig. 4.17). 
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Thus, there was about 28.40 % decrease in the shoot-N content in DS conditions, 

compared with irrigated control (C+I). Determination of leaf-N content is supposed to 

be a better tool for evaluation of DS effects, than root-N content. Our result supports 

the suggestion of Nandwal et al., but does not support the findings of Mahouachi [51, 

84]. Water availability has a strong relationship with N absorption. Generally, 

adequate water supply is associated with enhanced N uptake and utilization by plants. 

However, Payne et al., studied that DS enhanced the contents of N and NO3
-  in pearl 

millet [192]. High leaf-N content is related to high mesophyll and stomata 

conductance. N is an important mineral element required for plants in a larger amount 

and is one of the basic components of many essential molecules such as proteins and 

nucleic acids. Hence, N-inhibition rapidly leads to impaired plant growth. The 

decreased shoot-N content under DS might be because of lower transpiration rate to 

transfer N from roots to shoots. The crop yield is reduced due to the depressed N 

uptake under DS.  

Application of exogenous-Ca2+ increased the tissue-N content under both I and DS 

conditions. It was found that the tissue-N contents at 30Ca+I and 30Ca+DS were 

respectively, about 3.43 ± 0.06 and 2.46 ± 0.03 %  respectively, which were further 

increased with increasing N-supply. At the maximum exogenous-Ca2+ concentration 

(90Ca), the shoot-N contents were about 3.58 ± 0.09 and 2.73 ± 0.04 % under I and 

DS conditions, respectively. Thus, there were about 5.8 and 12.81 % increases in 

tissue N content over the non- supplemented seedlings under I and DS conditions 

respectively. Similar results were presented by Tuna et al., for tomato plants subjected 

to salt stress [111]. 

K+-application also enhanced tissue-N content under both I and DS conditions. At 

50K+I and 50K+DS, the tissue-N contents were about 3.54 ± 0.06 and 2.68 ± 0.06 % 

which are greater than those of their corresponding C values by 4.43 and 10.74 % 

respectively. The maximum tissue N contents (3.62 ± 0.06 and 2.79 ± 0.05 %) were 

obtained at 150 mM KNO3 application I and DS conditions respectively. Our result of 

increased shoot-N content with supplemental-K+ supports the finding of Nandwal et 

al., however, it does not support the investigations of Egilla et al., and Gormus [38, 

84]. K+ is involved in the movement of N in plants. Nitrate taken up from soil is taken 

up to the leaves through the transpiration stream and in converted into proteins. K+ 
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after combining with organic acids again comes down to roots to play its role in the 

next cycle. Therefore, K+ may be called as a type of ‘‘pump’’ for N. Thus, K+ 

enhances both the N uptake from soil and N-utilization by plants [193]. 

Similarly, there was a linear relationship between N-supplementation and tissue-N 

content. The tissue-N levels at 30N+I and 30+DS were about 3.66 ± 0.05 and 2.63 ± 

0.06 % respectively. At 60N+I and 60N+DS, the tissue-N contents were increased to 

about 3.71 ± 0.03 and 2.65 ± 0.06 % respectively. The maximum tissue N contents; 

3.76 ± 0.13 and 2.95 ± 0.05 %  were obtained after 100 mM NH4NO3 

supplementation under both I and DS conditions respectively. Our result supports the 

work of Liu et al., Saneoka et al., and Li et al., who independently reported that 

increased N-supply could increase the tissue-N contents in different plants [89, 91, 

93]. N-application under DS enhances the NO3
- uptake and the activity of NR, an 

important enzyme in the N-assimilation pathway. It has been suggested that N-

management efficiency and recommendation of N-fertilization techniques strongly 

associated with the precise assessment of N status in plant-soil system. As plant-N 

content is the reflection of soil N-supply, plant-N demand and uptake, evaluation of 

plant-N status is a key factor for recommendation of the quantity and time of N-

supplementation in crop production. Since, the soil-N passes through various 

processes, it interferes with N status and availability. Usually, the soil-N is 

transformed into organic matter or it is present in the form of gaseous N or NO3
- in 

the soil atmosphere or mineral-N bound to exchange sites or NH4
+ mixed with clay 

minerals or incorporated into crop residues [194]. It has been suggested that the form, 

timing and amount of supplemental-N, that can be absorbed by the roots are 

dependent on several factors such as NH4
+ fixation by clay minerals, NH4

+ loss 

through volatilization on calcareous soils, N-supply by net release from 

mineralization of organic matter, N-supply by N-fixing microorganisms, nitrification 

of NH4
+ to NO3

-, mineral N immobilization  depending upon C level and C/N ratio in 

plant residuals and in soil, loss of NO3
- from soil through leaching at the spots 

comprising of a positive water balance, crop’s N uptake capacity and N-supply by 

rainfall [195]. Higher supply of N usually increases the amounts of leaf-N and rubisco 

[196]. However, in N-rich leaves, the lower rubisco activation state partially offset the 

benefits of larger contents of rubisco in photosynthesis and besides its role as a 

catalytic enzyme, rubisco can also act as an N-storage compound [197]. Reduction in 
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rubisco activation state is associated with reduction in photosynthetic NUE (N-use 

efficiency). 

 

Fig. 4.17. Shoot-N content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.5  Shoot-C content of control and treated plants under I and DS conditions 

The shoot-C content was also affected by the different supplementations as well as 

water application as depicted in Fig. 4.18. The C content of the dried shoot biomass at 

C+I was about 38.45 ± 1.05 %, which decreased to 36.87 ± 0.90 % at C+DS. Thus, 

compared with C+I, there was about 4.11 % decrease in the shoot C content at C+DS. 

Like our result, the tissue-C was decreased in nodules and roots; but unlike our result, 

it was increased in leaves and stem in mung bean (Vigna radiate) [84]. The reduction 

in leaf C content under DS may be due to the restricted CO2 uptake because of 

stomata closure and also its allocation to other metabolic processes under stressed 

condition. 

There was a slight increase (non-significant) in the leaf-C content after 

supplementation with Ca2+ under I conditions. At 30Ca+I and 30Ca+DS, the leaf-C 

contents were about 39.15 ± 0.78 and 38.34 ± 0.63 % respectively, which are about 
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1.82 and 3.99 % increases over the corresponding control seedlings. At the maximum 

Ca2+ concentration (90Ca), the shoot-C content was 40.46 % ± 0.64 under DS 

condition, thus, there was 9.72 % increase compared with the C+DS.  

Similarly, K+-supplementation also slightly increased (statistically non-significant) 

the tissue-C contents. The tissue-C contents were about 40.12 ± 0.92 and 38.87 ± 0.54 

% at 50K+I and 50K+DS respectively, which were about 4.34 and 5.42 % increases 

over the corresponding C seedlings. The maximum K+-supplementation (150K) also 

increased the tissue-C content to about 39.59 % ± 0.74 under DS conditions, showing 

7.37 % increase over C+DS seedlings. Working with Vigna radiata, Nandwal et al., 

also reported increased C content in plants supplemented with exogenous K+ [84]. It 

has been determined that K+ enhances the photosynthesis rates in crop leaves. It 

enhances the allocation of photosynthates to roots. However, the effect of exogenous-

K+ on shoot-C content and its movement from shoot to root under DS has not yet been 

precisely determined. 

The seedlings supplemented with N also affected the tissue-C contents. Under I 

condition, the shoot-C followed an increasing trend; while, under DS condition, it 

showed a decreasing trend with increasing N supplementation. At 30N+I and 

30N+DS, the shoot-C contents were about 39.89 ± 0.55 and 37.85 ± 0.84 % 

respectively. At 50N+I and 50N+DS, the shoot-C contents were about 41.04 ± 0.78 

and 36.51 ± 0.89 % respectively. N-treatment increased the shoot-C content to 43.98 

± 1.32 % at 100N+I; however, the tissue-C content was reduced to 34.73 ± 0.54 % of 

dry biomass at 100N+DS. At the maximum N-supplementation (100N), under I 

condition, the shoot-C content was higher than the C+I level by about 10.38 %. 

While, under DS condition, the shoot-C content was lower than the C+DS level by 

about 4.88 %. 



104 
 

 

Fig. 4.18.  Shoot-C content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.6 Shoot-C/N ratio of control and treated plants under I and DS conditions 

Water availability and supplementation with the Ca2+, K+ or N has variably affected 

the C/N ratio of the Brassica napus L. seedlings (Fig. 4.19). In control seedlings, the 

C/N ratio increased from 11.37 ± 0.35 at I to 15.22 ± 0.37 at DS showing about 33.86 

% increase.  The metabolism of C and N are important processes for the growth and 

survival of plants under adverse environmental conditions. Both of these are sensitive 

to environmental stresses. C assimilation is encompassed by C metabolism through 

respiration, photosynthesis and allocation to various other metabolic sites. C 

allocation depends upon metabolic rates, plant growth and environmental stresses and 

N uptake and metabolism are closely linked with C metabolism [198]. High 

temperature and  DS changes C/N ratio of plants mainly by affecting the N uptake and 

biomass accumulation and N use efficiency. Changes in C/N ratio at plant and 

ecosystem levels are also related to trophic chains and formulating the composition of 

ecosystems [199]. Proper balance of C/N and allocation of C and N are the main 

factors in plant adaptation to stressed conditions [200]. The yield of Brassica napus is 

largely dependent on the interaction between C and N throughout the course of life 
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cycle. However, relationship of allocation of C and N and changes in pattern of C/N 

in Brassica napus L. under DS are the subjects which are poorly understood. 

Understanding these subjects can provide a deep look into the drought tolerance 

mechanisms of Brassica napus. 

The C/N ratios at 30Ca+I and 30Ca+DS were about 11.43 ± 0.20 and 15.51 ± 0.09 

respectively. At the maximum Ca2+ supplementation (90Ca), the C/N ratio decreased 

to 11.02 ± 0.48 (I) and 14.79 ± 0.22 (DS), indicating respectively 3.08 and 2.82 % 

decrease over the non- supplemented seedlings under irrigated and drought stress 

conditions respectively. 

At 50K+I and 50K+DS, the tissue C/N were about 11.34 ± 0.19 and 14.5 ± 0.50 

respectively. At the maximum K+-supplementation (150K), the tissue C/N ratios 

decreased to 11.10 ± 0.14 and 14.18 ± 0.45 under I and DS condition, corresponding 

to approximately 2.32 and 6.83 % reduction respectively, compared with the non-

supplemented seedlings under the corresponding conditions. 

The seedlings supplemented with NH4NO3 showed decreased C/N ratios under both I 

and DS conditions. The C/N ratios of about 10.88 ± 0.26 and 14.39 ± 0.26 were 

calculated for the seedlings treated with 30N under I and DS conditions respectively. 

At the maximum N supplementation (100N), the tissue C/N ratios were about 11.71 ± 

0.76 and 11.77 ± 0.15, indicating 3.03 % increase and 22.70 % decrease over the non-

supplemented control seedlings under corresponding conditions. Due to the 

correlation of C and N metabolism, the ratio C/N and starch concentration of plant 

can also be used to signify the status of N nutrition of crops [201]. According to some 

reports, when higher level of NO3
- was supplemented to maize or wheat leaves 

deficient of N, the assimilation of CO2 was decreased rapidly but O2 evolution (CO2-

dependent) was much less affected or even increased [202]. In C and N interaction, 

three key enzymes take part; SPS (sucrose-phosphate synthase, EC: 2.4.1.14), 

NADH/NR (EC 1.6.6.1) and PEPCase (Phosphoenolpyruvate carboxylase, EC: 

4.1.1.31). They perform the regulatory functions for sucrose biosynthesis, nitrate 

assimilation and anapleurotic CO2 fixation respectively. They are present in 

cytoplasm as soluble proteins; while NR and SPS may also occur in association with 

membranes to some extent [203]. 
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Fig. 4.19. Shoot-C/N ratio of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.7 Shoot-S content of control and treated plants under I and DS conditions 

The tissue-S content of Brassica napus L. seedlings was changed from 3.65 ± 0.20 to 

2.86 ± 0.40 % (21.64 % reduction) when the seedlings were exposed to DS (Fig. 

4.20). S is important for canola metabolism and is involved in the structure of 

glucosinolates and proteins. It is absorbed as sulphates by roots and transported to the 

shoots through xylem where it gets converted into methionine, cysteine or attached 

with proteins and glutathione or other cysteine containing compounds.  

Application of external Ca2+ affected the tissue-S contents under both I and DS 

conditions. At 30Ca+I and 30Ca+DS, the shoot-S contents were about 3.69 ± 0.36 and 

2.98 ± 0.06 %, representing about 1.09 and 4.19 % increases, respectively, over the 

control seedlings under corresponding conditions. The largest tissue-S contents 

obtained were, as about 3.75 ± 0.09 and 3.11± 0.06 % at the largest Ca2+-treatment 

i.e., 90Ca under I and DS conditions, respectively, showing about 2.74 and 8.74 % 

increases as compared to the corresponding control seedlings. 
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At 50K+I and 50K+DS, the tissue-S contents were about 4.34 ± 0.05 and 4.32 ± 0.21 

% respectively, corresponding to about 16.16 and 51.05 % increases w.r.t their control 

seedlings. At the maximum K+ application (150K), the tissue-S were about 5.26 ± 

0.35 and 3.91 ± 0.21 % under I and DS conditions, showing about 44.11 and 36.71 % 

increases as compared to the control seedlings under corresponding conditions. 

Overall, the shoot-S contents were increased with exogenous K+ supplementation. 

These results are similar to those of Egilla et al., [38]. 

It was investigated that shoot-S contents at 30N+I and 30N+DS were about 3.71 ± 

0.19 and 3.06 ± 0.21 % respectively. The S contents at the highest N-supplementation 

i.e., (100N) under I and DS conditions were about 3.75 ± 0.18 and 2.84 ± 0.21 % 

respectively. 

 

Fig. 4.20. Shoot-S content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 
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4.2.1.8 Shoot-P content of control and treated plants under I and DS conditions 

P is an essential component of nucleic acids, dinucleotides, phosphoproteins, 

adenosine triphosphate and phospholipids. It is involved in transport of carbohydrates, 

regulation of some enzymes and photosynthesis [204]. In our experiment, the average 

tissue-P concentration of C+I seedlings was about 3.42 ± 0.24 mg/g per DW, which 

was decreased to about 2.5 ± 0.16 mg/g DW at C+DS (Fig. 4.21). It showed that DS 

caused about 26.90 % reduction in P concentration as compared to the control 

seedlings with no supplementation. This result supports the investigations of many 

workers who also reported decreased concentrations of P under DS in various plants 

[38, 47]. It is a general conception that uptake of P decreases in plants under DS.  

Very little changes were found in P contents among the treatments under both I as 

well as DS conditions. At 30Ca, 60Ca and 90Ca; under I conditions, the tissue-P 

contents were about 3.62 ± 0.17, 3.76 ± 0.15 and 3.85 ± 0.14 mg/g DW respectively, 

showing respectively; about 5.85, 9.94 and 12.57 % increase in P contents as 

compared to the C+I seedlings. At 30Ca, 60Ca and 90Ca; under DS conditions, the 

tissue-P contents were measured out to be about 3.15 ± 0.15, 3.32 ± 0.18 and 3.43 ± 

0.14 mg/g DW respectively, representing the increments of about 26.00, 32.80 and 

37.20 % in P-concentration as compared to the seedlings at C+DS. 

Thus, there was almost no difference in P contents among the Ca2+ treatments under 

either condition. Reports regarding the effects of exogenously applied Ca2+ on P 

content in plant tissues are rare. The data of the current experiment showed that the 

tissue-P contents were about 3.68 ± 0.11, 3.85 ± 0.12 and 3.83 ± 0.06 mg/g DW at 

50K+I, 100K+I and 150K+I respectively, which correspond to the increments of 

about 7.60, 12.57 and 11.99 % in the tissue-P contents, in comparison with seedlings 

at C+I condition. At 50K+DS, 100K+DS and 150K+DS; the tissue-P contents were 

calculated to be approximately 3.14 ± 0.23, 3.51 ± 0.16 and 3.7 ± 0.14 mg/g DW 

respectively; showing about 25.60, 40.40 and 48.00 % increases in the tissue-P 

contents as compared to the C+DS seedlings. The tissues had the same amount of P 

(3.85 mg/g) at 90Ca+I and 100K+I. Similar results have also been reported by Egilla 

for Hibiscus and Premachandra et al., for maize [38, 123].  
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Under I condition; at 30N, 50N and 100N, the tissue-P contents were about 3.54 ± 

0.05, 3.59 ± 0.16 and 3. 72 ± 0.06 mg/g DW respectively, showing approximately; 

3.51, 5.26 and 8.77 % increases in the tissue-P contents, as compared to the C+I 

seedlings. While, under DS condition; at 30N, 50N and 100N, the tissue-P contents 

were about 3.14 ± 0.1, 3.2 ± 0.27 and 2.61 ± 0.20 mg/g DW respectively, showing 

approximately; 25.60, 28.00 and 4.40 % increases in the tissue-P contents, as 

compared to the C+DS seedlings. Hussaini et al., has reported increased P 

concentration with external N supply [205]. Karaaslan suggested that N-supply 

decreased the P content in “Lirawell” and “Semu 86/225 Na” cultivars but did not 

affect it in Westar cultivar in Brassica napus L., while, Saneoka reported decreased P 

concentration with N-supplementation under both I and DS conditions in creeping 

bent grass (Agrostis palustris) [41, 91]. 

 

Fig. 4.21. Shoot-P content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.9  Shoot-Mg content of control and treated plants under I and DS conditions 

The results of our experiment showed that imposition of DS could cause a slight 

reduction (non-significant) in the tissue-Mg content of Brassica napus L. seedlings. 
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The tissue-Mg content of C+I seedlings was about 8.05 ± 0.20 mg/g DW of the leaf 

sample, which declined to about 7.92 ± 0.10 mg/g DW of the leaf sample, 

corresponding to a reduction of about 1.61 % in Mg content as compared to C+I 

seedlings (Fig. 4.22). Like this result, Pei et al., also reported non-significant change 

in tissue-Mg content in wheat under DS [206]. In literature, controversial results have 

been reported regarding the effect of DS on the tissue-Mg concentration. In some 

plants, significant reductions have been reported in tissue-Mg contents under the 

conditions of DS [47, 49], while in other plants, DS has been shown to increase the 

tissue-Mg concentrations [51, 207]. It reveals that the effect of DS on elemental 

composition is the function of plant species, organ, growth stage and stress intensity. 

It has been reported that change in tissue-Mg content can cause disturbance in 

photosynthesis and total chlorophyll content as it is an important element in 

chloroplast [208]. Mg activates many enzymes like RuBP carboxylase, protein 

kinases, ATPases and RNA polymerase etc., [209].  Mg-deficiency affects the 

partitioning of DM between roots and shoots and it enhances the accumulation of 

carbohydrates in the source leaves, due to which the photosynthetic carbon 

metabolism is affected and CO2 fixation is declined [170]. Under such situations, the 

non-utilized electrons and absorbed energy are accumulated and channeled to O2, 

thus, causing generation of ROS which ultimately destroy the chloroplast constituents 

[34]. 

Ca2+- supplementation caused little (non-significant) changes in tissue-Mg contents 

under both conditions, that is; I and DS. It was noted that the  tissue-Mg contents 

under I and DS conditions at 30Ca were about 8.35 ± 0.17 and 8.10 ± 0.19 mg/g DW 

respectively, corresponding to about 3.72 and 2.15 % increase as compared to the 

control seedlings under respective conditions. A slight decrease, though non-

significant, was observed in tissue-Mg contents with increasing doses of Ca2+- 

supplementation. At the highest Ca2+ dose i.e., 90Ca, the tissue-Mg contents under I 

and DS conditions were approximately 7.82 ± 0.16 and 7.54 ± 0.12 mg/g DW 

respectively, equivalent to about 2.86 and 4.92 % reduction in tissue-Mg contents, as 

compared to the control seedlings under respective conditions. In an experiment on 

wheat, exogenous Ca2+ alone (CaSO4.2H2O), increased the tissue-Mg content of 

unstressed plants as compared to the control but decreased its content in stressed 

plants [74]. To the best of our knowledge, there are hardly any data available on the 
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effects of exogenous Ca2+ on tissue-Mg content of Brassica napus L. seedlings under 

DS. 

Non-significant changes were noted in the tissue-Mg contents among the K+-

supplementations. At 50K, the tissue-Mg contents were about 8.54 ± 0.21 and 8.45 ± 

0.28 mg/g DW under I and DS conditions respectively showing about 6.09 and 6.7 % 

rise as compared to the control seedlings under respective conditions. At the highest 

K+-dose (150K), the tissue-Mg contents under I and DS conditions were 8.31 ± 0.29 

and 8.09 ± 0.23 mg/g DW respectively showing about 3.23 and 2.15 % rise in the 

tissue-Mg contents in comparison with the seedlings at C+I and C+DS conditions. 

Tuna et al., also reported non-significant increases in tissue-Mg levels in melon plants 

with K+-supplementation under I and DS conditions [86]. In addition, Egilla also 

suggested that neither DS nor K+-supplementation had significant effect on tissue-Mg 

content of Hibiscus plants [38]. 

It was observed that almost similar tissue-Mg contents were obtained at all the three N 

doses under I as well as DS conditions. At 30N, about 8.14 ± 0.27 and 7.96 ± 0.24 

mg/g DW were obtained as the tissue-Mg contents under I and DS conditions, 

representing only about 1.12 and 0.50 % increase in the tissue-Mg contents as 

compared to the control seedlings under respective conditions. At 100N+I and 

100N+DS, the tissue-Mg contents were about 8.19 ± 0.25 and 7.65 ± 0.16 mg/g DW, 

respectively, showing about 1.61 % increase and 3.41 % decrease as compared to the 

tissue-Mg contents of control seedlings under respective conditions. Thus, non-

significant changes occurred in tissue-Mg contents with N-application under both I 

and DS conditions. In soybean, the applied-N increased the Mg contents in cell sap 

and leaf tissues [90]. Hussaini et al.,  studied that N-fertilization upto 60 Kg/ha caused 

significant rise in Mg content in maize grain but higher N-fertilization either 

decreased or not affected the Mg content; while in maize stover, N-supplementation 

did not change the Mg content [205].  
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Fig. 4.22. Shoot-Mg content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.10 Shoot-Ca/Mg ratio of control and treated plants under I and DS conditions 

The Ca/Mg ratios of control Brassica napus L. seedlings under I and DS conditions 

were about 0.32 ± 0.01 and 0.31 ± 0.02 respectively, showing about 3.13 % reduction 

as compared to the control level (Fig. 4.23).  

Ca2+-supplementations increased the Ca/Mg ratio under both conditions. At 30Ca+I 

and 30Ca+DS, the Ca/Mg ratios were about 0.37 ± 0.00 and 0.35 ± 0.01 respectively. 

At 60Ca+I and 60Ca+DS, the Ca/Mg ratios were about 0.44 ± 0.02 and 0.45 ± 0.01 

respectively, showing about 37.96 and 43.08 % increases over the corresponding 

control conditions. Among the Ca2+-supplementations, the largest Ca/Mg ratios were 

obtained at 90Ca under I as well as DS conditions i.e., 0.65 ± 0.02 and 0.56 ± 0.01 

respectively, showing about 100.93 and 77.04 % increases as compared to the 

respective control conditions. 

At 50K+I and 50K+DS, the Ca/Mg ratios were about 0.316 ± 0.02 and 0.31 ± 0.01 

respectively. At the higher K+-supplementation i.e., 150K+I and 150K+DS, the 
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Ca/Mg ratios  were about 0.37 ± 0.02 and 0.34 ± 0.02, higher than the corresponding 

control seedlings by about 14.81 and 6.60 % respectively. 

The values for the Ca/Mg ratios obtained at 30N+I and 30N+DS were about 0.37 ± 

0.01 and 0.23 ± 0.02 respectively. Under I condition, the Ca/Mg ratio decreased with 

increasing N-supplementation, while, reverse effect was observed under DS 

condition. At the maximum N-supplementation (100N), the Ca/Mg ratios obtained 

under I and DS conditions were about 0.29 ± 0.02 and 0.32 ± 0.03. 

 

Fig. 4.23. Shoot-Ca/Mg ratio of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.11 Shoot-K/Mg ratio of control and treated plants under I and DS conditions 

The shoot-K/Mg ratios of Brassica napus L. seedlings under control and treatment 

conditions are shown in Fig. 4.24. The K/Mg ratio was decreased from 1.22 ± 0.01 at 

C+I to 0.51 ± 0.02 at C+DS, showing about 58.19 % reduction due to the imposition 

of DS. 

Ca2+-supplementations increased the K/Mg ratios under both conditions. At 30Ca+I 

and 30Ca+DS, the K/Mg ratios were about 1.32 ± 0.21 and 0.76 ± 0.18 respectively, 
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which were further increased with increasing Ca2+-supplementations. At the 

maximum Ca2+-supplementation (90 Ca2+), the K/Mg ratios were about 2.11 ± 0.23 

and 1.02 ± 0.18 respectively, showing about 72.95 and 100.00 % increases over the 

respective control seedlings.  

 

Fig. 4.24. Shoot-K/Mg ratio of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

K+-supplementation was found to further increase the K/Mg ratios of the seedlings 

under both conditions. At 50K+I and 50K+DS, the K/Mg ratios were about 3.54 ± 

0.11 and 2.28 ± 0.12 respectively, which were further increased with increasing K+-

supplementations. At the maximum K+-supplementation (150K+), the K/Mg ratios 

were about 4.23 ± 0.18 and 3.24 ± 0.18 respectively, showing about 246.72 and 

535.29 % increases over the respective control seedlings.  

At 30N+I and 30N+DS, the K/Mg ratios were about 1.32 ± 0.21 and 0.7 ± 0.14 

respectively. At the maximum N-supplementation (100N), the K/Mg ratios were 

about 1.66 ± 0.09 and 0.83 ± 0.16 respectively, which were larger than the respective 

control seedlings by about 36.07 and 62.75 % respectively. It was noted that the 

K/Mg ratios were same at 50N+DS and 100N+DS. 
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4.2.1.12 Shoot-Fe content of control and treated plants under I and DS conditions 

The data showed that imposition of DS decreased the shoot-Fe content from about 

1.56 ± 0.06 (at C+I) to about 0.74 ± 0.07 mg/g DW (Fig. 4.25). It showed that DS 

could reduce the shoot-Fe content of Brassica napus L. seedlings by about 52.56 %. 

This result is similar to the findings of Maksimović et al., but does not agree with 

those of Abdalla and El-Khoshiban [47, 210]. 

At 30Ca+I, a comparatively higher Fe content (1.94 mg/g DW ± 0.07) was obtained 

as compared to C+I. At 30Ca+DS, a lower Fe content (0.66 ± 0.05 mg/g DW) was 

obtained as compared to C+DS. At the maximum Ca2+-supplementation (90Ca), the 

shoot-Fe contents were about 1.23 ± 0.08 and 0.88 ± 0.03 mg/g DW under I and DS 

conditions respectively. 

At 50K+I and 50K+DS, the shoot-Fe contents were about 0.87 ± 0.09 and 0.68 ± 0.09 

mg/g DW respectively, lower than the respective control values. At the maximum K+-

supplementation (150K), the shoot-Fe contents were about 1.30 ± 0.09 and 0.63 ± 

0.08 mg/g DW respectively, lower than the respective control values by about 17.31 

and 14.86 % respectively. In contrary to our result, Egilla et al., suggested that the 

leaf-Fe contents were increased with increasing K+-supplementation under both I and 

DS conditions [38].  

Nearly, similar values for shoot-Fe were obtained at 30N+I and 30N+DS i.e., about 

0.55 ± 0.09 and 0.55 ± 0.09 mg/g DW respectively. Both of these were lower than the 

respective control values. It was further found that the shoot-Fe contents were about 

1.63 ± 0.06 and 0.47 ± 0.02 mg/g DW at 100N+I and 100N+DS respectively, the 

former being greater and the latter being lower than the respective control values. 

Thus, the highest Fe content was obtained at 100N+I. Karaaslan reported inconsistent 

effects of N-supplementations on Fe contents in three cultivars of Brassica napus L. 

seedlings [41]. 
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Fig. 4.25. Shoot-Fe content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.1.13 Shoot-Na content of control and treated plants under I and DS conditions 

The shoot-Na content of Brassica napus L. seedlings at C+I was about 7.70 ± 0.48 

mg/g DW which was decreased to about 5.38 ± 0.17 mg/g DW showing about 30.13 

% reduction on exposure to DS (Fig. 4.26). This result supports the findings of 

Mahouachi [51], however, it does not support the findings of Martinez et al., Abdallal 

et al., and Patakas et al., [47, 49, 186]. Na is considered as one of the essential 

elements for C4 plants. These plants use PEP (phosphoenolpyrovate) in order to fix 

atmospheric-C for photosynthesis. In this connection, Na regenerates PEP from 

pyruvate. Due to its similarity with K, Na can replace K as cofactors for certain 

enzymes.  

It can also act as an osmoregulator for cell expansion and stomatal movement. Na is 

beneficial for plant particularly under K-deficient or water deficit environment. 
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At 30Ca+I and 30Ca+DS, the shoot-Na contents were about 7.59 ± 0.57 and 4.93 ± 

0.56 mg/g DW respectively, lower than the corresponding control values by about 

1.43 and 9.13 % respectively. At 60Ca+I and 60Ca+DS, the shoot-Na contents were 

about 5.34 ± 0.48 and 5.12 ± 0.47 mg/g DW respectively. Among the Ca2+-

supplementations, the largest shoot-Na contents were obtained at 90Ca under I as well 

as DS conditions i.e., 8.11 ± 0.49 and 6.21 ± 0.11 mg/g DW respectively, showing 

about 5.32 and 15.43 % increases as compared to the respective control conditions. 

Tuna et al., suggested that supplemental-Ca2+ decreased the tissue-Na contents in salt-

stressed tomato plants [111]. As Ca2+ is easily displaced from its membrane binding 

sites by other cations, the functions it performs are disturbed due to its deficient 

availability. This problem can be recovered by exogenous-Ca2+ supplementation. 

Further, the toxicities of specific ions in saline conditions can also be ameliorated by 

exogenous-Ca2+ supplementation, especially in Na+ and Cl- susceptible crops [211]. 

At 50K+I and 50K+DS, the shoot-Na contents were about 4.78 ± 0.69 and 2.80 ± 0.28 

mg/g DW respectively, lower than the corresponding control values by about 37.92 

and 47.96 % respectively. At the higher K+-supplementation i.e., 150K+I and 

150K+DS, the shoot-Na contents were about 3.88 ± 0.51 and 3.60 ± 0.41 mg/g DW, 

lower than the corresponding control seedlings by about 49.61 and 33.09 % 

respectively. Overall, the shoot-Na content was decreased with K+-supplementation. 

This result is in agreement with that of Premachandra et al., however, it is in 

contradictory to that of Khayyat et al., [123, 212]. 

N-supplementation also affected the shoot-Na contents. It was observed that at 

30N+I and 30N+DS, the shoot-Na contents were about 3.93 ± 0.30 and 5.79 ± 0.39 

mg/g DW respectively. At the maximum N-supplementation (100N), the shoot-Na 

contents were about 4.21 ± 0.73 and 5.59 ± 0.31 mg/g DW respectively. Ashraf et 

al., reported that Na uptake was reduced by application of K along with N [213]. In 

another experiment on soybean, higher Na content was obtained at higher dose of 

supplemental N [90].  
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Fig. 4.26.  Shoot-Na content of Brassica napus L. seedlings at C (control) condition and after different 

supplementations under I and DS conditions. The vertical lines on the bars represent the standard 

deviation. 

4.2.2 Fatty acids composition of control and treated plants under I and DS 

conditions 

Diverging results have been reported regarding the responses of free fatty acids to DS, 

even though the effects of the mineral supplements on free fatty acids are rare. In the 

current experiment, focus is laid on few major fatty acids discussed below; 

4.2.2.1  The Palmitic acid (C16:0) content 

According to our observations, the palmitic acid content changed from 17.58 ± 0.01 to 

16.48 ± 1.05 % when plants suffered from 10-day-period of DS (Table 4.1). It means 

that DS brought about a little (6.26 %) reduction in palmitic acid concentration. 

Reduction in palmitic acid content with DS has also been reported by Bettaieb et al., 

[214]. Unlike our result, Champolivier and Merrien reported that DS increased the 

palmitic acid content in Brassica napus L. seed (var. oleifera) [215]. Fatty acids are 

regarded as the key constituents of cellular membranes, cutin waxes and suberin. 
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They act as structural barriers to the environment. DS stimulates peroxidative and 

lipolytic activities and hence decreases lipid biosynthesis. 

Lower Ca2+-supply increased and higher Ca2+-supply rather decreased the palmitic 

acid concentrations. At 30Ca+I, the palmitic acid concentration was about 20.46 ± 

0.01 % (about 16.38 % increase over control), which was decreased to 18.12 ± 1.00 % 

at 60Ca+I and then further reduced to 15.33 ± 0.82 % at 90Ca+I. Under DS condition, 

the palmitic acid concentrations were about 18.73 ± 0.39, 16.77 ± 0.65 and 18.64 ± 

0.58 % at the three respective levels of exogenous Ca2+-supplementations, which were 

greater than C+DS seedlings. 

At 50K+I, the palmitic acid concentration was about 17.29 ± 0.92 %, not much 

different than control. At the maximum K+-supply (150K) under I condition, the 

palmitic acid concentration was 13.86 ± 0.96 %, lower than C+I by about 21.16 %. 

Under DS conditions, the palmitic acid concentrations at 50K and 100K were about 

24.53 ± 0.62, 20.67 ± 0.56 % respectively, which were greater than C+DS seedlings 

by 48.85 and 25.42 % respectively. Higher K+-supplementation (150K+DS), however, 

decreased the palmitic acid concentration to about 15.84 ± 0.45 %, in comparison 

with the C+DS condition. Thus, higher K+-supply was found to decrease the palmitic 

acid concentrations under both; I and DS conditions. This result supports the 

suggestion of Sawan et al., [216]. 

At 30N+I, the palmitic acid content was 20.84 ± 0.13 % which was larger than C+I 

seedlings by about 18.54 %. The palmitic acid content of about 20.56 ± 0.49 % was 

recorded at 50N+I. At higher N-supply i.e., 100N+I, the palmitic acid content was 

19.83 ± 0.84 %, which was though, lower than the other two N-supplements but still 

greater than C+I seedlings. 

Under DS condition, palmitic acid content was 19.38 ± 0.53 % at 30N, greater than 

C+DS seedlings. Among the N-supplements, the largest palmitic acid concentration 

(20.86 % ± 0.01) was recorded for the highest N-dose i.e., 100N, which was greater 

than the C+DS seedlings by about 26.58 %. Overall, the palmitic acid content 

increased with N-supplementation. This result, however, does not support the findings 

of Boydak et al., who suggested that increasing N-supplementation decreased the 

palmitic acid content [217]. 
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Table. 4.1. The Palmitic acid content of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments C16:0 content 

under I ± SD 

% change 

w.r.t C+I 

C16:0 content 

under DS ± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

17.58 ± 0.01b 

20.46 ± 0.01a 

18.12 ± 1.00b 

15.33 ± 0.82c 

17.29 ± 0.92b 

17.37 ± 0.90b 

13.86 ± 0.96c 

20.84 ± 0.13a 

20.56 ± 0.49a 

19.83 ± 0.84ab 

- 

+16.38 

+3.07 

-12.80 

-1.65 

-1.19 

-21.16 

+18.54 

+16.95 

+12.80 

16.48 ± 1.05d 

18.73 ± 0.39c 

16.77 ± 0.65c 

18.64 ± 0.58c 

24.53 ± 0.62a 

20.67 ± 0.56b 

15.84 ± 0.45d 

19.38 ± 0.53c 

19.29 ± 0.51c 

20.86 ± 0.01b 

- 

+13.65 

+1.76 

+13.11 

+48.85 

+25.42 

-3.88 

+17.60 

+17.05 

+26.58 

 

4.2.2.2  The Stearic acid (C18:0) content 

The stearic acid contents at C+I and C+DS were about 2.22 ± 0.32 and 2.17 ± 0.12 % 

respectively, showing a little difference (Table 4.2). It was found by Dakhma et al., 

that DS increased the stearic acid content in Brassica napus (cv. Drakkar) leaves 

[218]. Reductions in stearic acid contents under DS have been reported by Bettaieb et 

al., Champolivier and Merrien [214, 215] etc., while, increases in stearic acid contents 

under DS, have been suggested by Flagella et al., [219] etc. 
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Exogenous Ca2+ affected the concentration of stearic acid under I and DS conditions. 

At 30Ca+I, the stearic acid content was about 3.72 %, which was greater than C+I 

seedlings by 67.57 %. At 90Ca+I, the stearic acid content was found to be about 3.21 

% which was greater than the C+I seedlings by about 45.25 %. Under DS conditions, 

supplementation of 30Ca increased the stearic acid content to 3.64 %, greater than the 

C+DS level by about 67.74 %. At the maximum Ca2+-supplementation (90Ca), the 

stearic acid concentration was 3.04 %, greater than the C+DS seedlings by about 

40.09 %. According to another study on Brassica napus L., DS decreased the stearic 

acid content [215]. 

K+-supply increased the stearic acid contents. It was shown that at 50K+I, 100K+I 

and 150K+I, the stearic acid contents were about 3.56, 3.34 and 3.76 % respectively, 

which were greater than the C+I seedlings by 60.36, 50.45 and 69.68 % respectively. 

Under DS conditions, the stearic acid contents were about 3.00, 3.42 and 3.84 % at 

50K, 100K and 150K respectively, which were greater than the C+DS seedlings by 

about 38.25, 57.60 and 76.96 % respectively. 

At 30N+I, 50N+I and 100N+I, the stearic acid contents were about 4.30, 3.47 and 

4.32 % respectively, showing about 93.69, 56.31 and 94.59 % increase as compared 

to C+I seedlings. At 30N+DS, 50N+DS and 100N+DS, the stearic acid contents were 

about 3.35, 3.37 and 4.54 % respectively, showing about 54.38, 55.29 and 109.22 % 

increases over that of C+DS seedlings. Our result of increased stearic acid content 

with N-supplementation supports the finding of Boydak et al., [217]. 
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Table. 4.2. The Stearic acid content of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments C18:0 under I 

± SD 

% change 

w.r.t C+I 

C18:0 under DS 

± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.22 ± 0.32e 

3.72 ± 0.21b 

3.17 ± 0.08d 

3.21 ± 0.11d 

3.56 ± 0.21bc 

3.34 ± 0.11cd 

3.76 ± 0.12b 

4.30 ± 0.21a 

3.47 ± 0.01c 

4.32 ± 0.12a 

- 

+67.57 

+42.79 

+44.59 

+60.36 

+1.12 

+69.37 

+93.69 

+56.31 

+94.59 

2.17 ± 0.12e 

3.64 ± 0.11bc 

3.17 ± 0.15cd 

3.04 ± 0.21cd 

3.00 ± 0.01d 

3.42 ± 0.21c 

3.84 ± 0.12b 

3.35 ± 0.1c 

3.37 ± 0.27c 

4.54 ± 0.11a 

- 

+67.74 

+46.08 

+40.09 

+38.25 

+57.60 

+76.96 

+54.38 

+55.30 

+109.22 

 

4.2.2.3  The Oleic acid (C18:1) content 

The oleic acid content was increased from 2.98 ± 0.12 to 5.95 ± 0.11 % under DS 

showing about 99.66 % increase as compared to the control (Table. 4.3). This result is 

in contradictory to that of Champolivier and Merrien who reported decreased oleic 

acid content in Brassic napus L. under DS [215].  

While, Dakhma et al., found that mild stress increased and severe stress decreased the 

oleic acid content in leaves of Brassic napus L [218]. Oleic acid stimulates PLDδ 

(phospholipase D), a signaling enzyme, which has an anti-cell death function [220]. A 
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rise in oleic acid concentration rescued cell death and restored the mutant to a wild 

type phenotype in Arabidopsis [221]. It has been suggested that in Arabidopsis, the 

chloroplast oleic acid contents are important for responses of normal pathogen 

defense such as SAR (systematic acquired resistance) and PCD (programmed cell 

death) [222]. Under stress conditions, free fatty acids are released from membrane 

lipids which act as mediators for cellular responses to external signals. Moreover, they 

also exhibit hydroxy peroxidative attacks because of LOX (lipoxygenase) activity 

under DS. It suggests that peroxidation of PUFAs (polyunsaturated fatty acids) is 

mediated by LOX due to the generation of fatty acid hydro peroxides which are 

decomposed to MDA. On the other hand, LOX may also play its role in initiating the 

jasmonates synthesis.  

At 30Ca+I and 60Ca+I, the oleic acid contents were about 5.49 ± 0.21 and 3.07 ± 0.07 

% respectively, showing about 84.23 and 3.02 % increases as compared to C+I 

seedlings. The higher Ca2+-supply i.e., 90Ca+I, however, decreased the oleic acid 

content to a level of about 2.04 ± 0.08 %. Under DS conditions, the oleic acid 

contents were increased with increasing Ca2+-supply and were in the range of 1.88-

3.08 % at 30Ca+DS to 90Ca+DS, however, these were still lower than the C+DS 

seedlings. Thus, exogenous Ca2+-supplementation could not enhance the oleic acid 

contents under DS conditions. 

The oleic acid content was increased at 50K+I (3.45 ± 0.1 %), decreased at 100K+I 

(2.37 ± 0.11 %) and again increased at 150K+I (4.59 ± 0.21 %). At 50K+DS, 

100K+DS and 150K+DS, the oleic acid contents were about 4.51 ± 0.13 , 3.23 ± 0.12 

and 3.51 ± 0.13 % respectively, lower than the C+DS seedlings by about 24.20, 45.71 

and 41.00 % respectively. Thus, all K+-treatments decreased the oleic acid contents 

under DS conditions, compared with C+DS seedlings. Mekki et al., found that the 

concentration of oleic acid increased with increasing K+-supplementation [223]. 

It was found that the amount of oleic acid changed from 2.76 ± 0.12 % at 30N+I to 

2.67 ± 0.17 % at 100N+I, which were lower than C+I seedlings. Under DS conditions, 

the oleic acid contents changed from 1.29 to 1.99 % at 30N and 100N respectively. 

All these were lower than C+DS seedlings. Lowering of oleic acid content with N-

fertilization has also been reported in peanut [217]. However, Khan and Ansari 
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reported increased oleic acid content with higher levels of exogenous-N in rapeseed-

mustard [224].  

Table. 4.3. The Oleic acid content of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (irrigated) and DS (Drought stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments C18:1 under I 

± SD 

% change 

w.r.t C+I 

C18:1 under DS 

± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.98 ± 0.12de 

5.49 ± 0.21a 

3.07 ± 0.07d 

2.04 ± 0.08g 

3.45 ± 0.10c 

2.37 ± 0.11f 

4.59 ± 0.21b 

2.76 ± 0.12e 

2.72 ± 0.15e 

2.67 ± 0.17e 

- 

+84.23 

+3.02 

-31.54 

+15.77 

-20.47 

+54.03 

-7.38 

-8.72 

-10.40 

5.95 ±  0.11a 

1.88 ± 0.11e 

3.38 ± 0.12cd 

3.08 ± 0.21d 

4.51 ± 0.13b 

3.23 ± 0.12d 

3.51 ± 0.13c 

1.29 ± 0.14f 

1.49 ± 0.12f 

1.99 ± 0.11e 

- 

-68.40 

-43.19 

-48.24 

-24.20 

-45.71 

-41.00 

-78.32 

-74.96 

-66.55 

 

4.2.2.4  The Linoleic acid (C18:2) content 

It was investigated that the linoleic acid content was decreased from 20.79 ± 0.11 % 

to 15.80 ± 0.17 % (24.00 % reduction) (Table 4.4).  This result supports the work of 

Dakhma et al., who also reported decreased linoleic acid content in Brassica napus 

exposed to DS [218]. However, it does not support the work of Champolivier and 

Merrien [215]. The degree of fatty acid unsaturation is an important factor for 
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membrane fluidity and other functions under environmental stresses. Our result is also 

in accordance with the findings of Bettaieb et al., [214]. 

Supplemental-Ca2+ decreased the linoleic acid contents under I condition and 

increased under DS condition. The linoleic acid contents ranged from 16.74-19.69 % 

and 16.89-17.47 % under I and DS conditions respectively with the increasing Ca2+-

supplementation from 30Ca to 90Ca.  

The linoleic acid content was about 21.00 ± 0.3 % at 50K+I, decreased to 19.83 ± 

0.12 % at 100K+I and again increased to 21.99 ± 0.11 % at 150K+I. As compared to 

that of C+DS seedlings, the linoleic acid content was increased to 18.36 ± 0.13, 18.50 

± 0.41 and 19.23 ± 0.17 % at the three respective K+-supplementations under DS 

conditions.  

At 30N+I, the linoleic acid content was about 19.49 ± 0.14 % which was increased to 

23.36 ± 0.18 % at 50N+I and again decreased to 20.53 ± 0.17 % at 100N+I. Thus, 

only 50N+I could increase the linoleic acid content above the C+I level. The linoleic 

acid content was 15.60 ± 0.11 % at 30N+DS, increased to 16.58 ± 0.15 % at 50N+DS 

and further increased to 20.53 ± 0.15 % at 100N+DS. Like our result, increase in 

linoleic acid content with N-fertilization has also been reported by Boydak et al., 

[217]. 
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Table. 4.4. The Linoleic acid content of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments C18:2 under I 

± SD 

% change 

w.r.t C+I 

C18:2 under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

20.79 ± 0.11d 

16.74 ± 0.12g 

19.46 ± 0.07f 

19.69 ± 0.2ef 

21.01 ± 0.3cd 

19.83 ± 0.12e 

21.99 ± 0.11b 

19.49 ± 0.14f 

23.36 ± 0.18a 

21.19 ± 0.17c 

- 

-19.48 

-6.40 

-5.29 

+1.06 

-4.62 

+5.77 

-6.25 

+12.36 

+1.92 

15.8 ± 0.17g 

16.89 ± 0.18e 

16.35 ± 0.18f 

17.47 ± 0.16d 

18.36 ± 0.13c 

18.50 ± 0.41c 

19.23 ± 0.17b 

15.60 ± 0.11g 

16.58 ± 0.15ef 

20.53 ± 0.15a 

- 

+6.90 

+3.48 

+10.57 

+16.20 

+17.08 

+21.71 

-1.27 

+4.94 

+29.94 

 

4.2.2.5 The Linolenic acid (C18:3) content 

The linolenic acid content was increased from 54.07 ± 0.2 to 56.09 ± 0.76 % (about 

3.74 % increase) under DS (Table. 4.5). Similar findings have been suggested by 

Repellin et al., and Champolivier and Merrien [57, 215] also. However, Aziz and 

Larher reported that osmotic stress declined the linolenic acid content in Brassica 

napus L [225]. Reduction in linolenic acid content under DS has also been observed 

in Salvia officinalis [214]. Decreased linolenic acid content was observed in Brassica 

napus leaves subjected to DS by Dakhma et al., also [218]. It is believed that lipid 

unsaturation enhances the cell membrane stability. Thus, increase in PUFAs 
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contributes to the permeability and fluidity of membrane lipids which are under 

stresses. However, if unsaturation becomes very high, then, lipolytic and peroxidant 

attacks may take place. Free linolenic acid can also act as a stress signal. In addition, 

it may act as a precursor for phyto-oxylipin biosynthesis. Non-tolerant plants exposed 

to stresses exhibit reduction in linolenic acid contents in their membranes which 

reflects damage due to the stress. Investigations carried out with transgenic cells and 

plants of tobacco have shown that overexpression of ω-3 desaturases (which enhances 

the linolenic acid contents) enhanced drought and salt tolerance [226]. 

Table. 4.5. The Linolenic acid content of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments C18:3 under I 

± SD 

% change 

w.r.t C+I 

C18:3 under DS 

± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

54.07 ± 0.2b 

54.24 ± 0.32cd 

53.56 ± 0.51bc 

56.19 ± 0.92a 

52.95 ± 0.45c 

54.48 ± 0.47b 

53.66 ± 0.95bc 

51.61 ± 0.67d 

49.87 ± 0.23e 

51.22 ± 0.73d 

- 

+0.31 

-0.94 

+3.92 

-2.07 

+0.76 

-0.76 

-4.55 

-7.77 

-5.27 

56.09 ± 0.76ab 

55.62 ± 0.99ab 

56.57 ± 0.78a 

54.93 ± 0.65b 

49.68 ± 0.23d 

52.62 ± 0.75c 

56.86 ± 0.91a 

56.60 ± 0.45a 

55.89 ± 0.56ab 

51.27 ± 0.98c 

- 

-0.84 

+0.86 

+2.07 

-11.43 

-6.19 

+1.37 

+0.91 

-1.43 

-8.59 
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At 30Ca+I, 60Ca+I and 90Ca+I, the linolenic acid contents were about 52.24 ± 0.32, 

53.56 ± 0.51and 56.19 ± 0.92 % respectively. Under DS conditions, the linolenic acid 

contents were about 55.62 ± 0.99, 56.57 ± 0.78 and 54.93 ± 0.65 %, which were 

greater than the C+I seedlings. Thus, supplied-Ca2+ was found to maintain the 

linolenic acid content in Brassica napus L. seedlings under both conditions. 

Maintenance of PUFA levels in chloroplast lipids enhances the normal activities of 

chloroplastic membranes under low temperature and chilling. It suggests that the 

drought or salt tolerance largely depends upon the ability of plants to maintain the 

fatty acid unsaturation. 

At 50K+I, 100K+I and 150K+I, the linolenic acid contents were about 52.95 ± 0.45, 

54.48 0.47 and 53.66 ± 0.95 % respectively. Under DS, increasing K+-supply showed 

increasing trend on the linolenic acid contents and the concentrations of about 49.68 ± 

0.23, 52.62 ± 0.75 and 56.86 ± 0.91 % were obtained at 50K+DS, 100K+DS and 

150K+DS respectively. 

At 30N+I, 50N+I and 100N+I, the linolenic acid contents were about 51.61 ± 0.67, 

49.86 ± 0.23 and 51.22 ± 0.73, lower than C+I seedlings by about 8.25, 11.48 and 

5.25 % respectively. While the linolenic acid contents obtained under DS at the 

corresponding N-supplements were about 56.60 ± 0.45, 55.89 ± 0.56 and 51.27 ± 0.98 

% respectively, showing a decreasing order as compared to C+DS seedlings. This 

result supports the work of Boydak et al., [217]. 

4.2.2.6 The Stearic acid/ Oleic acid + Linoleic acid + Linolenic acid ratio 

It was noted that the stearic acid/ oleic acid + linoleic acid + linolenic acid ratios of 

control seedlings were almost same (0.03 ± 0.01 ) under both I and DS conditions 

(Table. 4.6). 

This ratio was not affected statistically with supplementations. However, it was 

significantly increased at 30N+DS (0.62 ± 0.01, about 1966.67 % increase relative to 

control). 
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Table. 4.6. The Stearic acid/ Oleic acid + Linoleic acid + Linolenic acid ratio of Brassica napus L. 

seedlings under control condition and treatments with Ca2+, K+ and N supplements under I (Irrigated) 

and DS (Drought stress) conditions. Data with the same letters within the same column are not 

significantly different (P > 0.05) according to LSD test. 

Treatments C18:0/C18:1+C18:2+

C18:3 under I ± SD 

% change 

w.r.t C+I 

C18:0/C18:1+C18:2

+C18:3 under DS ± 

SD 

% 

change 

w.r.t 

C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

0.03 ± 0.01a 

0.05 ± 0.02a 

0.04 ± 0.01a 

0.04 ± 0.02a 

0.05 ± 0.01a 

0.04 ± 0.01a 

0.05 ± 0.02a 

0.06 ± 0.01a 

0.05 ± 0.01a 

0.06 ± 0.01a 

- 

+66.67 

+33.33 

+33.33 

+66.67 

+33.33 

+66.67 

+100 

+66.67 

+100 

0.03 ± 0.01b 

0.05 ± 0.02b 

0.04 ± 0.02b 

0.04 ± 0.01b 

0.04 ± 0.01b 

0.05 ± 0.01b 

0.05 ± 0.02b 

0.05 ± 0.03b 

0.05 ± 0.02b 

0.62 ± 0.01a 

- 

+66.67 

+33.33 

+33.33 

+33.33 

+66.67 

+66.67 

+66.67 

+66.67 

+1966.67 

 

4.2.2.7 The Linoleic acid/Linolenic acid ratio 

The linoleic acid/linolenic acid ratio was decreased from about 0.39 ± 0.01( at C+I) to 

about 0.28 ± 0.01 at C+DS, showing about 28.21 % reduction as compared to control 

(Fig. 4.7). 

This ratio was increased with supplementations. At 30Ca+I and 30Ca+DS, the ratios 

were 0.32 ± 0.02 and 0.30 ± 0.02 respectively. At the maximum Ca2+-supplementation 
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(90Ca), these ratios were about 0.35 ± 0.02 and 0.32 ± 0.01 under I and DS 

conditions, showing about 10.26 % loss and 14.29 % rise over the respective control 

seedlings. 

At 50K+I and 50K+DS, the linoleic acid/linolenic acid ratios were about 0.40 ± 0.01 

and 0.37 ± 0.01, which are about 2.56 and 32.14 % increases over the respective 

control seedlings. At 100K+I, the ratio was about 0.36 ± 0.01, which was lower than 

the respective control value by about 7.69 %. However, at 100K+DS, a higher ratio 

(0.35 ± 0.02) was obtained, which was greater than the respective control value by 

about 25.00 %. At the maximum K+-supplementation (150K), the linoleic 

acid/linolenic acid ratios were about 0.41 ± 0.01 and 0.34 ± 0.02 under I and DS 

conditions, which represent about 5.13 and 21.43 % increases over the respective 

control values. 

At 30N (both I and DS), almost similar ratios were obtained as the respective control 

values. At 50N+I and 50N+DS, the ratios obtained were about 0.47 ± 0.01 and 0.30 ± 

0.01, which show about 20.51 and 7.14 % increases over the respective control 

values. At the maximum N-supplementation i.e., 100N, the linoleic acid/linolenic acid 

ratios were about 0.414 ± 0.01 and 0.4 ± 0.02. These were about 5.13 and 42.86 % 

increases over the respective control values. 

 

 

 

 

 

 

 

 



131 
 

Table. 4.7. The Linoleic acid/Linolenic acid ratio of Brassica napus L. seedlings under control 

condition and  treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) 

conditions. Data with the same letters within the same column are not significantly different (P > 0.05) 

according to LSD test. 

Treatments C18:2/C18:3 ratio 

under I ± SD 

% change 

w.r.t C+I 

C18:2/C18:3 ratio 

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

0.39 ± 0.01c 

0.32 ± 0.02e 

0.36 ± 0.01d 

0.35 ± 0.02de 

0.40 ± 0.01bc 

0.36 ± 0.01d 

0.41 ± 0.01b 

0.38 ± 0.02cd 

0.47 ± 0.01a 

0.41 ± 0.01b 

- 

-17.95 

-7.69 

-10.26 

+2.56 

-7.69 

+5.13 

-2.56 

+20.51 

+5.13 

0.28 ± 0.01d 

0.30 ± 0.02cd 

0.29 ± 0.02cd 

0.32 ± 0.01c 

0.37 ± 0.01ab 

0.35 ± 0.02b 

0.34 ± 0.02bc 

0.28 ± 0.01d 

0.30 ± 0.01d 

0.4 ± 0.02a 

- 

+7.14 

+3.57 

+14.29 

+32.14 

+25.00 

+21.43 

0.00 

+7.14 

+42.86 

 

4.2.3 Amino acids composition of control and treated plants under I and DS 

conditions 

According to the results obtained from the chromatograms of the selected amino 

acids, as per the standard used, DS affected the amino acids composition of the leaf 

tissues of Brassica napus L. seedlings variously; some of the amino acids were 

increased while others were decreased in concentration. Similarly, different responses 

were shown by different amino acids to exogenously provided supplements under two 

conditions i.e., I and DS. The results of the selected amino acids studied were as 

follows; 
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4.2.3.1 The Asp (Aspartic acid) content 

The response of Asp to DS and exogenous supplementations is shown in Table. 4.8. 

The concentration of Asp increased from about 2.90 ± 0.25 to 3.81 ± 0.32 % on 

exposing the seedlings to 10-days-period of DS, showing 31.38 % increase as 

compared to the C+I seedlings. 

At 30Ca+I, 60Ca+I and 90Ca+I; the Asp concentrations were about 3.10 ± 0.15, 3.32 

± 0.13 and 3.64 ± 0.31 % respectively, showing about 7.27, 14.88 and 25.95 % 

increases as compared to that at C+I condition. While the Asp contents, at 30Ca+DS, 

60Ca+DS and 90Ca+DS, were observed to be about 4.53 ± 0.23, 5.06 ± 0.21 and 5.88 

± 0.13 % respectively, corresponding to increases of about 18.10, 32.81 and 54.33 % 

as compared to that at C+DS. Thus, Asp concentration increased with Ca2+-

supplementation under both I and DS conditions. 

In comparison with control values, higher Asp contents were obtained for K+-

supplemented plants, shown by the concentration ranges of 3.29-3.51 and 4.61-4.69 % 

with increasing K+-supplementations under I and DS conditions respectively. Among 

the K+-supplementations, the largest Asp contents were obtained at the maximum K+-

supplementation (150K). At 150K+I and 150K+DS, the Asp contents were about 

higher than the respective control levels by about 21.03 and 23.10 % respectively. 

The Asp ranged from 1.97-1.12 and 2.93-1.98 % under I and DS conditions, 

respectively, with N-supplementation from 30N-100N, showing a decreasing trend 

under both conditions, as compared to the C seedlings under respective conditions, 

with the minimum value at the highest N-supplement (100N). At 100N+I and 

100N+DS, the Asp contents were lower than the respective control levels by about 

61.38 and 48.03 % respectively. 
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Table. 4.8. The Asp content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought Stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Asp content 

under I ± SD 

% change 

w.r.t C+I 

The Asp content 

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.90 ± 0.25b 

3.10 ± 0.15b 

3.32 ± 0.13ab 

3.64 ± 0.31a 

3.29 ± 0.13ab 

3.30 ± 0.12ab 

3.51 ± 0.12a 

1.97 ± 0.13c 

1.41 ± 0.12d 

1.12 ± 0.11e 

- 

+6.70 

+14.48 

+25.52 

+13.45 

+13.79 

+21.03 

-32.07 

-51.38 

-61.38 

3.81 ± 0.32d 

4.53 ± 0.23c 

5.06 ± 0.21b 

5.88 ± 0.13a 

4.61 ± 0.01c 

4.72  ± 0.01c 

4.69 ± 0.21bc 

2.93 ± 0.11e 

2.57 ± 0.11f 

1.98 ± 0.12g 

- 

+18.90 

+32.81 

+54.33 

+20.10 

+23.88 

+23.10 

-23.10 

-32.55 

-48.03 

 

4.2.3.2  The Thr (Threonine) content 

The Thr content increased from 1.90 ± 0.21 to 2.27 ± 0.15 %. It means that DS 

increased the Thr content by 19.47 % (Table. 4.9).  

With increasing Ca2+-supply from 30Ca to 90Ca, the Thr concentrations increased and 

ranged from 1.93-2.40 and 2.90-3.70 % under I and DS conditions respectively, with 

the largest values at the largest  Ca2+-supplements under both conditions. At 90Ca+I 

and 90Ca+DS, the Thr concentrations were higher than the respective control levels 

by about 26.32 and 62.99 % respectively.  
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The concentration ranges of Thr were 2.02-2.45 and 2.91-2.60 % with K+-

supplementation under I and DS conditions respectively. As compared to control, the 

Thr contents were larger after K+-supplementation. At 150K+I and 50K+DS, the Thr 

concentrations were higher than the respective control levels by about 28.95 and 

28.19 % respectively. 

With increasing exogenous-N, a decreasing trend was observed in Thr concentration 

under I condition, shown by the concentration range of 1.59-1.18 %. While, its 

concentration ranged from 3.07-4.76 % with increasing N-supplementations, showing 

increasing trend under DS conditions. The lowest Thr content (1.18 %) was obtained 

at 100N+I and the highest Thr content (4.76 %) was obtained at 100N+DS among the 

N supplementations under I and DS conditions respectively. 

Table. 4.9. The Thr content of Brassica napus L. seedlings under control condition and treatments with 

Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the same 

letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Thr content 

under I ± SD 

% change 

w.r.t C+I 

The Thr content 

under DS ± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.90 ± 0.21bc 

1.93 ± 0.12b 

2.13± 0.21ab 

2.40 ± 0.21a 

2.02 ± 0.12b 

2.26 ± 0.12ab 

2.45 ± 0.21a 

1.59 ± 0.12c 

1.41 ± 0.21cd 

1.18 ± 0.11d 

- 

+1.58 

+12.11 

+26.32 

+6.32 

+18.95 

+28.95 

-16.32 

-25.79 

-37.89 

2.27 ± 0.15d 

2.90 ± 0.1cd 

3.22 ± 0.21c 

3.70 ± 0.21b 

2.91± 0.12cd 

2.66  ± 0.12d 

2.60 ± 0.21d 

3.07 ± 0.21c 

3.51 ± 0.20bc 

4.76 ± 0.12a 

- 

+28.32 

+41.85 

+62.99 

+28.19 

+17.18 

+14.54 

+35.24 

+54.63 

+109.69 
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4.2.3.3  The Ser (Serine) content 

The Ser concentrations are shown in Table. 4.10. Its concentration changed from 

about 1.63 ± 0.56 to about 3.08 ± 0.15 % under DS. It means that DS increased the 

Ser concentration by about 88.96 %.  

Ca2+-supplementation increased the Ser content over C+I condition, shown by the 

concentration ranges of 1.74-2.00 % at 30-90Ca under I conditions and 5.35-6.44 % 

under DS conditions respectively. Among the Ca2+-supplementations, the highest Ser 

contents were obtained at 90Ca+I and 90Ca+DS, which were higher than the 

respective control levels by about 22.70 and 109.09 % respectively. 

It was observed that K+-supplementation increased the Ser contents shown by the 

concentration ranges of about 1.65-2.17 and 4.09-3.49 % under I and DS conditions 

respectively. Among the K+-supplementations, the highest Ser concentrations were 

obtained at 150K+I and 50K+DS, which were higher than the respective control 

levels by about 33.13 and 32.79 % respectively. 

Under I condition, the Ser concentration ranged from 1.43-2.79 % with increasing N-

supply. Comparatively, greater changes were caused in Ser concentration under DS 

conditions. At 30N, 50N and 100N, under DS conditions, the Ser contents were about 

6.68, 8.47 and 26.62 % respectively, corresponding to about 116.88, 175.00 and 

764.29 % increases when compared with C+DS seedlings. 
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Table. 4.10. The Ser content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Ser content 

under I ± SD 

% change 

w.r.t C+I 

The Ser 

content under 

 DS ± SD 

% change 

w.r.t 

C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.63 ± 0.57bcd 

1.74 ± 0.45bcd 

1.87 ± 0.11c 

2.00 ± 0.32bc 

1.65 ± 0.12cd 

1.99 ± 0.17bc 

2.17 ± 0.21b 

1.43 ± 0.12d 

2.42 ± 0.12b 

2.79 ± 0.10a 

- 

+6.75 

+14.72 

+22.70 

+1.23 

+22.09 

+33.13 

-12.27 

+ 48.47 

+71.17 

3.08 ± 0.15h 

5.35 ± 0.12e 

5.78 ± 0.10d 

6.44 ± 0.12c 

4.09 ± 0.16f 

3.53 ± 0.11g 

3.49 ± 0.12g 

6.68 ± 0.11c 

8.47 ± 0.12b 

26.62 ± 0.11a 

- 

+73.70 

+87.66 

+109.09 

+32.79 

+14.61 

+13.31 

+116.88 

+175.00 

+764.29 

 

4.2.3.4 The Glu (Glutamine) content 

The Glu concentration decreased from 5.95 ± 0.49 to 4.35 ± 0.39 % (about 26.89 % 

reduction) under DS (Table. 4.11). 

Ca2+-supplementation increased the Glu contents under both conditions. It was 

observed that the Glu concentration ranged from 6.42-7.01 and 3.77-5.30 % under I 

and DS conditions respectively with Ca2+-supplementation, from 30Ca to 90Ca, with 

the largest values at 90Ca under both conditions. 
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Th Glu contents ranged from 6.25-7.64 and 5.59-4.72 % with increasing K+-

supplementations under I and DS conditions, respectively. In I seedlings, the largest 

Glu content was obtained at 150K and in DS seedlings, the largest Glu content was 

obtained at 50K. 

So far the effect of N-supplementation is concerned, the Glu concentrations were 

affected relatively at I conditions. It was found that at 30N, 50N and 90N, under I 

conditions, the Glu contents were about 6.70, 7.25 and 9.43 % respectively, showing 

about 12.61, 22.05 and 58.49 % increases when compared with C+I seedlings. 

Table. 4.11. The Glu content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Glu 

content under 

I ± SD 

% change w.r.t 

C+I 

Glu content 

under DS ± 

SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

5.95 ± 0.49d 

6.42 ± 0.35cd 

6.93 ± 0.26c 

7.03 ± 0.20b 

6.25 ± 0.55cd 

7.08 ± 0.41bc 

7.64 ± 0.42b 

6.70 ± 0.48cd 

7.25 ± 0.21bc 

9.43 ± 0.23a 

- 

+7.89 

+16.47 

+15.37 

+5.04 

+18.99 

+28.40 

+12.61 

+21.85 

+58.49 

4.35 ± 0.39bc 

3.77 ± 0.43c 

4.38 ± 0.28bc 

5.31 ± 0.54ab 

5.59 ± 0.45a 

4.73 ± 0.19ab 

4.72 ± 0.43ab 

3.10 ± 0.12c 

3.57 ± 0.21c 

3.28 ± 0.31c 

- 

-13.33 

+6.89 

+22.07 

+28.51 

+8.74 

+8.51 

-28.74 

-17.93 

-24.59 
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4.2.3.5  The Pro (Proline) content 

 The most actively accumulated of the amino acids was Pro, which was increased in 

concentration from 1.55 ± 0.84 to 9.41 ± 0.66 %, showing more than 6-fold increase 

as compared to the C+I seedlings (Table 4.12). Thus, it was observed that DS caused 

increased accumulation of Pro (about 507.1 % increase) in leaf tissues of Brassica 

napus L. seedlings. 

The Pro concentration underwent larger change with exogenous Ca2+, comparatively 

at DS. The Pro concentrations were recorded as about 15.52 ± 0.23, 26.88 ± 0.19 and 

38.19 ± 0.77 % respectively under DS conditions at 30Ca+DS, 60Ca and 

90Carespectively. These represent the increases of about 64.93, 185.65 and 305.84 % 

respectively as compared to C+DS. 

The concentration ranges of Pro were about 1.78-2.02 and 12.23-11.28 % with 

increasing K+-supplementation under I and DS conditions respectively. Among the 

K+-supplementations, the highest Pro contents were obtained at 150K+I and 50K+DS, 

which were higher than the respective control levels by about 30.32 and 29.97 % 

respectively. 

Among the N-treatments, larger increases occurred at DS and the Pro concentration 

ranged from 12.99-20.49 % with increasing N-supply. These concentrations were 

indeed greater than the C+DS seedlings. Among the N-supplementations, the highest 

Pro content (20.50 %) was obtained at 100N+DS, which was higher than the 

respective control level by about 117.85 %. 
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Table. 4.12. The Pro content of Brassica napus L. seedlings under control condition and  treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Pro 

content under I 

± SD 

% change w.r.t 

C+I 

The Pro 

content under 

DS ± SD 

% change 

w.r.t C+DS

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.55 ± 0.84a 

1.58 ± 0.72a 

1.75 ± 0.61a 

1.78 ± 0.72a 

1.78± 0.28a 

1.86 ± 0.72a 

2.02 ± 0.25a 

1.49 ± 0.83a 

1.20 ± 0.78a 

1.15 ± 0.48a 

- 

+4.65 

+ 12.90 

+14.84 

+14.84 

+20.00 

+30.32 

-3.87 

-22.58 

-25.81 

9.41 ± 0.66h 

15.52 ± 0.23e 

26.88 ± 0.19b 

38.19 ± 0.77a 

12.23 ± 0.28fg 

11.46 ± 0.78g 

11.28 ± 0.69g 

12.99 ± 0.46f 

16.84 ± 0.77d 

20.50 ± 0.12c 

- 

+64.93 

+185.65 

+305.84 

+29.97 

+21.79 

+19.87 

+38.04 

+78.96 

+117.85 

 

4.2.3.6 The Gly (Glycine) content 

The Gly content was decreased from 3.40 ± 0.51 to 2.68 ± 0.15 % (21.18 % 

reduction) under DS (Tabl. 4.13). 

The concentration of Gly ranged from about 3.46-3.85 and 3.72-8.36 % after the 

Ca2+-supplementations from 30Ca to 90Ca under I and DS conditions respectively, 

showing an increasing trend as compared to control. Among the Ca2+-

supplementations, the highest Gly contents were obtained at 90Ca+I and 90Ca+DS, 
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which were higher than the respective control levels by about 13.24 and 210.78 % 

respectively. 

With increasing K+-supplementation, the Gly concentrations ranged from 3.57-4.06 

and 3.21-3.28 % under I and DS conditions respectively. Among the K+-

supplementations, the highest Gly contents were obtained at 150K+I and 150K+DS, 

which were higher than the respective control levels by about 19.41 and 21.93 % 

respectively. 

Its concentration ranged from 5.15-11.76 and 4.37-12.27 % under I and DS 

conditions, respectively, with supplementation of N from 30N-100N, showing an 

increasing trend. Among the N-supplementations, the highest Gly contents were 

obtained at 100N+I and 100N+DS, which were higher than the respective control 

levels by about 245.88 and 356.13 % respectively. 
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Table. 4.13. The Gly content of Brassica napus L. seedlings under control condition and  treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Gly 

content under 

I ± SD 

% change 

w.r.t C+I 

The Gly 

content under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

3.40 ± 0.52d 

3.46 ± 0.21d 

3.79 ± 0.12d 

3.85 ± 0.57d 

3.57 ± 0.64d 

3.84 ± 0.91cd 

4.06 ± 0.84cd 

5.15 ± 0.59c 

9.31± 0.24b 

11.76 ± 0.63a 

- 

+1.76 

+11.47 

+13.24 

+05.00 

+12.94 

+19.41 

+51.47 

+173.82 

+245.88 

2.69 ± 0.15f 

3.72 ± 0.65e 

5.10 ± 0.34d 

8.36 ± 0.56b 

3.21 ± 0.51ef 

3.21 ± 0.77ef 

3.28 ± 0.84ef 

4.37 ± 0.46de 

6.14 ± 0.54c 

12.27 ± 0.39a 

- 

+38.29 

+89.59 

+210.78 

+19.33 

+19.33 

+21.93 

+62.45 

+128.25 

+356.13 

 

4.2.3.7 The Ala (Alanine) content 

The Ala content varied from 2.60 ± 0.21 to 2.26 ± 0.34 % under DS (Table. 4.14). It 

shows that the imposition of DS reduced the Ala content of Brassica napus L. 

seedlings by about 13.08 %. 

Its concentration ranged from 2.65-3.12 and 3.66-4.46 % under I and DS conditions 

respectively, with increasing Ca2+-treatments from 30Ca to 90Ca, showing an 

increasing trend, with the largest values at the maximum Ca2+-supplement (90Ca) 

under both I and DS conditions. 
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With increasing K+-supplementations, the Ala contents were in the range of 2.62-2.96 

and 2.56-3.23 % under I and DS conditions respectively. Under both I as well as DS 

conditions, the largest Ala contents were obtained at the maximum K+-

supplementation (150K), which were higher than the respective control levels by 

about 13.85 and 42.92 % respectively. 

The Ala concentration range under I condition was found as 3.06-3.81 %, while under 

DS condition, it was about 2.24-2.54 % at 30N-100N. Among the N-

supplementations, the highest Ala contents were obtained at 100N+I and 50N+DS, 

which were higher than the respective control levels by about 46.54 and 13.27 % 

respectively. 

Table. 4.14. The Ala content of Brassica napus L. seedlings under control condition and  treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Ala content 

under I ± SD 

% change w.r.t 

C+I 

The Ala content   

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.60 ± 0.21c 

2.65 ± 0.31bc 

2.89 ± 0.12 

3.12 ± 0.22bc 

2.62 ± 0.32bc 

2.83 ± 0.02c 

2.96 ± 0.19bc 

3.06 ± 0.12b 

3.14 ± 0.24b 

3.81 ± 0.23a 

- 

+1.92 

+11.15 

+20.00 

+0.77 

+8.85 

+13.85 

+17.69 

+20.77 

+46.54 

2.26 ± 0.34d 

3.66 ± 0.13b 

3.98 ± 0.34 

4.46  ± 0.46ab 

2.56 ± 0.39cd 

3.08 ± 0.35c 

3.23 ± 0.34bc 

2.24 ± 0.39d 

2.56 ± 0.24cd 

2.54 ± 0.13d 

- 

+61.95 

+76.11 

+97.35 

+13.27 

+36.28 

+42.92 

-0.88 

+13.27 

+12.39 
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4.2.3.8 The Val (Valine) content 

The Val contents were 2.03 ± 1.27 and 3.19 ± 0.21 % at C+I and C+DS, showing 

about 57.14 % increase as compared to C+I (Table. 4.15). 

With increasing Ca2+-supplementations, the Val concentrations were in the range of 

2.16-2.46 and 3.62-4.11 % under I and DS conditions, respectively, showing an 

increasing trend. Among the Ca2+-supplementations, the largest Val contents were 

obtained at 90Ca+I and 90Ca+DS, which were higher than the respective control 

levels by about 21.18 and 28.84 % respectively. 

The Val concentration ranged from about 2.07-2.43 and 3.81-3.69 % with increasing 

K+-supplementation from 30N to 100N under I and DS conditions respectively. 

Higher Val contents were obtained with K+-supplementations. Under I condition, an 

increasing trend was observed in Val concentration with increasing K+-

supplementations, whereas, an irregular trend was observed under DS condition. 

N-supplementations from 30N to 100N changed the Val contents from 1.11-0.92 and 

6.11-29.72 % under I and DS conditions, respectively, showing an increasing trend 

under DS. The largest Val content was obtained at the higher N-supplement 

(100N+DS), which was higher than the respective control level by about 831.66 %. 
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Table. 4.15. The Val content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Val 

content under 

I ± SD 

% change 

w.r.t C+I 

The Val content 

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.03 ± 1.27a 

2.16 ± 0.46a 

2.29 ± 0.88a 

2.46 ± 0.35a 

2.07 ± 0.35a 

2.29 ± 0.26a 

2.43 ± 0.27a 

1.11 ± 0.65a 

0.93 ± 0.45a 

0.92 ± 0.65a 

- 

+6.40 

+12.81 

+21.18 

+1.97 

+12.81 

+19.70 

-45.32 

-54.19 

-57.68 

3.19 ± 0.21d 

3.62 ± 0.65cd 

3.75 ± 0.44cd 

4.11 ± 0.35c 

3.81 ± 0.54cd 

3.65 ± 0.54cd 

3.69 ± 0.43cd 

6.11 ± 0.32c 

10.40 ± 0.43b 

29.72 ± 0.76a 

- 

+13.48 

+17.55 

+28.84 

+19.44 

+14.42 

+15.67 

+91.54 

+226.02 

+831.66 

 

4.2.3.9 The Met (Methionine) content  

The Met concentrations under C+I and C+DS were about 1.35 ± 0.57 and 1.22 ± 0.33 

% respectively, showing about 9.63 % reduction (Table. 4.16). 

Its concentration ranged from 1.46-1.67 and 0.76-1.19 % with increasing Ca2+-

supplementations under I and DS conditions, respectively. It reveals that the Met 

content increased with Ca2+-supplementation only under I condition. Among the Ca2+-

supplementations, the largest Met content was obtained at 90Ca+I (1.69 %), which 

was higher than the respective control level by about 25.19 %. 
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With increasing K+-supplementations, the Met concentrations ranged from 1.48-1.52 

and 1.36-1.84 % under I and DS conditions, respectively, showing an increasing 

trend. Among the K+-supplementations, the highest Met contents were obtained at 

10K+I and 150K+DS, which were higher than the respective control levels by about 

12.59 and 50.82 % respectively. 

With increasing N-supplementation, the Met contents were in the range of 1.37-1.89 

and 1.46-2.00 % under I and DS conditions, respectively, showing an increasing 

trend. The largest Met content was obtained at 100N+DS (2.00 %), which was higher 

than the respective control level by about 63.93 %. 

Table. 4.16. The Met content of Brassica napus L. seedlings under control condition and  treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Met 

content under I 

± SD 

% change 

w.r.t C+I 

The Meth content 

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.35 ± 0.09c 

1.46 ± 0.03c 

1.54 ± 0.12bc 

1.69 ± 0.11b 

1.48 ± 0.10bc 

1.46 ± 0.03c 

1.52 ± 0.10bc 

1.37 ± 0.11c 

1.44 ± 0.10c 

1.89 ± 0.10a 

- 

+8.15 

+14.07 

+25.19 

+9.63 

+8.15 

+12.59 

+1.48 

+6.67 

+40.00 

1.22 ± 0.11e 

0.76 ± 0.10f 

0.93 ± 0.12f 

1.19 ± 0.01e 

1.36 ± 0.11de 

1.63 ± 0.11c 

1.84 ± 0.02b 

1.46 ± 0.05d 

1.67 ± 0.02c 

2.00 ± 0.12a 

- 

-37.70 

-23.77 

-2.46 

+11.48 

+33.61 

+50.82 

+19.67 

+36.89 

+63.93 
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4.2.3.10 The Ileu (Isoleucine) content 

The Ileu was found to undergo a change in concentration from 4.40 ± 1.54 to 5.90 ± 

0.47 % (about 34.09 % elevation) (Table. 4.17).  

With increasing Ca2+-supplementation, the Ileu concentrations were in the range of 

4.48-5.12 and 5.91-6.11 % under I and DS conditions respectively, showing an 

increasing trend. Among the Ca2+-supplementations, the highest Ileu contents were 

obtained at 90Ca+I and 90Ca+DS, which were higher than the respective control 

levels by about 16.36 and 3.56 % respectively. 

With increasing K+- supplementations, the Ileu concentrations ranged from 4.66-4.86 

and 6.51-6.18 % under I and DS conditions, respectively, showing an increasing 

trend. The higher Ileu contents were obtained at 150K+I and 150+DS, which were 

higher than the respective control levels by about 10.45 and 4.75 % respectively. 

With increasing N-supplementation, the Ileu concentrations were in the range of 4.48-

7.40 and 11.91-33.02 % under I and DS conditions respectively, showing an 

increasing trend with the profound effect under DS. Among the N-supplementations, 

the largest Ileu contents were observed at 100N+I and 100N+DS, which were higher 

than the control levels by about 68.18 and 459.66 % respectively. 
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Table. 4.17. The Ileu content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Ileu 

content under 

at  I ± SD 

% change 

w.r.t C+I 

The Ileu 

content under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

4.40 ± 1.54bc 

4.48 ± 0.98bc 

4.92 ± 0.77bc 

5.12 ± 0.66bc 

4.66 ± 0.24c 

4.70 ± 0.43c 

4.86 ± 0.67bc 

4.48 ± 0.43c 

5.78 ± 0.35b 

7.40 ± 0.30a 

- 

+1.82 

+11.82 

+16.36 

+5.91 

+6.82 

+10.45 

+1.82 

+31.36 

+68.18 

5.90 ± 0.47d 

5.91 ± 0.32d 

6.03 ±  0.21d 

6.11 ± 0.43d 

6.51 ± 0.34d 

6.17 ± 0.12d 

6.18 ± 0.21d 

11.91 ± 0.21c 

21.06 ± 0.21b 

33.02 ± 0.21a 

- 

+0.17 

+2.20 

+3.56 

+10.34 

+4.58 

+4.75 

+101.86 

+256.95 

+459.66 

 

4.2.3.11 The Leu (Leucine) content 

The Leu concentrations are shown in the Table. 4.18. It was observed that DS 

changed the Leu concentration from 1.46 ± 0.01 to 1.98 ± 0.20 %. It means that DS 

increased the Leu concentration of Brassica napus L. seedlings by about 35.62 %.  

Increasing Ca2+-supplementation increased the Leu content from 1.55 to 1.67 % under 

I and from 5.91 to 6.11 % under DS condition. Among the Ca2+-supplementations, the 

highest Leu contents were obtained at 90Ca+I and 60Ca+DS, which were higher than 

the respective control levels by about 14.38 and 83.84 % respectively. 
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With increasing K+- supplementations, the Leu concentrations ranged from 1.54-1.84 

and 2.49-2.10 % under I and DS conditions, respectively. Among the K+- 

supplementations, the highest Leu contents were obtained at 150K+I and 50K+DS, 

which were higher than the respective control levels by about 26.03 and 25.76 % 

respectively. 

It was studied that the Leu concentrations ranged from 1.90-3.01 and 3.62-5.77 % 

with increasing N-supplementations under I and DS conditions respectively, showing 

an increasing trend, with the profound effect under DS. Among the N-

supplementations, the highest Leu contents were obtained at 100N+I and 100N+DS, 

which were higher than the respective control levels by about 106.16 and 191.41 % 

respectively. 
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Table. 4.18. The Leu content of Brassica napus L. seedlings under control condition and  treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Leu 

content under 

I ± SD 

% change 

w.r.t C+I 

The Leu 

content DS 

under ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.46 ± 0.01d 

1.55 ± 0.21cd 

1.65 ± 0.12cd 

1.67 ± 0.11cd 

1.54 ± 0.12d 

1.71 ± 0.21cd 

1.84 ± 0.11c 

1.90 ± 0.21c 

2.34 ± 0.21b 

3.01± 0.05a 

- 

+6.16 

+13.01 

+14.38 

+5.48 

+17.12 

+26.03 

+30.14 

+60.27 

+106.16 

1.98 ± 0.20e 

2.12 ± 0.23de 

3.64 ± 0.14b 

2.09 ± 0.21e 

2.49 ± 0.18d 

2.13 ± 0.34de 

2.10 ± 0.11e 

3.62 ± 0.21b 

3.16 ± 0.11c 

5.77 ± 0.46a 

- 

+7.07 

+83.84 

+5.56 

+25.76 

+7.58 

+6.06 

+82.83 

+59.60 

+191.41 

 

4.2.3.12 The Tyr (Tyrosine) content 

The Tyr content was measured out to be about 1.82 ± 0.38 at C+I and 1.93 ± 0.42 at 

C+DS (about 6.04 % increase) (Table. 4.19). 

Its concentration increased from about 1.89-2.33 and 3.41-4.09 % with increasing 

Ca2+-supplementations under I and DS conditions respectively. Among the Ca2+-

supplementations, the highest Tyr contents were obtained at 90Ca+I and 90Ca+DS, 

which were higher than the respective control levels by about 28.02 and 111.92 % 

respectively. 
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The Tyr contents ranged from 1.89-2.34 and 2.49-2.26 % with increasing K+- 

supplementations, under I and DS conditions, respectively. The higher Try contents 

were obtained at 150K+I and 50K+DS, which were higher than the respective control 

levels by about 28.57 and 29.02 % respectively. The data showed an increasing trend 

in terms of Tyr contents with increasing K+-supplementations under I condition, 

while, a reverse trend was observed under DS condition.  

N-supplementations were also found to increase the Tyr concentrations regularly. The 

Tyr contents ranged from 1.84-2.18 and 4.42-11.55 % with increasing N-

supplementations under I and DS conditions respectively, showing an increasing 

trend, with the profound effect under DS. It was found that, at 100N+I and 100N+DS, 

the Tyr contents were higher than the respective control levels by about 19.78 and 

498.45 % respectively. 
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Table. 4.19. The Tyr content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Tyr 

content under I 

± SD 

% change 

w.r.t C+I 

The Tyr 

content under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.82 ± 0.38a 

1.89 ± 0.21a 

2.13 ± 0.42a 

2.33 ± 0.23a 

1.89 ± 0.11a 

2.17 ± 0.52a 

2.34 ± 0.31a 

1.84 ± 0.19a 

1.92 ± 0.12a 

2.18 ± 0.41a 

- 

+3.85 

+17.32 

+28.02 

+3.85 

+19.23 

+28.57 

+1.09 

+5.49 

+19.78 

1.93 ± 0.42e 

3.41 ± 0.32d 

3.68 ± 0.23d 

4.09 ± 0.41cd 

2.49 ± 0.12e 

2.35 ± 0.52e 

2.26 ± 0.43e 

4.42 ± 0.27c 

7.05 ± 0.34b 

11.55 ± 0.10a 

- 

+76.68 

+90.67 

+111.92 

+29.02 

+21.76 

+17.10 

+129.02 

+265.28 

+498.45 

 

4.2.3.13 The Phe (Phenylalanine) content 

Imposition of DS resulted in accumulation of Phe also. The concentration of Phe 

increased from 0.63 ± 0.24 to 1.29 ± 0.15 %  with imposition of DS showing about 

104.76 % increase (Table. 4.20). 

It was observed that the Phe concentration ranged from 0.68-0.78 and 1.24-1.69 % 

with increasing Ca2+-supplementations under I and DS conditions, respectively, 

showing increasing trend. Higher Phe contents were obtained at 90Ca+I and 



152 
 

90Ca+DS, which were larger than the respective control levels by about 23.81 and 

31.07 % respectively. 

The Phe contents ranged from 0.68-0.82 and 1.70-1.71 % with increasing K+- 

supplementations, under I and DS conditions, respectively. Under I condition, the 

highest Phe content was obtained at 150K, while, under DS condition, the highest His 

content was obtained at 100K. 

N-supplementations increased the Phe content from 0.64 to 1.08 % and 2.91 to 5.72 % 

from 30N to 100N under I and DS conditions respectively. Thus, relatively, larger 

changes occurred in Phe contents with N-supplementation under I condition. Among 

the N-supplementations, the highest Phe concentrations were obtained at 100N+I and 

100N+DS, which were higher than the respective control levels by about 71.43 and 

343.41 % respectively.  
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Table. 4.20. The Phe content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Phe 

content under I 

± SD 

% change w.r.t 

C+I 

The Phe 

content under   

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

0.63 ± 0.24b 

0.68 ± 0.12b 

0.74 ± 0.43ab 

0.78 ± 0.34ab 

0.68 ± 0.21b 

0.76 ± 0.21ab 

0.82 ± 0.11b 

0.64 ± 0.21b 

0.85 ± 0.32ab 

1.08 ± 0.13a 

- 

+7.94 

+17.46 

+23.81 

+7.94 

+20.63 

+30.16 

+1.58 

+34.92 

+71.43 

1.29 ± 0.15e 

1.23 ± 0.21e 

1.42 ± 0.13e 

1.69 ± 0.31de 

1.70 ± 0.42de 

1.91 ± 0.32d 

1.71 ± 0.11d 

2.91 ± 0.23c 

3.54 ± 0.38b 

5.72 ± 0.13a 

- 

+4.65 

+10.08 

+31.07 

+31.78 

+48.06 

+32.58 

+125.58 

+174.72 

+343.41 

 

4.2.3.14 The His (Histidine) content 

The His contents at C+I and C+DS were about 1.81 ± 0.27 and 1.89 ± 0.13 

respectively, showing about 4.42 % increase (Table. 4.21). 

With increasing Ca2+-supplementation, the His concentrations were in the range of 

1.88-2.18 and 1.91-1.82 % under I and DS conditions respectively, showing an 

increasing trend under I and decreasing trend under DS conditions. 
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The His contents ranged from 1.96-2.25 and 2.34-2.53 % with increasing K+- 

supplementations, under I and DS conditions, respectively, showing an increasing 

trend. Under I condition, an increasing trend was found in His concentration with 

increasing K+- supplementations, while, an irregular trend was observed under DS 

condition.  

N-supplementations increased the His contents from 1.87 to 2.95 % and from 3.66 to 

6.20 % from 30N to 100N under I and DS conditions respectively. The higher His 

contents were obtained at 100N+I and 100N+DS, which were higher than the 

respective control levels by about 62.98 and 228.04 % respectively. 

Table. 4.21. The His content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The His content 

under  I ± SD 

% change w.r.t 

C+I 

The His content 

under DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

1.81 ± 0.27b 

1.88 ± 0.12b 

2.03 ± 0.21b 

2.18 ± 0.11b 

.96 ± 0.31b 

2.10 ± 0.19b 

2.25 ± 0.42b 

1.87 ± 0.32b 

2.36 ± 0.10b 

2.95 ± 0.19a 

- 

+3.87 

+12.15 

+20.44 

+8.29 

+16.02 

+24.31 

+3.31 

+30.39 

+62.98 

1.89 ± 0.13e 

1.91 ± 0.21e 

1.92 ± 0.32e 

1.82 ± 0.19e 

2.34 ± 0.20de 

2.70 ± 0.19d 

2.53 ± 0.23d 

3.66 ± 0.21c 

4.20 ± 0.06b 

6.20 ± 0.32a 

- 

+1.06 

+1.59 

-3.70 

+23.81 

+42.86 

+33.86 

+93.65 

+122.22 

+228.04 
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4.2.3.15 The Lys (Lysine) content 

The Lys concentrations have been shown in Table. 4.22. A change in Lys 

concentration from about 2.72 ± 0.37 to about 4.47 ± 0.49 % was observed due to the 

imposition of DS. It shows that DS could cause an increase of about 64.34 % in Lys 

concentration. 

The Lys contents ranged from 2.76-3.07 and 2.70-4.27 % with increasing Ca2+-

supplementations under I and DS conditions respectively, showing an increasing 

trend, largely under DS conditions. However, all the Lys contents under DS 

conditions were lower than the respective control levels. At the maximum Ca2+-

supplementations under I and DS conditions, the Lys contents were about 3.07 ± 0.32 

and 4.27 ± 0.1 % respectively.  

The Lys contents ranged from 3.13-3.23 and 5.07-4.6 % with increasing K+- 

supplementations, under I and DS conditions, respectively. All these values were 

higher than the respective control values. Among the K+-supplementations, the largest 

Lys contents were obtained at 150K+I and 50K+DS, which were higher than the 

respective control levels by about 20.96 and 13.42 % respectively. 

With increasing N-supplementation, the Lys contents ranged from 2.87-7.72 and 6.76-

11.67 % under I and DS conditions respectively, showing an increasing trend. The 

maximum Lys contents were obtained at the maximum N-supplementation. At 

100N+I and 100N+DS, the Lys contents were about 7.72 ± 0.1 and 11.67 ± 0.16 %, 

which were greater than the respective control levels by about 183.82 and 161.07 % 

respectively. 
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Table. 4.22. The Lys content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought Stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Lys content 

under  I ± SD 

% change 

w.r.t C+I 

The Lys 

content under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

2.72 ± 0.37cd 

2.76 ± 0.11d 

3.00 ± 0.23cd 

3.07 ± 0.32cd 

3.13 ± 0.42cd 

2.97 ± 0.19cd 

3.29 ± 0.32c 

2.87 ± 0.23cd 

6.39 ± 0.42b 

7.72 ± 0.18a 

- 

+1.47 

+10.29 

+12.87 

+15.07 

+9.19 

+20.96 

+5.51 

+134.56 

+183.82 

4.47 ± 0.49de 

2.70 ± 0.34g 

3.32 ± 0.23f 

4.27 ± 0.12e 

5.07 ± 0.32d 

4.63 ± 0.42de 

4.63 ± 0.32de 

6.76 ± 0.12c 

7.72 ± 0.33b 

11.67 ± 0.16a 

- 

-39.60 

-25.73 

-4.47 

+13.42 

+3.58 

+3.58 

+51.23 

+72.71 

+161.07 

 

4.2.3.16 The Arg (Arginine) content 

The Arg concentration was about 5.60 ± 0.33 at C+I and 5.75 ± 0.06 % at C+DS 

(about 2.68 %  increase) (Table. 4.23). 

With increasing Ca2+-supplementations, under I condition, the Arg contents were in 

the range of 5.95-7.42 % showing an increasing trend. Under DS condition, the Arg 

content first increased (at 30Ca), then decreased with increasing Ca2+-

supplementations, the range was 7.18-5.15 %. 
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The Arg contents ranged from 5.94-6.04 and 6.09-6.30 % with increasing K+- 

supplementations, under I and DS conditions, respectively, showing an increasing 

trend. 

N-supplementations brought about larger increases in Arg contents. The Arg contents 

ranged from 5.94-7.60 and 6.05-12.90 % under I and DS conditions, respectively, 

showing an increasing trend. The highest Arg contents were obtained at 100N, among 

all supplementations. 

Table. 4.23. The Arg content of Brassica napus L. seedlings under control condition and treatments 

with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought Stress) conditions. Data with the 

same letters within the same column are not significantly different (P > 0.05) according to LSD test. 

Treatments The Arg 

content under  

I ± SD 

% change 

w.r.t C+I 

The Arg 

content under 

DS ± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

5.60 ± 0.33c 

5.95 ± 0.21c 

6.45 ± 0.13b 

7.42 ± 0.34a 

5.94 ± 0.43bc 

5.99 ± 0.11c 

6.04 ± 0.30bc 

5.94 ± 0.42bc 

6.18 ± 0.30bc 

7.60 ± 0.22a 

- 

+6.25 

+15.18 

+29.29 

+6.07 

+6.96 

+7.86 

+6.07 

+10.36 

+35.71 

5.75 ± 0.06e 

7.18 ± 0.13c 

6.38 ± 0.23d 

5.15 ± 0.32f 

6.09 ± 0.12d 

6.29 ± 0.43d 

6.30 ± 0.22d 

6.05 ± 0.13d 

9.20 ± 0.22b 

12.90 ± 0.23a 

- 

+24.87 

+10.96 

+10.43 

+5.91 

+9.39 

+9.57 

+5.22 

+60.00 

+124.35 
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4.2.3.17 Total free amino acids content 

The total free amino acids, as studied in the current experiment, were increased from 

about 41.77 ± 6.37 to about 53.33 ± 4.52 % when the seedlings were exposed to 10 

days of DS (Table. 4.24). It shows that imposition of DS led to an increase (about 

57.68 % increase) in the total free amino acids content of Brassica napus L. seedlings. 

With increasing Ca2+-supplementations, the total free amino acids were in the range 

of 43.68-50.48 and 68.30-102.86 % under I and DS conditions respectively, showing 

an increasing trend under both conditions. Among the Ca2+-supplementations, the 

highest total free amino acids were at 90Ca+I and 90Ca+DS, which were larger than 

the respective control levels by about 20.85 and 92.84 % respectively. 

The total amino acid contents ranged from 5.94-6.04 and 6.09-6.30 % with increasing 

K+- supplementations, under I and DS conditions, respectively, showing an increasing 

trend. Among the K+- supplementations, the highest total free amino acids were 

obtained at 150K+I and 50K+DS, which were higher than the respective control 

levels by about 20.13 and 25.76 % respectively. 

With increasing N-supplementation, the total amino acid contents ranged from 43.40-

66.01 and 83.17-190.48 % under I and DS conditions respectively, showing an 

increasing trend. The highest total amino acid contents were obtained at 100N, among 

all supplementations. At 100N+I and 100N+DS, the total amino acids contents were 

about 66.01 ± 3.43 and 190.48 ± 4.45 %, which were higher than the respective 

control levels by about58.03 and 257.16 % respectively. 
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Table. 4.24. The total amino acid contents of Brassica napus L. seedlings under control condition and 

treatments with Ca2+, K+ and N supplements under I (Irrigated) and DS (Drought Stress) conditions. 

Data with the same letters within the same column are not significantly different (P > 0.05) according 

to LSD test. 

Treatments Total amino 

acids under I ± 

SD 

% change 

w.r.t C+I 

Total amino 

acids under DS 

± SD 

% change 

w.r.t C+DS 

Control 

30Ca 

60Ca 

90Ca 

50K 

100K 

150K 

30N 

50N 

100N 

41.77 ±  6.38c 

43.68 ± 2.55c 

47.41 ± 4.26bc 

50.48 ± 1.56bc 

44.53 ± 3.58c 

47.34 ± 2.45c 

50.18 ± 5.34bc 

43.40 ± 4.27c 

54.30 ± 2.46b 

66.01 ± 3.43a 

- 

+4.57 

+13.50 

+20.85 

+6.61 

+13.33 

+20.13 

+3.90 

+29.99 

+58.03 

53.34 ± 4.52f 

68.30 ± 2.54e 

85.45 ± 1.57d 

102.86 ± 3.67d 

67.08 ± 4.68e 

64.84 ± 2.35e 

64.54 ± 4.35e 

83.17 ± 3.43d 

111.66 ± 2.35b 

190.48 ± 4.45a 

- 

+28.05 

+60.20 

+92.84 

+25.76 

+21.56 

+20.99 

+55.92 

+109.34 

+257.16 

 

As mentioned above, DS increased the contents of total amino acids and some of the 

free amino acids including, Asp, Thr, Ser, Pro, Val, Ileu, Leu and Lys. The Pro 

content was most affected. In agreement with these results, Good and Zaplachinski 

also reported similar results in Brassica napus L [227]. In bean, DS increased the 

contents of Thr, Ala, Val, Ileu and Leu [228]. Our result also supports the findings of 

Ashraf and Irum, who demonstrated that DS led to accumulation of total free amino 

acids in two leguminous species (Phaseolus vulgaris and Sesbania aculeate) [58]. 

Increased free amino acid contents under DS have also been found in many plants 
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such as sunflower (Helianthus annuus L.) and rice (Oryza sativa L.) [59, 113] etc. 

The enhanced production of amino acids can be correlated with the suppressed protein 

synthesis under DS. Restriction in protein synthesis and hydrolysis of the existing 

proteins are the processes associated with the alterations in free amino acid 

concentrations in tissues. The change in Pro content under DS not only influenced its 

precursor contents but also the contents of nearly all other amino acids studied in the 

current investigation. Several plants exhibited enhancement in contents of all 

members of Asp family [179, 227]. The enhanced concentrations in Ileu and Val may 

be attributed to enhanced metabolism of carbohydrates as studied in soybean and 

wheat under osmotic stress, because, these amino acids have a metabolic relationship 

with pentose-phosphate pathway via pyruvate. The Phe content also increased under 

DS as the Phe synthesis pathway is also related to the pentose-phosphate pathway via 

phospho-enolpyruvate [61]. The rise in amino acids concentration may not be merely 

the result of solutes accumulation as we observed a reduction in fresh weight under 

DS. Besides, some amino acids such as Glu, Gly, Ala, Met etc., did not undergo an 

enhancement in concentration under DS, which leads us to assume that amino acid 

accumulation might be an active process, induced by the onset of DS. It has been 

widely accepted, that, accumulation of amino acids is related to adaptation to DS in 

plants [229]. Partially in agreement with our results, Gzik reported increased synthesis 

of Asp, Glu, Ala, Arg, Phe, Ileu, Leu, His, Lys and total amino acids in sugar beet 

under osmotic stress [62]. Pro underwent the highest increase (about 6-fold) as 

compared to control. Accumulation of Pro and other amino acids is an important 

mechanism enhancing the osmotic adjustment by lowering osmotic potential. The 

changes in free amino acid pool may not involve a single metabolic pathway, but 

inhibition and enhancement in protein degradation and synthesis may also be involved 

[228].  

Exogenous-Ca2+ was found to affect the total amino acids as well as most of free 

amino acids. In the literature, evidences of effects of exogenous-Ca2+ and K+ on free 

amino acids of plants especially Brassica napus L. are very rare. 

N-supplementations also affected the contents of total and free amino acids. The 

concentrations of some of the amino acids were increased under I conditions like; 

Glu, Gly, Lys and some were increased under DS conditions like; Ser, Pro, Gly, Val, 
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Ileu, Leu, Tyr, Phe, His, Lys and Arg. Lasa et al., supplemented spinach and pea 

plants with NO3
- and NH4

+ as the two important sources of nitrogen and studied that 

in spinach plants, supplemented with NO3
-; the contents of Glu and  Asp were larger 

in shoots, while in pea plants, the main amino acids were Thr, Glu and Asp. In case of 

NH4
+ supplementation, the results were different i.e., Glu and Arg were predominant 

amino acids in spinach and Tyr, Glu and Aspirigine were the main amino acids in the 

shoots of pea plant [230]. In cucumber (Cucumis sativus L.), the amino acids level  

increased in all parts of the plant as the NO3- or NH4
+ supply increased [92]. It has 

been widely accepted that a little quantity of N absorbed in roots undergoes 

assimilation into amino acids in root cells but most of it is translocated to the leaves in 

transpiration stream. Hence, leaf is the main site of amino acid synthesis. In root, the 

reactions take place in cytoplasm and in leaf, the activities take place in chloroplast. 

In both sites, the amino acids are then, transformed into protein. Amino acids formed 

in roots are transported to roots and other parts through phloem.   

The photographs of the control plants (both irrigated and drought stress) have been 

given on page 165 ( Fig.4.28, 4.29). 
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CONCLUSIONS 

Plants under environmental stresses respond to these conditions depending upon the 

intensity of the stress and the growth stage of plants. Limited availability of water is 

expected to adversely affect plant’s growth and yield. Exposure of plants to DS leads 

to certain physiological and biochemical changes, which may be mitigated by 

exogenous supplementation of minerals to the plants. In our experiment, we have 

tested the hypothesis; whether, the adverse effects of DS may be alleviated by the 

exogenous supplementation of Ca2+ and K+ (separately) to the plants under stress. As 

a result of the experiment using Brassica napus L. seedlings exposed to 10 days 

period of water scarcity (RWC=58.98 %), after treatment with increasing 

concentration of Ca2+, K+ and N, we arrived at the following conclusions; 

 Limited water availability led to higher RWL which was decreased by 

exogenous supplementation of Ca2+ and K+. N supplementation was found to 

increase the water loss. 

 Imposition of water stress was found to decrease the RWC of seedlings which 

was increased by exogenous supplementation of Ca2+ and K+ under DS 

condition only. 

 Imposition of DS led to accumulation of H2O2, which was scavenged by 

exogenous supplementation of Ca2+ and K+ under DS. However, N-

supplementation further increased the production of H2O2 showing enhanced 

oxidative stress under DS condition. 

 Exposure of seedlings to DS led to membrane injury, which was ameliorated 

by exogenous supplementation of Ca2+ and K+ under DS. However, N-

supplementation further injured membranes under DS condition. 

 Pro was accumulated in larger amount in stressed seedlings as compared to 

control. Exogenous application of Ca2+, K+ and N enhanced the Pro content 

under DS conditions.  

 The CAT and APX activities were increased under DS, which were further 

increased by exogenous Ca2+ and K+. 

 The composition of most of the mineral elements was effected. Elements like 

Ca, K, N, C, S, P, Mg, Fe and Na were decreased under DS.  
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  Exogenous Ca2+ supplementation increased the concentrations of shoot-Ca, 

K, N, C and P and decreased the concentration Mg of under both I and DS 

conditions.  

 Exogenous K+ supplementation was found to increase the shoot-K, N, S and P 

contents under both I and DS conditions  

 The contents of certain fatty acids such as palmitic acid, stearic acid and  

linoleic acid were decreased, while those of oleic acid and linolenic acid were 

increased under DS.  

 Exogenous Ca2+ first increased, then decreased the palmitic acid content under 

I condition, whereas, it increased the palmitic acid content under DS 

condition. 

 The stearic acid contents showed a decreasing trend with increasing Ca2+ 

supplementation under both I and DS conditions. However, the contents were 

still higher than the respective control levels. 

 The linoleic acid content showed an increasing trend with increasing Ca2+ 

supplementations under I condition, however, the contents were still lower 

than the respective control level. 

 Under DS condition, increasing Ca2+ supplementations irregularly increased 

the linoleic acid content. 

 The stearic acid content was irregularly increased by K+-supplementations 

under both I and DS conditions in comparison with the respective control 

level. 

 The oleic acid contents were higher than the respective control levels at 50K+I 

and 150K+DS among the K+-supplementations.  

 In K+-treated plants, under both I and DS conditions, the linoleic acid contents 

were higher than the respective control levels.  

 DS mostly increased the contents of Asp, Thr, Ser, Pro, Ileu, Leu, Phe and Lys 

and decreased the contents of Ala, Glu and Gly.    

 Ca2+-supplementations increased the concentration of Asp, Thr (under both I 

and DS conditions), Ser (under I condition only), Glu (under I condition), Pro 

(under DS condition), Gly (under DS condition), Ala (under both I and DS 

conditions), Met (under I condition), Leu (at 50K+I only), Phe (under I 

condition), His (under I condition), Arg (under DS condition) and total amino 

acids (under I condition). 
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 K+-supplementations increased the concentration of Asp (under both and DS 

conditions), Thr (under I condition), Ser (under DS), Glu (under I condition), 

Pro (under DS condition), Ala (under DS condition), Met (under DS 

condition), Phe (under DS conition), His (under DS condition), Arg (under DS 

condition) and total amino acids (under DS condition). 

Suggestions for Further Study 

 Similar studies should be performed on other plants and their varieties.  

 Studies should be conducted to find the effects of DS on genetic 

characteristics of plants. 

 Response of different plant varieties to DS should be evaluated in order to 

know the least affected plants or varieties. 

 Response of plants to combined application of these salts should be studied. 

 The effects of supplementation by other macro and micronutrients should also 

be investigated. 

 Different kinds of fertilizers should be applied to plants under DS condition 

and the results should be analyzed in order to identify those which can 

decrease the negative impact of DS and improve the growth and yield of 

plants. 

 Similar kinds of experiments should be performed on different plants using 

field and hydroponic environment. 

 Response of plants to other environmental stresses like chilling, enhanced 

atmospheric carbon dioxide and salinity should be studied.  

 

 

 

 

 

IMAGES OF THE PLANTS UNDER OBSERVARION 
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Fig. 4.28. Image of the representative plants under control and irrigated condition  

 

Fig. 4.29. Image of the representative plants under control and drought stress condition 
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