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ABSTRACT 

The Cd accumulation might result disturbances in plant metabolism causing 

several physio-biochemical and structural changes ultimately declining the crop 

productivity. Having recognized the adverse effects of Cd on plants it is imperative to 

understand the mechanisms of Cd effects through its accumulation, transportation and the 

relationships of Cd effects with growth, antioxidant systems and the mineral nutrients, 

and then the contribution of SA in alleviating the Cd toxicity in basmati rice. The 

experiments were conducted in two phases (plant and callus) under different 

combinations of Cd (control, 100, 500, 1000 and 1500 µM) without or with SA (0.0 and 

0.1 mM) with four genotypes of basmati rice (Basmati-198, Basmati-2000, Basmati-370 

and Kashmir Basmati). The results revealed variable Cd accumulation pattern in the both 

culture systems (seedling and callus). Roots showed higher Cd accumulation as compared 

to shoot and callus. The lower Cd accumulation of callus than root exhibited less 

sensitivity of callus to Cd-induced stress. A two phase linear concentration-dependent Cd 

accumulation pattern was observed in root and shoot whereas in callus Cd accumulated in 

a linear concentration-dependent fashion with the elevating Cd levels in the both culture 

media. However, protective effect of SA on root or shoot and the callus inhibited the Cd 

accumulation from the both media revealing the possibility of occurrence of the formation 

of stable SA-Cd complexes. Higher amounts of H2O2 and MDA caused Cd-induced 

oxidative stress elevating the activities of antioxidants (CAT and POD) which accelerated 

the accumulation of solutes disturbing mineral nutrients and water status in the both 

media. The uneven SOD activity exhibited that differences existed among the genotypes 

to withstand the Cd toxicity. The application of SA in combination with the elevating Cd 

stress showed improvements in the SOD activity indicating that higher SOD activity 

might modulate the activities of other enzymes and regulate the solutes maintaining water 

relations under Cd-induced oxidative stress and ultimately the growth in the both culture 

media. Based on Cd translocation factor and the root STI, and the callus BCF and STI 

factors, Basmati-198 showed more tolerance to Cd toxicity followed by Basmati-2000 

and Basmati-370 whereas Kashmir Basmati was observed prone to Cd toxicity. 
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CHAPTER-1 

INTRODUCTION 

 

1.1 Cadmium 

Toxic metals had been added to the environment with an increase in 

anthropological activities, such as mining and industrialization, thus disrupting the natural 

ecosystems. Metals when present in high concentrations in the soil exhibited toxic effects 

on growth and other metabolisms of plants. Accumulation of these toxic metals in 

different plant parts had posed health risk to humans and animals (Shah and Nongkynrith, 

2007). Among the heavy metals, lead, arsenic, mercury and cadmium posed severe threats 

to human health. Cadmium naturally occurred in ores with zinc, copper and lead. 

Cadmium is mainly used in metal plating, batteries, fabricated metal parts, alloy, plastics, 

pigments and paints (Jarup, 2003; Plachy, 2003). Activities like iron foundries, zinc 

mining, use of sewage sludge and phosphate fertilizers, fertilizer impurities, industrial 

processes, combustion of fossil fuel, traffic pollution, cement factories, power stations 

and application of pesticides caused the release of cadmium into the environment (Khan 

and Samiullah, 2006; Rao et al., 2010; Dixit et al., 2011). Its emission in the environment 

had increased noticeably due to the reason that Cd products had been usually discarded 

with household waste instead of being recycled. Production of cadmium had increased 

globally from 21,000 tons in 2010 to 21500 tons in 2011 (Hayes, 2012) and its 

accumulation in the biotic system as a result of human activities had become a major 

environmental issue worldwide, particularly in agricultural ecosystems where it had 

endangered the crop productivity and quality (Chen et al., 2007). Due to anthropogenic 

exercises, like mining waste, discharge of industrial effluents, sewage sludge and 

phosphate fertilizer applications, the area of agricultural soils polluted with cadmium had 

been extensively increased in many countries (Ye et al., 2000; Williams et al., 2009).  

Cadmium concentration in agricultural crops had been mainly due to the excessive 

use of phosphate fertilizers (Adriano, 2001). Phosphate fertilizers when entered the 

agriculture system, held cadmium as a pollutant with variable concentrations from low 

amounts to as much as 300 mg Cd kg-1 of dry product. Cadmium accumulation in soil 

could be removed through crop harvest or other pathways like bioturbation, leaching and 

erosion. The quantity of cadmium would rise in soil with the passage of time if the 
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additions were not stopped inspite of lesser input and output of cadmium as compared to 

the amount of cadmium found in the soil (Sheppard et al., 2009).  

Plants being the primary producers in the food chain accumulated cadmium in the 

edible parts thus serving as a source of cadmium intake for humans and animals. The 

accumulation of cadmium in healthy plants without showing toxicity symptoms had been 

at a level toxic for mammals (Lopez-Millan et al., 2009). The plants could not sense the 

heavy metals and the heavy metals might be classified on the basis of their specific 

weight but this classification was not tolerable and incompatible. This classification of 

heavy metals had been linked with the keenness, however, this term had been commonly 

used in plant sciences and impossible to abolish it (Appenroth, 2010). Pollution due to 

heavy metals had been a severe environmental dilemma that confined the productivity of 

plants and also put hazardous effects to the health of human beings. Heavy metal residues 

unlike other organic molecules remained in the environment. People residing in areas 

contaminated with cadmium were found with high Cd buildup in their bodies especially 

in kidney, urine and blood mainly due to the consumption of Cd-contaminated drinking 

water, food and vegetables being irrigated with waste water (Hossny et al., 2001; Satarug 

et al., 2003). Long-term usage of foods containing greater amount of cadmium and the 

presence of cadmium in the environment caused several diseases like cancer, renal 

tubular dysfunction, low bone density, heart failure, cerebral infraction, nephritis and 

nephrosis (Godt et al., 2006; Nishijo et al., 2006; Nordberg et al., 2002), and upto 80% of 

the cadmium taken up by the body had come mainly from cereals and vegetables (Satarug 

et al., 2012). The persistence of cadmium had been due to its long half life (more than 20 

years) and also excerbated toxicity (Ruiz et al., 2009).  

Naturally plants took cadmium directly from the soil solution and the 

incorporation of the cadmium in plants occured via non-specific pathways. Cadmium, 

similar to zinc (Palmgren et al., 2008) participated in or between the plant units by the 

transport arrangement of zinc in the membrane (Clemens, 2006) but the transporters of 

calcium and iron could be included in the transport of cadmium (Hirschi et al., 2000). 

Cadmium being carcinogenic, posed serious threats to plant life as well as to human 

health and animals (Nawarot et al., 2006) and it functioned as a non redox metal. Being 

highly toxic to plants, Cd stimulated the inhibition in growth leading to death of the plant. 

High concentration of cadmium also induced oxidative stress by producing free radicals 

that might damage the plant tissues (Olmos et al., 2003; Zhang et al., 2005; Shekhawat et 

al., 2008) affecting functions of membranes with the alterations in the activities of 
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enzymes such as H+ATPase (Fodor et al., 1995) and composition of the lipids (Verma et 

al., 2008; Molina et al., 2008). Cd caused reductions in photosynthesis, contents of 

chlorophyll and disturbed the plant water and nutrient uptake balance (Pietrini et al., 

2005; Mobin and Khan, 2007; Razinger et al., 2008). Moreover, it caused chlorosis, plant 

growth inhibition, deficiency of nitrogen and phosphorus, condensed transport of 

manganese and accelerated the plant senescence (Mishra et al., 2006). In plant tissues, 

cadmium also induced damaging effects on the micro- and macro-elements stability 

(Lopez-Millan et al., 2009). The inhibition of plant growth had been ascribed to the direct 

effect of cadmium on nucleus or the interaction with hormones whereas in the upper parts 

(aerial) of the plants, it might be due to photosynthesis inhibition (Laspina et al., 2005). 

1.2 Salicylic acid (SA) 

Salicylic acid (SA) had been considered a plant growth regulator, found in 

crystalline form with melting point of 157 to 159 ºC (Raskin, 1992b) and also naturally 

present in several plants (Raskin et al., 1990a). SA took part in the regulation of several 

plant physiological processes like growth, development, production of heat and ethylene, 

nitrate metabolism, flowering and also responded to the environmental stresses (Hayat et 

al., 2007).  It played significant role in the germination of seeds and fruit yield (Klessig 

and Malamy, 1994) as well as anion uptake (Harper and Balke, 1981). It had duel as a 

non-enzymatic antioxidant as well as a growth promoter by regulating various 

physiological processes in plants like photosynthesis (Arfan et al., 2007; Waseem et al., 

2006; Fariduddin et al., 2003). 

 SA, being a phenolic compound had been available in very minute amount in 

plants. Phenolics played a role in the metabolism of auxins by controlling the IAA 

conjugate formation or by the degradation of IAA (El-Mergawi and Abdel-Wahed, 2007) 

and at the sustained level, it had been considered as a prerequisite in the synthesis of 

cytokinins or auxin (Metwally et al., 2003). As a signal molecule produced by the plant, it 

induced resistance against biotic and abiotic stresses (Karlidag et al., 2009) and induced 

resistance to local and systemic diseases produced in the response to pathogen attack in 

plants (Kachroo et al., 2005). Being a water soluble antioxidative compound, SA played 

significant role in abiotic stress tolerance like drought stress (Sakhabutdinova et al., 2003) 

and its external application could raise salinity tolerance in plants (Gunes et al., 2007), 

drought (Azooz and Youssef, 2010), osmotic (Al-Hakimi, 2006) and heavy metal stress 

(Moussa and El-Gamel, 2010). Pretreatment of seeds with SA might reduce Cd toxicity in 
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pea (Popova et al., 2009), rice (Guo et al., 2009), maize (Krantev et al., 2008), soybean 

(Drazic and Mihailovic, 2005) and barley (Metwally et al., 2003). 

The application of salicylic acid aggravated the indications of Cd toxicity (Pal et 

al., 2002) acting as a signaling molecule in Arabidopsis thaliana (Zawoznik et al., 2007) 

to alleviate Cd-induced oxidative damage. However, the effects of exogenously applied 

SA might depend on various factors like plant species and developmental stage, way of 

application, concentration and endogenous level in the plant (Horvath et al., 2007). Guo 

et al., (2007) reported that rice seeds when treated with SA prior to sowing caused 

enhancement in the activities of antioxidative enzymes under cadmium stress by 

alleviating oxidative damage induced due to Cd through H2O2 signaling ultimately 

increasing tolerance to cadmium in rice. 

1.3 Tissue culture 

The studies on toxic effects of heavy metals had been mostly focused on intact 

plants with a few reports about the effects of cadmium on in vitro cultures. Tissue culture 

technique offered to build up new germplasm and its adaptation to the altered 

environments (Mathur et al., 2008; Shekhawat et al., 2002). In the present decade, in vitro 

culture had been a useful tool and might serve as biosensor for the detection of heavy 

metals and other toxic elements (Schroder and Fischer, 2004). The callus culture had 

provided suitable system for the evaluation of tolerance against heavy metals and their 

detoxification (Azevedo et al., 2005; Agrawal and Sharma, 2006). The in vitro culture of 

plants such as sunflower, soybean and tobacco had been used to study the mechanisms of 

metal tolerance (Sobkowiak et al., 2004). Some work had been reported on the effects of 

cadmium on callus tissues on several crops like tomato (Inouhe et al., 2000) and 

sugarcane (Fornazier et al., 2002). Plant cell tissue culture under elevated amount of 

metals might be used as a functional method to study the mechanisms of plant adaptations 

into the extreme environmental conditions. The most important for the plant had been 

observed to prevent the oxidative damage to the cells exposed to high levels of metals in 

order to maintain the survival. The antioxidative system had been engaged for the 

survival of the tissues under metal stress and the variable responses showed that there 

were several mechanisms involved in the tissues tolerance against heavy metal stress. The 

effects of heavy metals on growth and antioxidant system had been studies in callus 

tissues (Israr et al., 2006). 

The in vitro selection of cells exposed to cadmium were used in large scale 

screening of germplasm in genetic improvement programs and tolerant lines had been 
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selected for sodium exposure in several species (Santos et al., 2000). This method had 

also been used in proteomics and genomic studies helping in the determination of 

differences between Cd-sensitive and Cd-tolerant cell lines. Azevedo et al. (2005) using 

two strategies studied the accumulator and resistant genotypes in sunflower by comparing 

different cultivars for Cd accumulation and the selection of resistant lines by assaying 

callus morphogenesis. This method had been used for sunflower calluses under salt stress 

(Santos et al., 2002). By using these strategies, it would be feasible to choose resistant 

genotypes for phytoremediation of Cd-polluted soils (Azevedo et al., 2005).  

1.4 Rice  

Agricultural crops absorbed cadmium from the soil and this uptake was dependent 

on various factors such as cadmium concentration in the soil, cadmium phyto-availability 

and genetics of the crop. Greater amount of cadmium in the soil affected the soil micro-

fauna harming the health and soil ecology (McGrath, 1999). Lesser Cd accumulations had 

been reported in maize plants than wheat and rice (Wojcik and Tukendorf, 1999). Rice 

(Oryza sativa L.) being one of the leading staple food crops around the world (Christou, 

1997) belonging to the family Poaceae had been cultivated for more than 10,000 years 

(Sasaki, 2005) and it had 2nd position in cereals/grain crops due to its high consumption 

(Anonymous, 2006). Over 90% of rice had been cultivated in Asia. In China, an 

impressive region of agrarian soil yielding huge amounts of rice had been contaminated 

with cadmium in the provinces of Guizhou (Huang et al., 2009), Jiangsu (Hang et al., 

2009), Hunan (Williams et al., 2009) and Guangdong (Zhuang et al., 2009) leading to 

production of 1.46-108 kg of Cd-contaminated agricultural products including 5.0-107 kg 

of rice every year. In an extensive provincial survey of rice in Hunan province reported 

65 percent of rice increased the national food stuff average for cadmium (Williams et al., 

2009). Pakistan had been recognized for the production of basmati and non-basmati rice 

(indica varieties). Rice production in Pakistan had been estimated to be around 6883 

thousand tonnes during 2009 to 2010 (Economic Survey of Pakistan, 2010-2011). 

Basmati rice produced in Pakistan had premium over other rice in the world due to its 

aroma and high quality grain characteristics, gelatinization and slenderical long kernels 

dominating in the international market with the export to more than 80 countries 

including Gulf and European countries (Shabbir et al., 2008). Rice had an important 

source of carbohydrates for human beings providing greater than 1/5th of the calories and 

also providing feed and forage to animals. Rice oil had been used in cosmetics while 

starch in textiles. With the increasing world population, rice consumption had been 
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estimated to increase two fold by the year 2020 (Kabir et al., 2008). However, rice 

production had not been improved according to the rate of consumer’s increase (Khush 

and Virk, 2000).  

Downfall in rice production in the recent years had been creating an alarming 

situation for rice eaters in the world with the need to study the ways and means to 

increase the production of rice in Cd-contaminated soils. Among other means, the 

application of SA may prove beneficial in alleviating the adverse effects of Cd toxicity on 

soils and achieving the production target of rice. 
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OBJECTIVES 

The present studies were conducted to assess the mechanism of Cd accumulation, 

its traportation, and the adverse effects on different growth and physio-biochemical 

parameters, and antioxidant systems as well as the SA-mediated Cd alleviation effects in 

basmati rice (Oryza sativa L.) genotypes at whole plant and callus levels. The information 

gained from this study would help to further understanding of the mechanisms involved 

in Cd accumulation and its adverse effects on basmati rice under Cd-induced toxicity. The 

main objectives of these studies were to; 

1. develop understanding of the mechanism of Cd stress through Cd accumulation 

and its transportation 

2. examine the effects of Cd on various seedling growth traits, antioxidant systems 

and the physio-biochemical parameters 

3. assess the genotypic responses against Cd-induced stress 

4. evaluate the role of exogenous application of SA interfering with Cd toxicity  

5. determine the responses of two culture media at whole plant and the callus levels 

resulting in different outcomes or vice versa in the assessment of Cd toxicity 
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CHAPTER-2 

REVIEW OF LITERATURE 

 

Soil contamination due to heavy metals had created serious environmental issues 

because of its adverse biological impacts. Inspite of meager amounts of heavy metals 

present in the soil had been recognized as soil pollutants because of their extensive 

occurrence, and acute and chronic poisonous quality. A poisonous amount of heavy 

metals had not been well-known in the agricultural soils and the land removal of wastes 

as soil alterations for the production of crops had bee answerable for temporal amassing 

of heavy metals in the soil (Younas and Shahzad, 1998). Once entered in the soil, heavy 

metals became steady (Alloway, 1995). Heavy metals mostly found in agricultural soils 

were Cu, Pb and Zn (Jamal et al., 2002). Cadmium, among the heavy metals had an 

important issue because of its relatively elevated mobility in the soil and being lethal to 

biota even in low amount (Das et al., 1997).  

2.1 Cadmium bioavailability 

Several factors affected the bioavailability of cadmium in soil such as occurrence 

of other elements (ions), root exudates, pH of the soil, age and type of the plant species 

(Jung, 2008; Harter and Naidu, 2001). Due to these factors, solubility and the release of 

cadmium in the soil had been affected influencing the aptitude of plants to take up 

cadmium (Mcbride, 1989). Some of the factors showed positive effects while others had 

negative effects on the bioavailability of Cd. Most important factor that affected the 

accessibility of cadmium was the pH of the soil (Mcbride et al., 1997). Indirect 

correlation existed among the availability of Cd and the pH revealed that depression in 

pH of the soil would cause the increase in metal uptake (Kirkham, 2006; Kim et al., 

2009). So it could be possible that in cadmium polluted soils of acidic nature, its 

accessibility would be higher compared to alkaline and neutral soils.  By manipulating the 

soil pH, there had been possible to decrease the uptake of Cd in these types of soils via 

the exercise of several modifications such as base rich fertilizer application and liming 

(Tlustos et al., 2006). On the other hand, appliance of various fertilizers like ammonium 

fertilizer including mono-ammonium phosphate, ammonium sulfate and urea could boost 

the availability of cadmium by decreasing pH (Grant and Bailey, 1997; Zaccheo et al., 

2006). 
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Another major soil factor, the organic matter influenced the accessibility of Cd in 

soil as it had the ability to retain cations of metals acting as a primary sorbent (Ge and 

Hendershot, 2005). The occurrence of other ions also altered the availability of cadmium 

due to the formation of complexes (Degryse et al., 2004), ionic strength (Gothberg et al., 

2004) and competition (Tlustos et al., 2006) for the sites of exchange at the surface of 

roots or soil. The declines in ionic strength showed increases in the uptake of metal by 

plants revealing inverse influences on the absorption of cadmium (Gothberg et al., 2004). 

In plants, cadmium had shown competition for its uptake with cations such as Mg, Mn, 

Ca and Zn (Hart et al., 2005). 

2.2 Uptake, transport and distribution of Cd in the plant 

In higher plants the absorption of cadmium had been determined by the cadmium 

level present in the soil and by means of its biological accessibility. The biological 

accessibility had been affected due to the occurrence of root exudates, mycorrhiza, 

organic matter, redox potential, pH of the soil, presence of other several compounds and 

temperature. Cadmium uptake across the identical trans-membrane transporter had 

competition with other elements like Ca, Fe, Mg, Cu, Ni, Zn, Mn and K (Sanita di Toppi 

and Gabbrielli, 1999). The transportation of Cd occurred symplastically via the cortex of 

root to the stele, and then from xylem to shoot. Phloem pathway also took part in the 

transportation of Cd in plants (Tudoreanu and Phillips, 2004). 

2.2.1 Translocation from root to shoot via xylem 

Cadmium moved from the soil to the plant via roots to the upper parts of the plant 

(Zhou and Qiu, 2005) due to its high mobility and solubility in water. It entered the root 

via cortical tissues and then to the xylem through symplastic or apoplastic ways by 

making a complex with organic acids (Salt et al., 1995). From here it entered the stele 

symplastically by plasmodesmatal connections into cells of the root (Lux et al., 2011). 

The xylem-loading by PIB-ATPases from symplasm had been well known for the 

translocation of heavy metals (Mills et al., 2005). The proteins participated in the 

transport of metal ions besides their electrochemical inclination utilizing the power 

coming from hydrolysis of ATP and these ATPases provided tolerance against the heavy 

metal stress in bacteria (Monchy et al., 2007). 

Heavy metal ATPases had been divided into two groups involved in the 

translocation of cations having one valency like Ag/Cu and the others who transported 

divalent cations such as Co/Zn/Pd/Cd (Verbruggen et al., 2009). The role of HMA4 had 
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been discovered necessary for the maintenance of even condition of cellular Zn nutrition, 

detoxification of Cd and in the movement of metals from root to shoot in Arabidopsis 

(Mills et al., 2005; Verret et al., 2004; Hussain et al., 2004). Another type of protein, 

yellow-stripe 1-like (YSL) had proved helpful for the entrance of cadmium to the cells of 

root in the form of cadmium chelates belonging to the oligopeptide transporters (OPT) 

family (Curie et al., 2009; Wong and Cobbett, 2008; DalCorso et al., 2008).  

2.2.2 Translocation via phloem into grains 

The roots had higher Cd concentration than shoots signifying its translocation to 

xylem in majority of plants and being less in tubers, fruits and seeds. Cadmium had not 

prompt transportation into the phloem (Lux et al., 2011; Conn and Gilliham, 2010). For 

the movement of cadmium in phloem, not a single carrier had been found so far, however 

in rice, almost 100% cadmium had deposited in the grains via phloem (Tanaka et al., 

2007). Cd moved from xylem to phloem through nodes (Fujimaki et al., 2010). Cd 

translocation into phloem via the neck of panicle illustrated differences in the genotypes 

(Kato et al., 2010). These reports confirmed the occurrence and participation of carriers at 

nodes for phloem cadmium transportation into the grains. Rodda et al. (2011) reported 

that cadmium remobilization from the blades of leaf to the grain had mediated through 

phloem traslocation. Recently, a gene named as OsLCT1 similar to the wheat gene LCT1 

had been identified in rice which was thought to be involved in the phloem Cd 

translocation and encoded for the transporter of cadmium efflux on the membrane of cell. 

The expression of OsLCT1 had been considered to be greater in nodes and leaf cutting 

edges in reproductive phases (Clemens et al., 1998; Uraguchi et al., 2011).  

2.2.3 Uptake of cadmium via cell membrane associated transporters 

Many transporters had been involved in plants for metals having divalent 

transition. A ZIP family carrier AtIRT1 for Mn2+, Zn2+ and Fe2+ also mediated the uptake 

of cadmium in A. thaliana roots (Vert et al., 2002; Connolly et al., 2002). AtIRT1 

transporter had the affinity for the uptake of iron in Arabidopsis but Fe was absorbed in 

the form of iron phytosiderophore in rice plants (Romheld and Marschner, 1986). 

Transporters for the uptake of Fe by roots had also been discovered (Ishimaru et al., 

2006). Natural resistance associated macrophage protein (Nramp) carriers had also been 

identified that participated in the transport of cadmium. These carriers occurred in both 

shoot and root and were measured as general metal ion carriers because of their capability 

to move Zn, Fe, Cu, Mn, Co, Ni  and Cd (Nevo and Nelson, 2006) across the cell 

membrane into the matrix of cytoplasm or across the tonoplast, the membrane of vacuole 
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(Kramer et al., 2007). Narmp3 and 4 proteins were accountable for the efflux of cadmium 

from vacuole (Verbruggen et al., 2009; Thomine et al., 2003) and over-expressed in the 

shoot and root of T. caerulescens (Oomen et al., 2009). There were seven genes of Nramp 

type found in rice from which OsNramp1, the Fe carrier, sets up the influx of Cd in the 

membrane of the cells (Takahashi et al., 2011). 

2.3 Cadmium in rice 

Recently rice plants had been propelled as a model plant among cereals to 

understand the molecular and physiological transport of cadmium. The present 

knowledge about the transporters of Cd in rice and their role in cadmium accretion had 

been portrayed in various reports. Numerous experiments to create low-Cd-rice 

dependent upon the aforementioned discoveries had been additionally depicted.    

2.3.1 Accumulation of Cd in rice 

Various transport mechanisms for the uptake of cadmium from soil had been 

involved in rice. After assimilation, Cd quickly moved from root to shoot via xylem 

mounting up in the grains (Uraguchi et al., 2009b). Large amount of cadmium had been 

noticed in the sap of xylem and tissues of shoot after the application of Cd to root and this 

pathway of its translocation had been determinant for buildup of Cd in shoot. But in view 

of Tanaka et al. (2007), the main way of transport of cadmium was the phloem binding to 

the unfamiliar SH-compound and protein of 13 kDa weight in the sap of phloem (Kato et 

al., 2010). 

Radio-isotopes (positron radiating) known as PETIS had discovered the complete 

actions of cadmium after assimilation in rice (Fujimaki et al., 2010). These radio-isotopes 

described the pathway of translocation of Cd from root to shoot by culms and showed that 

at the end Cd was preserved in nodes revealing as a vital tissue to pass on Cd from root 

possibly by transporting cadmium from xylem to phloem. After absorbing Cd from root, 

remobilization in the blades of leaf led to the assimilation of cadmium to grains which 

happened during the stage of grain ripening (Rodda et al., 2011). 

Several genes involving in the transport of cadmium had been identified by QTL 

analysis in rice (Tezuka et al., 2010; Ueno et al., 2009; Ishikawa et al., 2005). This 

technique proved very helpful as there existed apparent genotypic variations in cadmium 

assimilation in grains and shoot between the cultivars. In grains and shoot of indica 

cultivars, cadmium accretion was observed greater than in japonica cultivars (He et al., 

2006; Arao and Ae, 2003). 
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2.4 Cadmium toxicity in plants 

Due to the inability of shifting their habitat, plants had to face and tolerate the 

adverse environmental conditions. According to a projection, 2/3rd of the yield of key 

crops had been condensed because of stressful atmospheric conditions (Bray et al., 2000). 

Many researchers reported that a number of plants such as grasses and vegetable crops 

accumulated heavy metals and among others, cadmium was more dangerous contaminant 

owing to its high toxicity and solubility in water (Datta and Sarkar, 2005; Tie et al., 

2006).  

2.4.1 Effect of cadmium on plants  

Most of the well known heavy metals caused induction of harmful and damaging 

effects in plants, animals and humans as well. The metals altogether altered the 

physiological mechanisms like photosynthesis, activity of enzymes, chlorophyll contents 

(Larsson et al., 1998) and the synthesis of other pigments in plant cells (Kanoun-Boule et 

al., 2009). They also affected the water balance, caused nitrogen and phosphorus scarcity, 

decreased the transport of manganese, accelerated senescence and induced the chlorosis 

or yellowing of the plant (Benavides et al., 2005). 

Presence of metals in the soil also induced hazardous effects in plants such as ion 

interactions, pH disturbance and imbalance of nutrients (Green et al., 2003; Murillo et al., 

2002) which led to the reduction in plant growth. Changes in the basic metabolic 

activities induced several toxic effects including necrosis and even death of the plant 

(Alscher et al., 1997). Once heavy metals entered the nucleus they tied to the nucleic acid 

interfering with DNA replication and transcription, and also arresting the cell division by 

interference with the assembly and disassembly of microtubules (Fusconi et al., 2006). In 

the terrestrial ecosystems the heavy metals affected growth and development of the plants 

(Hall and Williams, 2003; Pal et al., 2006). Cadmium inhibited the growth of roots in 

plants (Groppa et al., 2008) which was directly related to the inhibition of length of the 

apex and mitotic activity (Tamas et al., 2007) along with the interaction of hormones 

(Laspina et al., 2005). Cadmium adversely affected the shoot and root dry weight as well 

as length of the shoot (Ci et al., 2010). 

Cd decreased the assimilation of carbon (Krupa and Baszynski, 1995) and induced 

stomatal closure (Perfus-Barbeoch et al., 2002) which damaged the tips of root causing 

reduction in the uptake of nutrients (Das et al., 1997) and inducing oxidative stress by the 

production of reactive oxygen species (Pietrini et al., 2003). The heavy metals causing an 
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immediate decrease in the surface area of absorption by repressing the root hair 

establishment affected the plant and water relations. Heavy metals lessened the membrane 

porousness, number of the vascular bundles and its diameter (Barcelo and Poschenrieder, 

1990). Reduction in water content and fresh biomass under cadmium stress had been 

observed in maize plants (Drazkiewicz et al., 2003). Cadmium induced physiological 

drought by decreasing the leaf water content (Barcelo and Poschenrieder, 1990), solute 

potential (Poschenrieder et al., 1989) and the turgor potential due to disturbed water 

balance (Vassilev et al., 1997; Costa et al., 1994).  

2.4.2 Effect of Cd uptake on mobility of other elements 

Variable responses existed in cadmium accumulation depending on plant species, 

growth stage, amount of nutrients and metal combination (Murillo et al., 2002). Cadmium 

not only caused primary hazardous effects (Romero-Puertas et al., 2002) but also 

responsible for secondary effects including imbalance in the uptake of nutrients (Prasad 

and Hagemeyer, 1999). However, little information about the impact of cadmium on 

imbalance of nutrient uptake had been used in the process of phytoremediation as a 

collector of other metals e. g., strontium, cesium, or uranium in sunflower (United State 

Department of Energy, 1997). Regarding the nutrient uptake imbalance, cadmium 

affected the absorption of certain ions such as manganese (Mn), iron (Fe) and zinc (Zn) in 

plants (Singh and Brar, 2002) but still with controversial debate. Cadmium stayed in roots 

of the plant when it entered the plants and only a part of it was transported to the shoot 

revealing differential tranlocation in species and different cultivars of the same species 

(Parida et al., 2003; Atanassova, 1999). 

Cadmium disturbed other nutrients as remarkable decreases were observed in the 

content of calcium in leaves (Sandalio et al., 2001). Calcium being an essential signaling 

element in abiotic and biotic stresses was disturbed due to the toxic effects of aluminum, 

zinc, copper and cadmium (Kinraide et al., 2004) but the mechanism was not yet known. 

In the nutrient solution, 50 mM CdCl2 reduced the nutrient uptake of Cu by 30%, Fe by 

19%, Ca by 27%, Zn by 41% and Mg by 20% in pea plants whereas it induced a 3-fold 

rise in the content of sulfur but with no effect on the content of sodium (Rodriguez-

Serrano et al., 2009). The reduced assimilation of sodium, nitrogen, phosphorus and 

potassium by Cd-induced stress had been reported (Narwal et al., 1993), however, no 

change in the uptake of phosphorus and an increase in the content of potassium had been 

reported (Nocito et al., 2002; Ciecko et al., 2004). Some other authors reported an 

increase in the content of copper and decrease in manganese content with no change in 
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the contents of Mg, Zn or Ca (Obata and Umebayashi, 1997) but Yang et al. (1996) 

reported a decrease in root influx and root shoot transportation of Zn, Mn, Mg, Fe, Ca and 

Cu while an increase in the transport and influx of phosphorus. 

2.4.3 Cadmium-induced oxidative stress 

Cadmium as a non-redox metal had been highly toxic to plants affecting the plant 

tissues by the generation of free radicals (reactive oxygen species) thereby inducing 

oxidative stress (Shekhawat et al., 2008; Zhang et al., 2005; Olmos et al., 2003) and had 

been characterized by an increase in the oxidized proteins and lipid peroxides (Demiral 

and Turkan, 2005; Ekmekci et al., 2008). By changing the composition of lipids free 

radicals, it altered the functions of membranes (Verma et al., 2008; Molina et al., 2008) 

affecting the activities of enzymes such as H+ATPase (Fodor et al., 1995). Reactive 

oxygen species (ROS) included H2O2, OH- ions, singlet oxygen and superoxide radicals 

(Laspina et al., 2005; Yadav, 2010) damaging the components engaged in the electron 

transport chain (Maksymiec, 2007; Qadir et al., 2004; Mallick and Mohn, 2003). ROS 

such as singlet oxygen, superoxide radicals, hydroxyl ions and hydrogen peroxide 

(Romero-Puertas et al., 2002) increased the level of malondialdehyde (MDA) due to lipid 

peroxidation (Chaoui et al., 1997). These species being very reactive impaired the 

proteins, nucleic acid and pigments resulting remarkable reductions in plant growth and 

productivity ultimately plant death. These species had been produced as by-products of 

aerobic lives under usual physiological circumstances because of the leakage in electron 

transport chain and successive series of reactions but normally found at suitable 

concentration and never causing oxidative burst (Verma and Dubey, 2003). 

2.5 Tolerance mechanisms against cadmium toxicity in plants 

Protective response in plants to abiotic stress induced by heavy metals had been 

greatly explored in plant sciences which fundamentally fixed all the attention on the 

illustration of components playing part throughout plant-metal collaborations. This sort of 

communication primarily involved the plant roots and their connections to the polluted 

rhizosphere with substantial metals. Metal tolerance could be divided into two classes 

through escaping and the tolerance procedures. Escaping system confined the heavy metal 

uptake eliminating it from the plant tissues. Due to the systems of tolerance, plants had 

been able to immobilize, store and accumulate metals by making bonds with proteins, 

peptides, or the amino acids. In response to cadmium toxicity, the plants had a number of 

defensive mechanisms. 
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2.5.1 Exclusion and immobilization mechanisms 

Defence mechanism activated firstly at the level of root. The mechanism of 

exclusion prevented the penetration of cadmium into the matrix of cytoplasm. Several 

mechanisms had been involved in its entrance such as alteration in pH of rhizosphere, by 

removing the metal binding organic acids or the formation of a thick layer of mucous at 

the tip of the root. Another mechanism involved in the immobilization of Cd in the wall 

of the cell. The roots usually retained most of the absorbed Cd and only low amount is 

translocated to the shoots (Szalai et al., 2002; Rauser, 1986) and accumulation of 

cadmium had been reported mainly in cell wall and cytosol of root cells in maize 

(Lozano-Rodriguez et al., 1997).  

2.5.2 At cellular level 

At cellular level, plants had a number of possible mechanisms which substantially 

took part in the detoxification and tolerance against metal stress (Hall, 2002). Sometimes 

the wall around the cell had been considered to be the place of major action of 

peroxidases in plants and these peroxidases were thought to be involved in the regulation 

of growth and various biochemical conduits. Higher activity of peroxidase had been 

accounted in plants in reaction to lower growth rate (Chen and Kao, 1995) and were 

involved in making the wall rigid by taking part in the synthesis of lignin (Cosgrove, 

1997). Lignin precursors being mono-meric in nature dehydrogenated to phenoxy radicals 

in the wall surrounding the cell by the action of enzymes (Lee et al., 2007). These 

radicals polymerized suddenly to yield a multifaceted network of cross linking between 

polysaccharides, monolignols and proteins (Iiyama et al., 1994). Peroxidases had been 

associated with the cross linking responses (Polle et al., 1994). Abiotic and biotic stress 

caused the lignifications of cell wall (Katerji et al., 1997) declining the content of 

nutrients and the growth of plant (Guenni et al., 2002) due to  cell wall peroxidases 

responsible for the production of OH˗ radicals in the cell wall (Liszkay et al., 2003) 

mediating additional development. Reduced growth of roots and increased activity of 

peroxidases had been reported in rice seedlings by salt stress (Lin and Kao, 2001) and 

increases in the activity of cell wall associated peroxidases by copper stress (Chen et al., 

2000).  

2.5.3 At molecular level 

At molecular level, damage due to Cd stress had been ascribed to dislocation of 

vital elements (Rivetta et al., 1997), overcrowding of important useful groups in bio-

molecules (Schutzendubel and Polle, 2002) and the generation of ROS through the 
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process of autoxidation (Chaoui et al., 1997). The production of ROS took place in each 

compartment of the cell such as mitochondria, cell wall, cell membrane, peroxisomes, 

apoplasm and chloroplast (Mittler, 2002) and the plants had antioxidant system to hunt 

these reactive oxygen species to avoid the damage caused by oxidative stress. Under 

oxidative stress, cadmium increased the ROS hunting enzyme activities of CAT, APX 

and SOD (Wu et al., 2003; Lozano-Rodriguez et al., 1997) providing extra protection 

(Sun et al., 2007). Increased activity of these enzymes increased the tolerance under 

stressful conditions. The superoxide anions generated in diverse cell parts quickly 

changed into hydrogen peroxide in a process catalyzed by superoxide dismutase 

(Fernandez-Ocana et al., 2011; Noctor and Foyer, 1998). Catalase (CAT) manufactured 

in specific tissue and age reliant way scavenging hydrogen peroxide produced in the 

process of fatty acid oxidation and photorespiration (Lin and Kao, 2000). CAT 

accelerated the conversion of H2O2 into oxygen and water (Corpas et al., 1999) whereas 

peroxidase (POD), essential enzyme in the process of respiration in plants, played 

significant role in the biosynthesis of lignin and conversion of hydrogen peroxide (H2O2) 

to water (Asada, 1994) dependent on phenolic oxidation (Kawano, 2003). Cadmium 

slightly stimulated the activity of antioxidant enzymes like ascorbate peroxidase, SOD 

and CAT but at higher level of Cd, significant reduction in the enzyme activity occurred 

(Iori et al., 2012). Cadmium exposure for a long time decreased the activity of superoxide 

dismutase (Zhang et al., 2005) and catalase (Sandalio et al., 2001). Variable responses in 

the activities of antioxidants had been repored in several plant species. Significant 

decreases in the activity of catalase and SOD in shoot and complete loss of the activity of 

these enzymes in roots of pea plants had been observed (Dey et al., 2007). But contrarily, 

the concentration of cadmium raised the activity of superoxide dismutase. A gradual 

increase in the activity of catalase and consistent increases in POD activity up to the toxic 

level of cadmium were also observed (Amirjani, 2012). The response of these enzymes to 

cadmium and other metals in general differed among species and between dissimilar 

tissues ((Tiryakioglu et al., 2006). In addition to SOD, POD and CAT, molecules like 

ascorbate peroxidase, glutathione reductase, glutathione peroxidase, glutathione and 

ascorbic acid (Kanazawa et al., 2000), and carotenoids acted as a protective shield 

(Tiryakioglu et al., 2006). 

2.5.4 Accumulation of other solutes 

Cadmium a well known heavy metal affected the food quality due to its longer 

biological half life and the mobility system (McLaughlin et al., 2000). Cd exposure could 
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activate various mechanisms in plants (Sanita di Toppi and Gabbrielli, 1999), synthesis of 

stress proteins, metallothioneins and glutathione (Hall, 2002) providing protection against 

cadmium stress. Under stress conditions, a number of solutes termed as osmolytes or 

compatible solutes organic acids, glycine betaine, amino acids and proline accumulated or 

depleted certain metabolites providing protection against heavy metal stress 

(Schutzendubel and Polle, 2002). 

2.5.5 Role of silicon in cadmium tolerance 

Most of the approaches of cadmium tolerance in plants had been based on 

reducing the amount of Cd found free in cytosol (Lozano-Rodriguez et al., 1997). Prior 

studies had recommended that silicon decreased the uptake of Cd in plants (Zhang et al., 

2008; Liang et al., 2005) physically blocking the apoplastic pathway in roots and 

controlling the apoplastic movement of cadmium (Shi et al., 2005). 

2.5.6 Phytochelatins 

Different kinds of mechanisms had been evolved in plants to tolerate against 

heavy metal stress, which harshly injured the plants by inhibiting other metabolically 

active conduit (Sanita di Toppi and Gabbrielli, 1999). The plants had adopted one of the 

chief defensive systems the phytochelatins where inactivation of the metal elements 

occurred by the formation of chelates and by the metallothionein compounds (Zenk, 

1996; Steffens, 1990), and the phytochelatins were first discovered from the cell 

suspension culture of R. serpentine (Grill et al., 1985) making complexes with cadmium 

of low molecular weight and forming high molecular weight complexes with sulphur 

(Cobbett, 2000). Gene hmt1 had coding for HMT1 protein and it transfered the cadmium-

phytochelatin complexes into vacuoles (Ortiz et al., 1995). The disconnection of HMV 

compounds occurred due to the acidic pH of the matrix of vacuole and then compounds 

are made by Cd with organic acids (malate, citrate, amino acids and oxalic acid) whereas 

the phytochelations of apoprotein nature are decayed by the action of hydrolases enzymes 

and went back to the matrix of cytoplasm (Sanita di Toppi and Gabbrielli, 1999). 

Compartmentalization and the production of phytochelatins had been activated under 

cadmium stress conditions (Pal et al., 2006). Cadmium even in minute amount (0.05 µM) 

could activate the formation of phytochelatin in maize plants (Tukendorf and Rauser, 

1990). Besides, there had been contradictory reports in the literature about the correlation 

within the phytochelatins synthesis and heavy metal tolerance (Arisi et al., 2000). More 

active detoxification of cadmium by the formation of peptides (c-Glu-Cys) had been 

observed in maize than in rice and wheat (Tukendorf and Rauser, 1990). The synthesis of 
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phytochelatin had been dependent on energy as the cells open under Cd stress and had 

been attained at the cost of root growth (Meuwly and Rauser, 1992). The phytochelatins 

caused not only the detoxification of cadmium but at minor levels also took part in the 

homeostasis at cell level and the transfer of metals to the related enzymes of protein 

(Thumann et al., 1991).  

2.5.7 Synthesis of stress proteins and accumulation of proline  

Due to the adverse environmental conditions such as inflammation, infection, 

exercise in response to toxins (ultraviolet light, ethanol, trace metals and arsenic) during 

hypoxia condition, starvation, deficiency of nitrogen, cold and drought, heat shock 

proteins (HSP) had been produced and broadly disseminated in animals, plants and fungi 

(Timperio et al., 2008). The up-regulation of these HSP occurred under high temperature 

stress, therefore, known as heat stress proteins (Santoro, 2000; Lindquist, 1986) and 

commonly found in the cytoplasm. Based on their molecular weight, these HSP had been 

divided into high molecular weight (hmHsp) and low molecular weight () proteins 

(Horwitz, 1992; Lindquist, 1986). The lmHsp acted as chaperones while some of the 

hmHsp also served as molecular chaperones including Hsp 60, 70 and 90 preventing other 

proteins from damage under stress conditions (Feder and Hofmann, 1999). Cd had the 

ability to denaturing the proteins (Jungmann et al., 1993) whereas stress proteins played 

their role in restoring the native structure of proteins under Cd stress. The formation of 

Hsp phosphoprotein of 70 kDa in maize plants (Reddy and Prasad, 1993) and the 

accumulation of mRNA of 80 kDa (Hsp-gene) had been reported under cadmium stress 

(Bouchard et al., 2004). 

Cadmium caused degradation of proteins by entering through the metabolism of 

amino acids and ultimately reduced the plant growth (Dinakar et al., 2008). The 

accumulation of proline took part in justifying different stresses and served as a base for 

N and C stabilizing the synthesis of proteins when produced osmotically. Proline also 

acted as a pH regulator and an antioxidant. Proline in free form disrupted the Cd-chelate 

ions by forming the proline Cd complex in plants (Sharma et al., 1998) thus increasing 

the ability of self-protection in plants facing various metal hazardous effects (Sun et al., 

2007). The accumulation of proline and amino acids had been observed with the 

application of cadmium and mercury in maize plants reducing the activity of protease 

enzyme (Ferreira et al., 1998; Nagoor, 1999) and its accumulation protected the plants 

from metal stress suggesting as an indicator of stress (Sharma et al., 1998).  
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2.5.8 Phytoremediation  

The substantial amounts of metals had been uptaken and accumulated in plants 

from the polluted soils and the plants provided an opportunity to remove these metals 

from these polluted locations. The heavy metals could be stabilized, transferred and 

removed from these areas by uprooting the plants (Lasat, 2002), called phytoremediation 

(Goldsbrough, 1998) that utilized the ability of hyperaccumulator plants to remove the 

metal in an environmental friendly and cost effective way (McGrath et al., 2006; Kramer, 

2005). The hyperaccumulator plants included Populus spp, Arabis paniculata, Solanum 

nigrum and Salix calodedron (Maxted et al., 2007; French et al., 2006; Wei and Zhou, 

2006) and their ability to hyperaccumulate cadmium could be enhanced by adopting 

several strategies of phytoremediation (Keller et al., 2003). Phytoremediation had several 

classes such as; 

 Phytoextration 

 Phytofiltration 

 Phytostabilization 

 Phytovolatization  

 Phytodegradation 

In phytoextration, the plants played significant role to eliminate the pollutants 

from soil. Plants accumulated metals in their upper parts (aerial parts) that could be 

detached for disposal or burnt. In the process of phytofiltration, plants used their seedling 

or roots to exclude metal from the aqueous waste. During phytostabilization, roots of the 

plant absorbed the contaminants from the soil keeping these contaminants in the 

rhizosphere. In the process of phytovolatization, plants used their foliage to volatilize 

contaminants like Hg and Se. In the process of phytodegradation, the elimination of 

organic contaminants occurred by the use of plants and their correlated micro-organisms 

(Garbisu and Alkorta, 2001).         

2.5.9 Cd tolerance at genetic level 

Cadmium being a transitional heavy metal existed in the environment in 

extremely dispersed form due to the activities of human beings (Morsy et al., 2011). In 

the coastal intertidal residue and in marine environment, it had been a substantial metal 

pollutant of great concern and also possessed risk to coastal ecosystem and the human 

health (Qin et al., 2006). Due to moderate movability of Cd in water and soil, the plants 

could easily take it up. Larger amounts of Cd caused reductions in plant growth (Shafiq et 



 20

al., 2008; Curguz et al., 2012), and yield and development (Chen et al., 2003). So, the 

evaluation of toxicological responses stimulated due to cadmium in the organisms needed 

with the help of biomarkers. Instead of the involvement of carriers in the transportation of 

cadmium, genes had been reported for Cd stress in rice. These genes functioned at sub-

cellular level in the transportation of cadmium through the exclusion of cadmium from 

cytosol to apoplast and compartmentalize it into the vacuoles. These genes also took part 

in the repairing processes of damages providing tolerance to plants against cadmium 

stress (Clemens, 2001; Uraguchi et al., 2009a).  

2.5.10 Cadmium tolerance in rice at genetic level 

In this segment, discoveries of rice genes potentially working in Cd homeostasis 

were inspected. In spite of the fact that knowledge of cadmium tolerance might not 

straightforwardly give rise to development station of low-Cd-rice, however, genes 

identified for Cd tolerance might be useful to control the accumulation of Cd in rice via 

the regulation of translocation of cadmium at subcellular level. Some Atp-tying tape 

(Abc) proteins had been proposed to intervene the vacuolar compartmentalization of 

cadmium glutathione or alternately phytochelatin conjugates in pastry specialist's yeasts 

(Li et al., 1997), yeast’s fission (Preveral et al., 2009), Arabidopsis (Park et al., 2012) and 

a worm Caenorhabditis elegans (Vatamaniuk et al., 2005). Various ABC proteins of 

Arabidopsis (Kim et al., 2007) and human beings (Tommasini et al., 1996) played their 

roles in the removal of cadmium from cytosol. Rice ABCG43 or OsPDR5 genes coded 

the proteins of ABC-type for cadmium tolerance at cellular level (Oda et al., 2011). The 

copy of ABCG43 gene was amazingly expressed in rice plants as cadmium applied 

suggesting its role in the tolerance mechanism under Cd stress. Cd-Phytochelatin complex 

in rice would also be acknowledged as this complex was identified in A. thaliana (Park et 

al., 2012).  A new gene named as low cadmium (LCD) had been considered for Cd 

tolerance and accumulation in rice (Shimo et al., 2011). The LCD gene increased the 

development by decreasing the accumulation of cadmium. The occurrence of LCDGFP 

into the nucleus and cytoplasm was proved as not a membrane carrier. A protein rich in 

cystein peptides with coding for OsCDT1 protein had probably been involved in the 

tolerance mechanism of rice under Cd stress. When Cd applied to Arabidopsis, OsCDT1 

protein was over-expressed resulting in the increase of plant growth (Kuramata et al., 

2009).  
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2.6 Salicylic acid (SA) 

Salicylic acid, an extract of the bark of Salix, a willow tree had been used as an 

anti-inflammatory drug (Rainsford, 1984). It was synthesized commercially in the form of 

acetylsalicylic acid (asprin) in 1897 by Bayer Company (Weissman, 1991). Aspirin had 

become very familiar among the people worldwide and had been used extensively for 

more than 100 years. Functions of aspirin and its related salicylates had been extensively 

studied in animals but little information about its functions in plants was available. The 

tolerance against the infection by tobacco mosaic virus (TMV) could be enhanced by 

injecting aspirin in the leaves of tobacco plants demonstrating its ability to induce 

tolerance against disease (White, 1979; Antoniw and White, 1980). Afterwards, it was 

found that the application of SA actually caused stimulations in the accumulation of 

pathogenesis-related (PR) proteins which enhanced tolerance to disease (Malamy et al., 

1990; Metraux et al., 1990; Kessmann and Ryals, 1993).    

2.6.1 Distribution of SA in plants 

Utilizing current systematic system, it was discovered that salicylates were 

dispersed in numerous plant species including crabgrass, soyebean, barley and rice 

amounting to around 1 µg/g fresh weight of SA in these plants (Popova et al., 1997). It 

had ubiquitous distribution in plants, and found in leaves and also in the reproductive 

organs of non-thermogenic plants. Amount of SA differed significantly in leaves and in 

the flower parts in the non-thermogenic plant species (Raskin et al., 1990b) with the 

elevated amount in the inflorescence having necrotizing pathogens (Raskin, 1992a).  

2.6.2 Biosynthesis of SA through cytoplasmic pathway in tobacco and rice 

A group of compounds in plants involved in physical and chemical defense 

systems against pathogenic organisms was formed from trans-cinnamic acid. SA formed 

by either o-coumaric acid or benzoic acid was the first metabolite in phenylpropanoid 

pathway which produced the secondary metabolites such as phenolics, lignin, phytoalexin 

and flavonoids (Ward et al., 1991). Trans-cinnamic acid was produced from 

phenylalanine by the activity of phenylalanine ammonia-lyase (PAL) which was 

converted into benzoic acid to produce SA in excess amounts while the benzoic acid was 

converted into SA by the action of 2-hydroxylase enzyme (Leon et al., 1993). But no 

knowledge is available about the synthesis of SA from o-couramic acid. In the 

downstream processes, flavonoids, phytoalexins and lignin had been reported to be 
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produced from the o-couramic acid (Serino et al., 1995; Mauch-Mani and Sulsarenko, 

1996).  

2.7 Effect of SA on plant 

SA along with its salicylates had the ability to affect various biochemical and 

physiological processes in plants leading to the regulation of plant productivity and 

development (Arberg, 1981). Exogenous application of SA had affected a number of 

physiological mechanisms either by inhibiting the biosynthesis of ethylene, the 

germination of seeds (Leslie and Romaani, 1988) or playing role in the absorption and 

transportation of ions through the root (Harper and Balke, 1981) and reversed the action 

of abscisic acid in the process of abscission and plant growth inhibition (Raskin, 1995). 

Its application also enhanced the dry mass and leaf area in soybean and corn (Khan et al., 

2003). According to a report, when the seeds of wheat were soaked in SA solution before 

sowing, it not only increased the rate of germination and growth of seedlings (Shakirova, 

2007) but also increased the fresh weight, dry weight and the number of leaves (Hayat et 

al., 2005). Lower amounts of SA application also significantly increased the dry mass of 

Brassic juncea (Fariduddin et al., 2003). In maize plants, the application of SA 

significantly enhanced the growth, rate of photosynthesis, pigment contents and the 

amount of carbohydrates (Khodary, 2004). It also promoted plant height, fresh and dry 

mass (Orabi et al., 2010). SA application slowed down the emergence of leaf, decreased 

the growths of root and leaf in barley (Pancheva et al., 1996), and inhibited the bud 

formation in Funaria hygromatica (Christianson and Duffy, 2002). 

Salicylic acid played significant role in the regulation of cations uptake. In 

mungbean it increased the accumulation of Ca, K, P and Na, and also enhanced the 

accumulation of Ca but decreased the Fe accumulation in cucumber (Khan et al., 2010). 

The reductions in the uptake of P, Cu, Fe and Zn had been reported in Vallisneria natas 

L. (Wang et al., 2011). In wheat plants the application of SA also inhibited the 

accumulation of P (Chen et al., 2009) and decreased the uptake of Ca and P in roots 

attributing due to the increase in the activity of protonated form of SA (Hayat and 

Ahmad, 2007). The enhanced production of several secondary metabolites, sugars, 

soluble carbohydrates, phenols and soluble proteins by the application of SA had been 

reported in Pisum sativum (L.) seeds (Shraiy and Hegazi, 2009). Hussein et al. (2007) 

reported the increases in the concentration of proline under SA application. SA treatment 

enhanced the accumulation of hydrogen peroxide in plants (Fauth et al., 1996) and 
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increases the superoxide dismutase and ascorbate peroxidase but negatively affected the 

activity of catalase in maize plants (Krantev et al., 2008). 

2.7.1 Role of SA under different abiotic stresses 

The results obtained during the last few years strongly argued that SA could be a 

very promising compound for the reduction of abiotic stress sensitivity in crop plants due 

to its mitigating effects on various stress factors (Javid et al., 2011). The researchers had 

been emphasizing the SA application because of its capability to stimulate the systemic 

acquired resistance (SAR) in plants to several pathogens. The SAR had been manifested 

in the appearance of pathogenesis related proteins (PR) while the SA served as an 

indicator for the expression of some stress related genes (Metraux, 2001). SA treatment 

caused accumulation of ABA and IAA in wheat under salinity but with no effect on 

cytokinin content. The protective effects of SA included the development of antistress 

programs and the acceleration of normalization of growth processes after removing the 

stress factors (Sakhabutdinova et al., 2003) thus playing significant role in the regulation 

of various physiological processes in plants such as uptake and transport of ions, stomatal 

closure (Gunes et al., 2005), and growth and photosynthesis (Khan et al., 2003).  

Salicylic acid application induced tolerance against salinity stress in wheat 

(Shakirova and Bezrukova, 1997; Arfan et al., 2007; Gunes et al., 2007), maize, barley, 

beans, sunflower (Noreen and Ashraf, 2008; El-Tayeb, 2005), and in cucumber and rice 

seedlings (Shim et al., 2003). SA had been reported to play a protective role in water 

deficit or osmotic stress in wheat (Waseem et al., 2006; Bezrukova et al., 2001; 

Bhupinder and Usha, 2003), and high and low temperature stress in bean and tomato 

(Senaratana et al., 2000). It also increased the plant tolerance against UV radiation 

(Belkhadi et al., 2010), ozone stress (Panda and Patra, 2007) and heavy metal stress in 

rice seedlings (Guo et al., 2009; Pal et al., 2002; Mishra and Choudhuri, 1999). 

2.7.2 Role of SA under heavy metal stress 

Among the naturally occurring elements, fifty three heavy metals had been 

recognized and some of these had biological importance for plant development (Weast, 

1984). Of these heavy metals, cadmium had serious threats to plants affecting various 

processes of shoot and root growth, leaf tip browning, rolling of leaf and chlorosis 

(Kahle, 1993), uptake of nutrients (Sandalio et al., 2001), nitrogen metabolism 

(Boussama et al., 1999), stomatal opening (Barcelo and Poschenrieder, 1990), 

composition and fluidity of membranes (Quariti et al., 1997), photosynthetic rate 

(Gadallah, 1995; Padmaja et al., 1990) and the activity of ATPase (Fodor et al., 1995). It 
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also delayed the chloroplast development (Stoyanova and Tchakalova, 1997) and altered 

the activities of various enzymes including phosphoenol pyruvate carboxylase and 

Rubisco (Malik et al., 1992; Stiborova, 1998; Siedlecka et al., 1998).  

Many workers reported the ameliorating role of SA to the toxic effects of heavy 

metals in plants. Pre-treatment with SA alleviated the adverse effects of mercury and lead 

in rice (Mishra and Choudhuri, 1999). Exogenous application of SA conferred the 

tolerance to aluminium toxicity mediated due to the rise in citrate efflux in roots (Yang et 

al., 2003). Induction of oxidative stress in roots due to aluminium could be alleviated 

with SA application (Wang et al., 2004). The studies conducted to assess the effects of 

externally applied SA on plant growth, physiological parameters and the activities of 

antioxidant enzymes under boron and salt stresses revealed that the application of SA 

considerably increased root dry weight, growth, anthocyanin, carotenoids and sulphur 

contents which affiliated with an increase in the activity of enzymes. It also regulated the 

accumulation of proline and reduced the uptake of Cl and B ions in root and the shoot 

(Eraslan et al., 2007). SA played important role in the protection of roots from mercury-

induced oxidative stress in Medicago sativa (Zhou et al., 2009). In Cucumis sativus, SA 

alleviated the manganese toxicity by reducing the production of reactive oxygen species 

and MDA contents. Treatment with SA changed the response of antioxidative enzymes 

reducing the activities of APX and enhancing the POX, SOD, GR and DHAR ativities 

(Shi and Zhu, 2008). SA provided protection against Cd in maize (Pal et al., 2002), 

soybean (Drazic and Mihailovic, 2005), and barley by increasing the fresh weight of 

shoots and roots through the stimulation in the up-regulation of hydrogen peroxide, and 

metabolizing the enzymes like ascorbate peroxidase and catalase (Metwally et al., 2003). 

Cadmium induced reductions in shoot and root growth in alfalfa plants but the 

pretreatment of seeds with SA increased the growth of shoot and the root with the 

correction in ionic balance (Drazic et al., 2006). Its application alleviated the adverse 

effects of Cd on the enzyme activities of PEP and RUBP carboxylase and increased the 

SOD and APX activities but it reduced the activity of CAT. It significantly improved 

growth, and reduced the rate of lipid peroxidation and leakage of electrolytes in maize 

(Krantev et al., 2008). Cadmium toxicity reduced the growth and root biomass in rice and 

inducds oxidative stress. SA had been shown to alleviate all these toxic effects of Cd by 

decreasing the level of lipid peroxidation, superoxide radical’s generation and by 

lowering the induction of hydrogen peroxide (Choudhury and Panda, 2004). SA under 

cadmium toxicity increased the response of antioxidants (Chao et al., 2010). SA reduced 
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the accumulation of Cd in the roots of maize (Pal et al., 2005). Belkhadi et al. (2010) 

reported that application of salicylic acid improved the uptake of Ca, Mg and Fe under Cd 

stress, however, it slowed down the uptake of Mn and raised the Ca uptake under lead 

stress in Vallisneria natans (Wang et al., 2011). Rice seeds activated the antioxidant 

defensive system under Cd stress when pre-treated with SA by ameliorating the oxidative 

damage (Guo et al., 2007). SA reduced electrolyte leakage and oxidative damage 

produced due to Cd stress in the root cells of Vicia sativa and Phaseolus aureus (Zhang et 

al., 2011). 

2.8 Tissue culture 

Tissue culture had been a useful technique to obtain rapid evidence of 

ecotoxicological behavior of chemicals in plants enabling better choice of appropriate 

plant for large scale application (Vanek et al., 1998). It could be used to exploite the 

genetic variability, improve the state of health of the plant materials and increase the 

number of desirable germplasm (Brown and Thorpe, 1995) playing significant role in 

basic and the applied studies including crop improvement (Vasil and Thorpe, 1994). 

Callus culture had been easier than conventional breeding to improve the crop production 

based on quality and quantity (Yamada, 1986). In this technique, undifferentiated mass of 

cells in the form of callus could be obtained by culturing seeds, buds, nodes, meristem, 

leaves and root tips in nutrient media containing growth regulators. Rashid et al. (2000) 

used rice seeds as a source of explant for the induction of callus tissue because seeds had 

more potential to induce callus than tips and nodes. Successful callus induction had been 

reported by several researchers (Valdez et al., 1997; Navraj et al., 1999; Gonalz, 2000).  

Because of unevitable importance of cereals worldwide in terms of production, 

area under cultivation and contribution to the diet of human beings and livestock, almost 

all the major cereal crops could be regulated from tissue culture (Kumar et al., 2001) such 

as bread wheat (Yasmin et al., 2001) and the mechanisms of plant defense against 

industrial pollution had been poorly studied (Boudot et al., 1994). The in vitro culture had 

been used for a long time to investigate the plant responses to toxic metal ions 

(Watmough and Hutchinson, 1997) and several plant species tolerant to different metal 

ions had been selected (Samantaray et al., 1999; Gori et al., 1998).  

In the present project, in vitro studies in basmati rice at whole plant and callus 

levels were carried out to examine the effects of Cd-induced stress on different growth 
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parameters, antioxidant systems and the uptake of mineral nutreints along with the 

exogenous application of SA in ameliorating the adverse effects of Cd toxicity. 
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CHAPTER-3 

MATERIALS AND METHODS 

 

Present studies provide information about changes in growth and physio-

biochemical processes in basmati rice (Oryza sativa L.) in response to cadmium toxicity 

alleviated with the application of salicylic acid. The experiments were conducted in the 

tissue culture laboratory, Department of Botany, University of Agriculture, Faisalabad. 

Four approved basmati rice varieties namely Basmati-198, Basmati-2000, Basmati-370 

and Kashmir Basmati were used. The experiments were conducted as follows; 

I.  At whole plant level 

II.  At Callus/cellular level  

Prior to start the main experiments at whole plant and callus levels, these varieties 

with their unknown responses to Cd toxicity were subjected to different levels of CdCl2. 

The experiments were carried out in growth room under controlled conditions of light and 

temperature. Seeds of all the genotypes were germinated on moistened filter paper in Petri 

dishes and after germination the seeds were irrigated to different levels of CdCl2 (0, 100, 

500, 1000 and 1500 µM) without and with SA (0.1 mM). Each treatment level was 

replicated thrice consisting of five Petri dishes in each replication with ten plants 

(seedlings)/dish. Seven days after treatment, the seedlings were harvested, and the data 

were recorded on Cd accumulation and its effects on growth, physio-biochemical 

parameters and the status of mineral nutrients at whole plant (phase-I) and callus (phase-

II) levels. 

3.1 Phase-I 

3.1.1 Studies at whole plant level 

Grains of all the basmati rice genotypes were sown in plastic pots containing river 

sand. Cadmium chloride was used as a source of cadmium metal. There were five 

(control, 100, 500, 1000 and 1500 µM) levels of cadmium (CdCl2) and two (control and 

0.1 mM) levels of salicylic acid (SA). Different treatment combinations were used during 

the course of study as follow: (0 µM Cd + 0.0 mM SA), (100 µM Cd + 0.0 mM SA), (500 

µM Cd + 0.0 mM SA), (1000 µM Cd + 0.0 mM SA), (1500 µM Cd + 0.0 mM SA), (0 µM 

Cd + 0.1 mM SA), (100 µM Cd + 0.1 mM SA), (500 µM Cd + 0.1 mM SA), (1000 µM Cd 

+ 0.1 mM SA) and (1500 µM Cd + 0.1 mM SA). 



 28

Each treatment level was replicated thrice and each replicate was consisting of 10 

pots and each pot contained three plants (seedlings). Pots were placed in growth chamber, 

under controlled light and tempreture. After germination, the seedlings were irrigated at 

alternate day interval with half strength Hoagland’s solution (Hoagland and Arnon, 1950) 

along with corresponding treatment, till the termination of experiment. 

After 15 days of treatment, seedlings were harvested and roots were washed with 

running tap water follwed by distilled water for the removal of Cd from the surface of 

roots and following parameters were studied. 

3.2 Growth parameters 

3.2.1 Shoot and root length (cm) 

Shoot and root lengths were measured from shoot base to the top of plant with a 

meter rod and mean values were calculated. 

3.2.2 Shoot and root fresh weights (g) 

Fresh weights of shoots and roots of 1 plant per replicate, per treatment were 

determined immediately after uprooting the plants with the help of top loading balance 

and mean values were calculated. 

3.2.3 Shoot and root dry weights (g) 

Dry weights of shoots and roots of 1 plant per replicate, per treatment were 

determined after keeping the fresh samples in oven at 65 οC for 48 hours to get constant 

dry weight and mean values were calculated. 

3.2.4 Root stress tolerance index (STI) 

The STI in respect of root growth under Cd stress as compared to control was 

calculated as follows: 

 
  x100
controlroot  oflength  Average

treatedroot  oflength  Average
STI   

3.3 Biochemical parameters 

3.3.1 Malanodialdehyde (MDA) contents  

The level of lipid peroxidation in terms of concentration of thiobarbituric acid 

reactive substance (TBARS) was determined according to Yagi (1982) with minor 

modifications. Leaf tissue (0.5 g) was extracted by grinding in 10 ml of 0.1 % TCA 

(trichloroacetic acid) and centrifuged for 5 min at 15,000 x g. To 1 ml of supernatant, 4 

ml of 0.5 % thiobarbaturic acid in 20 % TCA was added and heated at 95 oC for 30 min. 

The samples were cooled and then absorbance was read at 532 nm. Value for non-specific 
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absorption at 600 nm was subtracted. The absorption coefficient was calculated at 155 

mmol cm-1 and expressed as nmol/MDA/g fresh weight. 

    5/1.56x10A600NMA532nmnmol levelMDA    

3.3.2 Hydrogen peroxide (H2O2) contents 

Hydrogen peroxide contents were determined according to Velikova et al. (2000). 

An amount of 5 ml of 0.1 % (w/v) trichloroacetic acid (TCA) was used to grind the leaf 

sample (0.25 g) in a pre-chilled pestle and mortar. The extract was then centrifuged at 

12000 rpm for 15 min. The supernatant (0.5 ml) was mixed with 0.5 ml of potassium 

phosphate buffer (pH 7.0) and 1 ml of potassium iodide solution. The solution was 

thoroughly mixed and absorbance was recorded at 390 nm. 

3.3.3 Superoxide dismutase (SOD)  

The activity of SOD was determined using the method of Giannopolitis and Ries 

(1977) with some minor modifications. The reaction mixture was prepared by adding 50 

µM NBT (NBT dissolved in phosphate buffer), 1.3 µM riboflavin, 13 mM methionine and 

50 mM phosphate buffer (pH 7.8) to 50 µl enzyme extract. The mixture was then 

illuminated under fluorescent lamps of 30 W for 10 min. The photoreduction of NBT was 

measured by recording an increase in absorbance at 560 nm using a UV-visible 

spectrophotometer (IRMECO U2020). One reaction mixture without enzyme extract was 

kept as control. The amount of enzyme required to 50 % inhibit the rate of NBT reduction 

at 560 nm in comparison with control was equal to one unit of SOD. 

3.3.4 Catalase (CAT) and peroxidase (POD) 

The activities of CAT and POD enzymes were determined according to Chance 

and Maehly (1955) with some modifications. The reaction mixture for CAT was a total of 

3 ml containing 50 mM phosphate buffer (pH 7.0), 5.9 mM H2O2 and 100µl enzyme 

extract. Changes in absorbance of the solution every 20 s (caused by H2O2 decomposition 

into H2O) were recorded at 240 nm and were expressed as µmol of H2O2 decomposed per 

min per mg of protein. The reaction mixture for POD was a total of 3 ml containing 50 

mM phosphate buffer (pH 7.0), 20 mM guaiacol, 40 mM H2O2 and 100 µl enzyme extract. 

Changes in absorbance of the reaction solution were recorded at 470 nm after every 20 

seconds. One unit of POD activity was equivalent to change in absorbance per mg of 

protein. 
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3.3.5 Ascorbic acid (Non-enzymatic antioxidant) 

Ascorbic acid (AsA) was determined according to Mukherjee and Choudhuri 

(1983). An amount of 5 ml of 6 % trichloroacetic acid was used to grind the leaf sample 

(0.25 g) for extraction. To 4 ml of the extract, 2 ml of 2 % dinitrophenyl hydrazine (in 

acidic medium) and a drop of thiourea (in 70 % ethanol) were added. The mixture was 

heated for 15 min in a water bath and then cooled to room temperature. After collong, 5 

ml of 80 % (v/v) H2SO4 was added to the solution while keeping it on ice at 0oC. The 

absorbance was recorded at 530 nm. The amount of ascorbic acid content in each sample 

was calculated from a standard curve.  

3.4 Solute Analysis and water potentials 

3.4.1 Proline contents  

The proline contents were determined according to Bates et al. (1973). Leaf tissue 

(0.5 g) were homogenized in 10 ml of 30 % sulpho-salicyclic acid and filtered through 

filter paper. An amount of 2 ml of acid ninhydrin (prepared by mixing 1.25 g ninhydrin in 

30 ml glacial acetic acid) and 2 ml of glacial acetic acid were added to the filterate. The 

filterate was mixed thoroughly and heated in a water bath for 60 miutes at 100 oC. The 

mixture was then cooled and 4 ml of toluene was added and mixed. The chromophore 

containing toluene was seperated from aquous phase and its absorbance was read at 520 

nm using a spectrophotometer. Proline concentration was determined from a standard 

curve and the following equation: 

  sample of /g15.5 toluene/1of ml x proline/ml μghtfresh weig proline/g μmole   

3.4.2 Total soluble sugars 

Total soluble sugars were determined according to the method of Yemm and 

Willis (1954). 

3.4.2.1 Extraction and determination 

Took fresh material (0.5 g) and boiled in 5 ml distilled water for 1 h. Filtered and 

made the volume up to 50 ml with distilled water. 5 ml of Anthrone reagent were added 

along the sidewall of the test tube to 1 ml of the extract and briefly vortexed. The mixture 

was heated in water bath at 90-95 oC for 20 min, cooled and took the absorbant at 620 nm 

using a spectrophotometer. 

Then prepared a series of standards (0, 20, 40, 60, 80 and 100 µM) and were run 

in a similar way as those of unknown samples using distilled water as blank. A standard 

curve was constructed and compared with the unknown samples. 
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3.4.2.2 Anthrone reagent preparation 

Add 1 g Anthrone in 1000 mL of concentrated H2SO4 and store in a refrigerator at 

4-8oC. Use within a week. 

3.4.3 Total soluble carbohydrates 

Total soluble carbohydrates were determined according to the method of Hedge 

and Hofreiter (1962). 

3.4.3.1 Reagents 

Anthrone reagent was prepared by dissolving 200 mg in 100 ml of ice cold 95% 

H2SO4. This reagent was freshly prepared whenever needed. 

3.4.3.2 Procedure 

The sample of plant material (0.1 g) was hydrolyzed keeping boiling in water bath 

for 3 hours with 5ml of 2.5 N-HCl and cooled to room temperature. Then, the sample was 

neutralized with solid sodium carbonate until effervescence ceased. The volume of 100ml 

was made and centrifuged. 1ml was taken from the supernatant and 4ml ice-cooled 

anthrone reagent was added to the extract. The reaction mixture was heated in water bath 

for 8 minutes then rapidly cooled to room temperature.  Green to dark green color was 

recorded at 630 nm on a spectrophotometer (Hitachi-2001). Blank sample was also run in 

the same way. The soluble carbohydrates were calculated from the standard curve 

developed by using glucose.  

3.4.4 Total free amino acids  

Total free amino acids were determined according to the method of Hamilton and 

Van-Slyke (1943). 

3.4.4.1 Reagents 

3.4.4.2 Ninhydrine solution 

2 g of ninhydrine was dissolved in 100 ml of distilled water. 

3.4.4.3 Pyridine solution 

Pyridine solution (10%) was prepared in distilled water. 

3.4.4.4 Procedure 

For this purpose, 1 mL of the aqueous extract of the sample was taken in 25 mL 

test tube and added 1 mL each of 10% aqueous pyridine solution and 2% ninhydrin 

solution. Then heated the test tubes in boiling water bath for about 30 min and transferred 

the solution to 50 mL test tube and made the volume in each tube to 50 mL with distilled 

water. The absorbance of the colored solution was taken at 570 nm using 
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spectrophotometer. A standard curve was developed with proline and calculated the free 

amino acids by the formula given below. 

  x100
 tissue theofWeight 

FactoDilution  x sample of Volume x sample of readingGraph 
Fw mg/g A. A. Total 

 
3.4.5 Protein analysis 

Leaf samples were collected as for RWC. Five ml of 50 mM cooled potassium 

phosphate buffer (pH 7.8) was used to grind the leaf sample (0.25g). The extract was then 

centrifuged at 10,000 rpm for 10 min at 4oC. The isolated supernatant was used for 

protein determination following the method of Bradford (1976).  

3.4.6 Water potential 

Fully expanded second leaf of the main culm (top) was excised to determine the 

water potential with a pressure chamber (model 600 PMS instrument company, USA). 

3.4.7 Osmotic potential 

The same leaf, was used for water potential, frozen in a freezer below (-20 οC) for 

seven days. Before determination, frozen leaf material was thawed and cell sap was 

extracted with the help of disposable syringe. The extracted sap was directly used for the 

determination of osmotic potential using osmometer (Wescor-5500). 

3.5 Determination of Cd content and mineral nutrients 

The dried ground material (0.5 g) of shoots, and roots were digested in 

concentrated HNO3 (5 ml) at 100 and 150ο C in digestion tubes and then made volume of 

the extracted up to 50 ml in the volumetric flask. Filtered the extract and used it for the 

determination of mineral nutrients concentrations. The dissolved amount of sodium, 

potassium and calcium were determined by using flame photometer and magnesium, 

manganese, iron and cadmium were determined with atomic absorption 

spectrophotometer.  

3.5.1 Determination of P contents 

In plants phosphorus was determined acoording to Mehlich (1953) protocol. Br-

reagent was prepared by dissolving 25 g of ammonium mollybdate in 400 ml of ditilled 

water. 1.25 g of ammonium metavenadate was dissolved in 300 ml of distilled water, then 

250 ml HNO3 and cooled down. Mixed both solutions and maintained volume up to 1000 

ml. Took 2 ml of solution obtained by digesting plant material in concentrated HNO3 (as 

described above) and mixed with 2 ml of Br-reagent. Kept for half an hour and then took 

optical density (O.D.) at 460 nm (Hitachi-U 2001).  
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3.5.2 Determination of N contents 

Nitrogen content was estimated by micro-Kjeldhal method (Bremner, 1965). 

3.5.2.1 Reagents 

i. Boric acid solution (2%)  

ii. Sulphuric acid, standard (0.01 N)  

iii. Mixed indicator of bromocresol green and methylene red 

3.5.2.2 Procedure 

5 mL of the above aliquot was taken in Kjeldhal flask, placed it on the Kjeldhal 

ammonia distillation unit, added 5 mL of 40% NaOh. 5 mL of boric acid solution was 

taken in a conical flask with few drops of mixed indicator. When the distillate was 

approximately 40 mL stopped the distillation. Cooled the distillate for few minutes and 

titrated it with 0.01 N standard H2SO4 till the solution turned pink. Run a blank for the 

complete procedure. 

   x100
W

0.014 x N x V1-V2
%age N   

where 

V2 = volume of standard H2SO4 required to titrate the sample solution 

V1 = volume of standard H2SO4 required to titrate the blank solution 

N = normality of H2SO4 

W = weight of the sample in g 
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3.6 PHASE-II 

3.6.1 Studies at callus/cellular level 

To initiate and establish callus, mature embryos (grains) were used as a source of 

explants, cultured in test tubes containing 10 ml of MS medium (Murashige and Skoog, 

1962) (solidified with agar) supplemented with modified concentration (2 mgL-1) of 2, 4-

dichlorophenoxy acetic acid (2, 4-D). The culture was placed at growth room under 

constant temperature (25 οC ± 2 οC) and white florescent light. 

One month old callus tissues were cultured in 100 ml Erlen-Meyer (Pyrex) flasks, 

containing 40 ml liguid MS medium, with the same concentration of 2, 4-D and 

corresponding treatment, and then placed on gyrotary shaker, till the termination of 

experiment. The same treatments were applied as for whole plant. Each treatment was 

replicated thrice and each replicate was consisted of ten flasks.  

After 15 days of treatment, harvested calli were washed with distilled water and 

following parameters were studied. 

3.7 Growth parameters 

3.7.1 Callus bioconcentration factor (BCF) 

The callus BCF was calculated as follows: 

 
  x100
mg/kg medium in theion concentrat Cd

mg/kg callusin on accumulati Cd
BCF   

 

3.7.2 Callus stress tolerance index (STI) 

The callus STI was calculated as follows: 

 
  x100
control callus of dry weight Average

treated callus of dry weight Average
STI   

3.7.3 Callus fresh weight/Relative growth rate (RGR-fresh) (g) 

After 15 days of incubation on shaker, calli were harvested and relative fresh 

weight of callus growth was calculated as: 

   htfresh weig InitialInhtfresh weig FinalIn   

where ln denotes to natural log 

3.7.4 Callus dry weight (g) 

After determination of fresh weight, calli were placed in oven at 65ο C for a week 

and the dry weight was determined.  



 35

3.8 Biochemical parameters and solute analysis 

Phosphorus, nitrogen, proline, total soluble protein, total free amino acids, total 

soluble sugars, total soluble carbohydrates, SOD, CAT, POD, ascorbic acid, H2O2 and 

MDA were determined with the same methods as described for whole plant, after 15 days 

of treatment on a gyratory shaker.  

3.9 Water relations  

The solute potential of both callus and the culture medium were measured with an 

osmometer (Wescor-5500). Water potential of callus was assumed to be equal to the 

solute potential of the culture medium. Callus osmotic potential was determined from 

frozen calli.  

3.10 Determination of Cd content and mineral nutrients 

The dried ground material (0.5 g) of calli were digested in concentrated HNO3 (5 

ml) at 100 and 150ο C in digestion tubes and then made volume of the extracted up to 50 

ml in the volumetric flask. Filtered the extract and used it for the determination of mineral 

nutrients concentrations. The dissolved amount of sodium, potassium and calcium were 

determined by using flame photometer and magnesium, manganese, iron and cadmium 

were determined with atomic absorption spectrophotometer.  

3.11 Statistical analysis 

The collected data were subjected to statistical analyses for analysis of variance 

(Steel et al., 1997) using appropriate computer software. The mean values were compared 

with least significant differences test (LSD) following Snedecor and Cochran (1980).  
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CHAPTER-4 

RESULTS AND DISCUSSION 

 
4.1 Phase-I  
4.1.1 Whole plant level  
4.2 Growth parameters 
4.2.1 Cadmium (Cd) accumulation in shoot and root 
 

For shoot Cd accumulation, significant differences were observed for the main 

effects of Cd treatment, SA treatment and genotype means (Table 1). The Cd x SA, Cd x 

G, SA x G and Cd x SA x G interactions also showed significant differences. Shoot Cd 

accumulation increased with the increase in Cd concentration in the medium (Fig. 1). The 

genotypes showed differential responses to shoot Cd accumulation under Cd-induced 

stress. Higher shoot Cd accumulated in Kashmir Basmati as compared to other genotypes. 

Slight reduction in shoot Cd accumulation was observed when SA added alone in the 

medium as compared to control. The application of SA in combination with elevating Cd 

in the medium reduced shoot Cd in all the genotypes as compared to the corresponding 

Cd-stressed shoot Cd revealing beneficial effects. 

The main effects of Cd treatment, SA treatment and genotype means showed 

significant differences in root Cd contents (Table 1). Significant differences were also 

observed for interactions of Cd x SA, Cd x G, SA x G and Cd x SA x G. Root Cd 

accumulation increased with the increase in Cd concentration in the medium (Fig. 1). The 

variable responses indicated that genotypes differed in root Cd accumulation. Among the 

genotypes, higher root Cd accumulated in Kashmir Basmati has been noticed. No change 

in root Cd was observed when SA applied alone in the medium as compared to control 

whereas SA application in combination with Cd in the medium reduced root Cd in all the 

genotypes as compared to the corresponding Cd-stressed root Cd exhibiting beneficial 

effects. 

The shoot and root Cd accumulations showed rapid initial increases at lower Cd 

level followed by steadier much slower increases with the increments in Cd concentration 

in the growth medium (Fig. 2), however, shoot Cd showed much lesser accumulation as 

compared to root Cd. The root and shoot Cd accumulations indicated a two phase 

concentration- depedent linear model (2 pahse uptake kinetic model for Cd uptake) with 

or without SA application. 
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Table 1: Mean square values showing the effects of Cd, SA and their interactions 
on shoot and root Cd accumulations of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

LSD 5%= 6.721

0

20

40

60

80

100

120

140

C
d
 in

 s
h
o
o
t 
(m

g
kg

-1
 D

W
)

Bas-198 Bas-2000 Bas-370 Kash Bas

LSD 5%= 26.98

0

100

200

300

400

500

600

700

800

co
nt

ro
l

0.
1 
m
M
 S
A

10
0 
µM

 C
d

50
0 
µM

 C
d

10
00

 µ
M
 C

d

15
00

 µ
M
 C

d

10
0 
+ 
0.
1

50
0 
+ 
0.
1 

10
00

 +
 0
.1
 

15
00

 +
 0
.1
 

concentration

C
d
 in

 r
o
o
t 
(m

g
kg

-1
 D

W
)

Fig. 1. Main effects of Cd, SA and their interactions on Cd accumulation in shoot 
and root of four basmati rice genotypes. Standard errors are shown. 

 

Source of Variation df Cadmium 

Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 26519.1 *** 642059.2 *** 

Salicylic acid (SA) 1 4864.13 *** 36995.41 *** 

Genotype (G) 3 4227.67 *** 94668.43 *** 

Cd × SA 4 589.86 *** 9365.59 *** 

Cd × G 12 328.35 *** 20163.55 *** 

SA × G 3 169.22 *** 2814.96 *** 

Cd ×  SA × G 12 47.368 ** 1234.68 *** 

Error 80 17.108 275.608 
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Fig. 2. Main effects Cd concentration and +/- SA on Cd accumulation in root and 
 shoot of four basmati rice genotypes. Standard errors are shown. 
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4.2.2 Shoot and Root length 
 

Significant differences were noted among the main effects of cadmium treatment, 

salicylic acid application and genotype mean for shoot length (Table 2). The interactions 

of Cd x SA, Cd x G and Cd x SA x G means showed significant differences whilst the 

interaction of SA x G showed non significant differences. The application of Cd 

decreased shoot length with the increase in its concentration in the medium at all levels 

(Fig. 3). Among the genotypes, more reductions in shoot length were noted in Kashmir 

Basmati exhibiting genotypic differences under Cd-induced stress. Shoot length 

decreased as compared to control when SA was applied alone in the medium. SA applied 

in combination with different levels of Cd improved the shoot length.  

For root length, the main effects of Cd treatment and genotype means showed 

significant differences whereas salicylic acid means showed non significant differences 

(Table 2). Significant differences were observed for the interactions of Cd x SA, Cd x G 

and Cd x SA x G. Root length reduced under different levels of Cd stress as compared to 

control (Fig. 3). The genotypes showed variable root length responses under Cd-induced 

stress. Lesser reduction of root length was noted in Bassmati-198 showing tolerance to Cd 

toxicity as compared to other genotypes. SA when applied alone in the medium reduced 

root length in all genotypes as compared to control, however, SA application in 

combination with the elevating Cd stress improved the root length in all genotypes.  

 
Table 2: Mean square values showing the effects of Cd, SA and their interactions on 

   shoot and root length of four basmati rice genotypes 

*** = significant at 0.001 confidence levels 

 

Source of Variation df Shoot Length (cm) Root Length (cm) 

Cadmium (Cd) 4 24.708 *** 57.231 *** 

Salicylic acid (SA) 1 3.549 *** 0.099 ns 

Genotype (G) 3 7.078 *** 19.634 *** 

Cd × SA 4 14.971 *** 5.386 *** 

Cd × G 12 0.707 *** 5.577 *** 

SA × G 3 0.103 ns 2.705 *** 

Cd × SA × G 12 0.362 *** 0.597 *** 

Error 80 0.057 0.04 
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LSD 5% = 0.388
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Fig. 3. Main effects of Cd, SA and their interactions on shoot and root length of 

four basmati rice genotypes. Standard errors are shown. 
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4.2.3 Shoot and root fresh weight 

The main effects of Cd, SA and genotype means for shoot fresh weight showed 

significant differences (Table 3). The interactions of Cd x SA and Cd x G also showed 

significant differences whereas the SA x G and Cd x SA x G means indicated non 

significant differences. Shoot fresh weight decreased as the Cd concentration increased in 

the medium at all levels (Fig. 4). More reductions were found in Kashmir Basmati while 

Basmati-198 showed less reduction in shoot fresh weight under Cd stress. Reductions in 

shoot fresh weight in all the genotypes were observed when SA alone was applied in the 

medium as compared to control. SA reduced Cd stress at all levels and improved the 

shoot fresh weight. 

The main effects of cadmium treatment means and genotype means for root fresh 

weight indicated significant differences whereas non significant differences were 

observed for salicylic acid treatment means (Table 3). The interactions of SA x G also 

showed significant differences whilst non significant differences were observed in 

interactions of Cd x SA, Cd x G and Cd x SA x G. Cd stress reduced root fresh weight 

with the increase in Cd concentration in the medium as compared to control (Fig. 4). 

More reductions in root fresh weight among the genotypes were observed in Kashmir 

Basmati as compared to other genotypes. The application of SA alone in the medium 

reduced root fresh weight in all the genotypes, however, improvements in root fresh 

weight were observed when SA was applied in combination with the elevating Cd in the 

medium.  

Table 3: Mean square values showing the effects of Cd, SA and their interactions on  
    shoot and root fresh weight of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Shoot Fresh Wt. (g) Root Fresh Wt. (g) 

Cadmium (Cd) 4 0.185 *** 0.172 *** 

Salicylic acid (SA) 1 0.028 *** 0.0012 ns 

Genotype (G) 3 0.119 *** 0.012 *** 

Cd × SA  4 0.007 *** 0.0007 ns 

Cd × G 12 0.002 ** 0.0008 ns 

SA × G 3 0.0003 ns 0.007 *** 

Cd × SA × G 12 0.0004 ns 0.001 ns 

Error 80 0.0008 0.0006 
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Fig. 4. Main effects of Cd, SA and their interactions on shoot and root fresh 

weights of four basmati rice genotypes. Standard errors are shown. 
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4.2.4 Shoot and root dry weight 

The main effects of Cd treatment, SA treatment and genotype for shoot dry weight 

showed significant differences (Table 4). Interactions of Cd x SA also showed significant 

differences whereas Cd x G, SA x G and Cd x SA x G interactions indicated non 

significant differences. The elevating Cd stress in the medium decreased the shoot dry 

weight as compared to control (Fig. 5). More reduction in shoot dry weight under 

cadmium stress was observed in Kashmir Basmati as compared to other genotypes 

revealing differential responses. When SA applied alone in the medium, it caused 

decrease in shoot dry weight as compared to control whereas the application of SA in 

combination with the elevating Cd stress in the medium improved the root dry weight in 

all genotypes. 

Significant differences of the main effects of cadmium treatment and genotype 

means were observed for root dry weight whereas salicylic acid treatment means showed 

non significant differences (Table 4). Interactions of cadmium x genotype showed 

significant differences whereas the interactions of cadmium x salicylic acid, salicylic acid 

x genotype and cadmium x salicylic acid x genotype indicated non significant differences. 

The application of Cd in the medium at different concentrations caused reductions in root 

dry weight as compared to control (Fig. 5). Kasmir Basmati showed the least root dry 

weight among others. Root dry weight decreased with the application of SA alone in the 

medium as compared to control. The enhancements in root dry weight were observed 

with the application of SA at different levels of Cd stress showing alleviating effects of 

Cd toxicity.  

Table 4: Mean square values showing the effects of Cd, SA and their interactions on  
    shoot and root dry weight of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Shoot Dry Wt. (g) Root Dry Wt. (g) 
Cadmium (Cd) 4 0.0098 *** 0.002 *** 

Salicylic acid (SA) 1 0.001 ** 0.00007 ns 

Genotype (G) 3 0.004 *** 0.0004 *** 

Cd × SA 4 0.0003 * 0.00003 ns 

Cd × G 12 0.0001 ns 0.0001 *** 

SA × G 3 0.0008 ns 0.00002 ns 

Cd × SA × G 12 0.00004 ns 0.00001 ns 

Error 80 0.0001 0.00003 
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Fig. 5. Main effects of Cd, SA and their interactions on shoot and root dry weights 

of four basmati rice genotypes. Standard errors are shown. 
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4.2.5 Root stress tolerance index (STI) 

The main effects of Cd treatment, SA treatment and genotype for root STI showed 

significant differences (Table 5). Interactions of Cd x SA and Cd x G also showed 

significant differences whereas SA x G and Cd x SA x G interactions indicated non 

significant differences. Cd stress decreased the root STI with the increasing Cd levels in 

the medium (Fig. 6). Differential responses indicated that genotypes behaved differently 

under Cd-induced stress. The highest STI value was observed in Basmati-198 (83.9) 

being tolerant followed by Basmati-2000 (76.8) and Basmati-370 (67.8) whereas the least 

was observed in Kashmir Basmati (55.4) being the most sensitive. When SA applied 

alone in the medium, it decreased the root STI as compared to control indicating the SA 

effect. However, application of SA in combination with the elevating Cd-induced stress 

improved the root STI revealing its ameliorating effects.  

 
Table 5: Mean square values showing the effects of Cd, SA and their interactions on  
    root stress tolerance index (STI) of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

 

 

 

 

 

 

 

 

Source of Variation Df Root stress tolerance index (STI)  

Cadmium (Cd) 4 3737.63 *** 

Salicylic acid (SA) 1 924.53 *** 

Genotype (G) 3 2615.9 *** 

Cd × SA 4 445.69 *** 

Cd × G 12 201.09 *** 

SA × G 3 14.75 ns 

Cd × SA × G 12 6.051 ns 

Error 80 13.672 
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Fig. 6. Main effects of Cd, SA and their interactions on root stress tolerance index  
    (STI) of four basmati rice genotypes. Standard errors are shown. 
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4.3 Biochemical parameters 

4.3.1 Leaf MDA and H2O2 contents 

Significant differences of the main effects of cadmium, salicylic acid and 

genotype means were observed for leaf MDA contents (Table 6). The interactions of 

cadmium x salicylic acid, cadmium x genotype and cadmium x salicylic acid x genotype 

also showed significant differences whereas non significant differences of salicylic x 

genotype interaction were noted. The elevating Cd stress in the medium enhanced MDA 

contents as compared to control (Fig. 7). Higher accumulations of leaf MDA were 

observed in Kashmir Basmati as compared to other genotypes. SA addition alone in the 

medium caused depressions in leaf MDA contents as compared to control whereas the 

MDA contents increased gradually when SA was applied in combination with different 

Cd concentrations.  

For leaf H2O2 contents, significant differences were noted for the main effects of 

Cd treatment, SA treatmeent and genotype means (Table 6). Significant differences were 

also observed for interactions of Cd x SA, Cd x G, SA x G and Cd x SA x G. The 

application of different concentrations of Cd in the medium increased the leaf H2O2 

contents (Fig. 7). The least accumulation of H2O2 contents was observed in Basmati-198 

as compared to other genotypes. The addition of SA in the medium showed slight 

increase in leaf H2O2 contents as compared to control whilst the addition of SA in 

combination with Cd reduced the H2O2 contents at all levels of stress.  

 
Table 6: Mean square values showing the effects of Cd, SA and their interactions on  
    leaf MDA and H2O2 contents of four basmati rice genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

Source of Variation Df Leaf 

MDA (nmol/g) H2O2 (µmol/g) 

Cadmium (Cd) 4 626.24 *** 5570.47 *** 

Salicylic acid (SA) 1 208.88 *** 2498.38 *** 

Genotype (G) 3 138.26 *** 2713.8 *** 

Cd × SA 4 2.722 *** 201.79 *** 

Cd × G 12 16.36 *** 184.98 *** 

SA × G 3 0.301 ns 40.53 *** 

Cd ×  SA × G 12 0.865 * 10.73 * 

Error 80 0.415 5.351 
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Fig. 7. Main effects of Cd, SA and their interactions on leaf MDA and H2O2 

contents of four basmati rice genotypes. Standard errors are shown. 
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4.3.2 Leaf superoxide dismutase (SOD) and catalase (CAT) activity 
 

The main effects of Cd treatment, SA treatment and genotype means showed 

significant differences for leaf SOD (Table 7). Interactions of Cd x SA and Cd x G also 

showed significant differences whereas non significant differences were observed for 

interactions of SA x G and Cd x SA x G. The increase in the SOD activity was observed 

up to 500 µM of Cd concentration but it decreased at higher Cd concentrations exhibiting 

a curvilinear trend (Fig. 8). The SOD activity at higher Cd levels was noted even lesser 

than the control. Among the genotypes, higher SOD activity was observed in Kashmir 

Basmati than other genotypes. Interestingly, the activity of SOD in Basmati-2000, 

Basmati-370 and Kashmir Basmati was noted exactly the reverse half way of the control. 

The activity of SOD decreased as compared to control when SA alone was added in the 

medium. No improvement in the SOD activity was observed with the application of SA in 

combination with Cd up to 500 µM while at higher doses of Cd, enhancement in the 

activity of SOD was observed but less than that in control.  

Significant differences of the main effects of Cd treatment, SA treatment and 

genotype means were observed for the leaf CAT activity (Table 7). Interactions of 

cadmium x salicylic acid and cadmium x genotype also showed significant differences 

whilst non significant differences were noted for the interactions of salicylic acid x 

genotype and cadmium x salicylic acid x genotype. The CAT activity increased with the 

increments in Cd concentration in the medium (Fig. 8). Among the genotypes, higher 

CAT activity was observed in Kashmir Basmati than other genotypes. The depression in 

the CAT activity was observed when SA alone was added in the medium as compared to 

control. The application of SA showed no improvements in the CAT activity when 

applied in combination with Cd at all levels.  

Table 7: Mean square values showing the effects of Cd, SA and their interactions on  
   leaf SOD and CAT activities of four basmati rice genotypes 

*** = significant at 0.001 confidence levels 

Source of Variation df Leaf 
SOD  (units/mg protein) CAT  (units/mg protein) 

Cadmium (Cd) 4 313.3 *** 672.91 *** 
Salicylic acid (SA) 1 18.56 *** 151.3 *** 
Genotype (G) 3 2.958 *** 131.26 *** 
Cd × SA 4 65.25 *** 9.342 *** 
Cd × G 12 60.34 *** 12.32 *** 
SA × G 3 0.239 ns 0.479 ns 
Cd ×  SA × G 12 0.369 ns 0.204 ns 
Error 80 0.349 0.186 
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Fig. 8. Main effects of Cd, SA and their interactions on leaf CAT and SOD activities 

of four basmati rice genotypes. Standard errors are shown. 
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4.3.3 Leaf peroxidase (POD) and ascorbic acid (AsA) activity 

Significant differences of the main effects of cadmium, salicylic acid and 

genotype means were observed for leaf peroxidase activity. The interactions of Cd x SA 

and Cd x G also showed significant differences whilst SA x G and Cd x SA x G means 

showed non significant differences (Table 8). The increasing Cd concentrations in the 

medium increased leaf POD activity as copared to control (Fig. 9). Among the genotypes, 

higher POD activity was observed in Kashmir Basmati as compared to other genotypes. 

The POD activity decreased when SA alone was added to the medium as compared to 

control. No improvements in the POD activity were observed with the application of SA 

in combination with the elevating Cd stress.  

For leaf AsA activity, the main effects of Cd, SA and genotype means showed 

significant differences (Table 8). Significant differences were also observed for 

interactions of cadmium x salicylic acid, cadmium x genotype and salicylic acid x 

genotype whereas the interaction of cadmium x salicylic acid x genotype showed non 

significant differences. Enhancement in the leaf AsA activity was observed as the Cd 

concentration in the medium increased as compared to control (Fig. 9). Higher AsA 

activity was observed in Kashmir Basmati as compared to other genotypes. AsA activity 

depressed when SA alone was added to the medium as compared to control. SA 

application in combination with Cd treatments further reduced leaf AsA activity as 

compared to the corresponding Cd stress.  

 
Table 8: Mean square values showing the effects of Cd, SA and their interactions on  

   leaf POD and AsA activities of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Leaf 

POD  (units/mg pro) AsA  (µg/g) 

Cadmium (Cd) 4 299.86 *** 339.4 *** 

Salicylic acid (SA) 1 72.29 *** 126.46 *** 

Genotype (G) 3 92.92 *** 100.83 *** 

Cd × SA 4 3.188 *** 3.057 *** 

Cd × G 12 8.325 *** 8.886 *** 

SA × G 3 0.113 ns 1.621 ** 

Cd ×  SA × G 12 0.187 ns 0.438 ns 

Error 80 0.196 0.338 
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Fig. 9. Main effects of Cd, SA and their interactions on leaf POD and AsA 

activities of four basmati rice genotypes. Standard errors are shown. 
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4.4 Solutes Analysis 

4.4.1 Leaf free proline contents  

Significant differences were observed for the main effects of cadmium treatment, 

salicylic acid treatment and genotype means in terms of leaf proline contents (Table 9). 

The interactive effects of cadmium x salicylic acid, cadmium x genotype, salicylic acid x 

genotype and cadmium x salicylic acid x genotype were also observed significant. The 

application of increasing Cd increments to the medium caused gradual enhancements in 

leaf free proline contents as compared to control (Fig. 10). Among the genotypes, more 

accumulation of proline contents was noted in Kashmir Basmati as compared to other 

genotypes. SA applied alone in the medium depressed the leaf proline contents, however, 

no improvements were observed in proline contents with the addition of SA in 

combination with the elevating Cd levels in the medium.  

 
Table 9: Mean square values showing the effects of Cd, SA and their interactions on  

   leaf proline contents of four basmati rice genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

LSD 5%= 0.0036
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Fig. 10. Main effects of Cd, SA and their interactions on leaf proline contents of 

four basmati rice genotypes. Standard errors are shown. 
 

Source of Variation df Leaf Proline (µmol/g) 
Cadmium (Cd) 4 0.002 *** 
Salicylic acid (SA) 1 0.003 *** 
Genotype (G) 3 0.0003 *** 
Cd × SA 4 0.0004 *** 
Cd × G 12 0.0008 *** 
SA × G 3 0.0003 *** 
Cd ×  SA × G 12 0.0006 *** 
Error 80 0.000005 
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4.4.2 Leaf total soluble sugar and carbohydrate contents 

The main effects of Cd treatment, SA treatment and genotype means for leaf total 

soluble sugars showed significant differences (Table 10). Significant differences were 

also observed for interactions of Cd x SA and Cd x G while SA x G and Cd x SA x G 

means showed non significant differences. The application of increasing Cd 

concentrations in the medium showed increases in leaf total soluble sugar contents as 

compared to control (Fig. 11). Among the genotypes, Kashmir Basmati showed higher 

accumulation of total soluble sugar as compared to other genotypes. Leaf total soluble 

sugar depressed when SA added alone in the medium as compared to control. The 

addition of SA in combination with different levels of Cd in the medium decreased total 

soluble sugar as compared to the corresponding Cd-stressed contents.  

For leaf total soluble carbohydrates, the main effects of Cadmium treatment, 

salicylic acid treatment and genotype means showed significant differences (Table 10). 

The interactions of Cd x SA and Cd x G showed significant differences whereas 

interactions SA x G and Cd x SA x G showed non significant differences. The total 

soluble carbohydrates increased as the Cd levels increased in the medium as compared to 

control (Fig. 11). Kashmir Basmati among the genotypes showed greater accumulation of 

total soluble carbohydrates than other genotypes. Increase in leaf total soluble 

carbohydrate was observed with the addition of SA alone in the medium as compared to 

control. Application of SA with different Cd levels reduced the contents of total soluble 

carbohydrate as compared to that observed under Cd stres.  

 
Table 10: Mean square values showing the effects of Cd, SA and their interactions 

on leaf total soluble sugar and carbohydrates of four basmati rice 
genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Leaf 
Total soluble sugar 

(mg/g) 
Total soluble 

carbohydrate (mg/g) 
Cadmium (Cd) 4 411.93 *** 0.079 *** 
Salicylic acid (SA) 1 120.28 *** 0.002 ** 
Genotype (G) 3 156.53 *** 0.022 *** 
Cd × SA 4 3.519 ** 0.001 *** 
Cd × G 12 11.78 *** 0.005 *** 
SA × G 3 0.992 ns 0.00008 ns 
Cd ×  SA × G 12 0.756 ns 0.0001 ns 
Error 80 0.693 0.0002 
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Fig. 11. Main effects of Cd, SA and their interactions on leaf total soluble     

carbohydrate and sugars of four basmati rice genotypes. Standard 
errors are shown. 
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4.4.3 Leaf total free amino acid and protein contents 

Significant differences were noted for the main effects of salicylic acid, cadmium 

and genotype means for leaf total free amino acids (Table 11). Significant differences 

were observed in the interactions of Cd x SA, Cd x G, SA x G, and Cd x SA x G. The 

total free amino acid contents increased at 100, 500 and 1000 µM of Cd concentrations as 

compared to control but at 1500 µM of Cd concentration, decreasing trend was observed 

but higher than control exhibiting curvilinear trend across the Cd treatments (Fig. 12). 

Among the genotypes, greater accumulation of total free amino acid contents was 

observed in Kashmir Basmati as compared to others. The leaf total free amino acid 

contents increased with the addition of SA alone in the medium as compared to control. 

The application of SA with the elevating Cd levels in the medium reduced total free 

amino acids as compared to the corresponding Cd-streesed levels but higher than control. 

For leaf total soluble proteins, significant differences of main effects of cadmium, 

salicylic acid and genotype means were observed (Table 11). The interactions of Cd x SA 

and Cd x G showed significant differences whilst the means of SA x G, and Cd x SA x G 

showed non significant differences. The total soluble protein contents increased at 100, 

500 and 1000 µM of Cd concentrations as compared to control but at 1500 µM of Cd 

concentration, a decreasing trend was observed but higher than control exhibiting 

curvilinear trend across the Cd treatments (Fig. 12). Among the genotypes, greater 

accumulation of total soluble protein contents was observed in Kashmir Basmati as 

compared to others. Leaf total soluble protein contents increased with the addition of SA 

alone in the medium as compared to control. Same trend as that of Cd-induced stress was 

observed when SA applied with the elevating Cd in the medium.  

Table 11: Mean square values showing the effects of Cd, SA and their interactions 
on leaf total free amino acids and soluble proteins of four basmati rice 
genotypes 

*** = significant at 0.001 confidence levels 

Source of Variation df Leaf 
Amino Acid (mg/g) Protein (mg/g) 

Cadmium (Cd) 4 2579.54 *** 617.41 *** 
Salicylic acid (SA) 1 520.83 *** 135.31 *** 
Genotype (G) 3 237.82 *** 22.59 *** 
Cd × SA 4 350.25 *** 38.77 *** 
Cd × G 12 131.64 *** 22.64 *** 
SA × G 3 138.59 *** 0.898 ns 
Cd × SA × G 12 76.031 *** 1.383 ns 
Error 80 17.53 1.496 
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Fig. 12. Main effects of Cd, SA and their interactions on leaf total free amino 

acid and soluble proteins of four basmati rice genotypes. Standard 
errors are shown. 
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4.4.4 Leaf water and osmotic potentials 

For leaf water potential, the main effects of cadmium, salicylic acid and genotype 

means as well as the interactions of Cd x G, SA x G and Cd x SA x G showed significant 

differences whereas non significant differences were found for the interaction of Cd x SA 

(Table 12). The declines were observed in leaf water potential under Cd stress as the 

concentration of Cd increased in the growth medium (Fig. 13). Among the genotypes, 

severe reductions in leaf water potential were observed in Kashmir Basmati as compared 

to other genotypes. Leaf water potential reduced when SA was added alone in the 

medium as compared to control. Exogenous application of SA in combination with Cd in 

the medium further reduced leaf water potential (more negative value).  

The main effects of Cd, SA and genotype means showed significant differences 

for leaf osmotic potential (Table 12). The interactions of cadmium x salicylic acid, 

cadmium x genotype, salicylic acid x genotype and cadmium x salicylic acid x genotype 

also showed significant differences. Depressions were noted in leaf osmotic potential 

under Cd stress as the concentration of Cd increased in the growth medium (Fig. 13). 

Among the genotypes, drastic reductions in leaf osmotic potential were observed in 

Kashmir Basmati than its other counterparts. Leaf osmotic potential reduced when SA 

was added alone in the medium as compared to control. The application of SA in 

combination with Cd in the medium further reduced the leaf osmotic potential (more 

negative value).  

 
Table 12: Mean square values showing the effects of Cd, SA and their interactions 

on leaf water and osmotic potentials of four basmati rice genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Leaf 
Water potential (Ψw) 

(-MPa) 
Osmotic potential (Ψs) 

(-MPa) 
Cadmium (Cd) 4 0.669 *** 2.023 *** 

Salicylic acid (SA) 1 0.368 *** 0.395 *** 

Genotype (G) 3 0.269 *** 0.876 *** 

Cd × SA 4 0.001 ns 0.02 *** 

Cd × G 12 0.012 *** 0.079 *** 

SA × G 3 0.005 ** 0.019 ** 

Cd ×  SA × G 12 0.003 * 0.011 *** 

Error 80 0.001 0.003 
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Fig. 13. Main effects of Cd, SA and their interactions on leaf water and osmotic  
      potential of four basmati rice genotypes. Standard errors are shown. 
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4.5 Mineral nutrient contents 
4.5.1 Sodium (Na) contents in shoot and root 

The main effects of cadmium, salicylic acid and genotype means for sodium 

contents in shoots showed significant differences (Table 13). The interactions of cadmium 

x salicylic acid, cadmium x genotype and salicylic acid x genotype also indicated 

significant differences whereas non significant differences were observed in the 

interaction of cadmium x salicylic acid x genotype. Shoots Na contents decreased as Cd 

concentration increased in the medium as compared to control (Fig. 14). Drastic effects in 

shoot Na contents were observed in Kashmir Basmati as compared to other genotypes. 

Shoot Na contents reduced as compared to control when SA was applied alone in the 

medium. The addition of SA in combination with elevating Cd exhibited alleviating effect 

against Cd stress. The shoot Na contents showed more reductions as compared to roots in 

than of all the genotypes. 

For root Na contents, the main effects of Cd treatment, SA treatment and genotype 

showed significant differences (Table 13). Significant differences were also observed for 

the interactions of Cd x SA and Cd x G whereas interaction of SA x G and Cd x SA x G 

showed non significant differences. In roots, with the increasing Cd concentration in the 

medium Na contents decreased as compared to control (Fig. 14). Among the genotypes, 

the roots of Basmati-198 showed lesser reductions in Na contents at all levels of Cd as 

compared to other genotypes. When SA applied alone in the medium, root Na contents 

decreased as compared to control. The increases in Na contents were observed but less 

than control when SA applied with the elevating Cd treatments.  

Table 13: Mean square values showing the effects of Cd, SA and their interactions 
on sodium (Na) contents in shoot and root of four basmati rice genotypes  

*, *** = significant at 0.05 and 0.001 confidence levels 

Source of Variation df Sodium (Na) 
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 90.86 *** 193.58 *** 

Salicylic acid (SA) 1 45.38 *** 17.54 *** 

Genotype (G) 3 25.48 *** 55.504 *** 

Cd × SA 4 46.81 *** 4.78 *** 

Cd × G 12 2.286 *** 2.73 *** 

SA × G 3 1.724 * 0.098 ns 

Cd ×  SA × G 12 0.952 ns 0.338 ns 

Error 80 0.612 0.479 
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Fig. 14. Main effects of Cd, SA and their interactions on sodium (Na) contents in 

shoot and root of four basmati rice genotypes. Standard errors are 
shown. 
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4.5.2 Potassium (K) contents in shoot and root 

The main effects of cadmium and genotype mean for K contents in shoots showed 

significant differences whilst salicylic acid treatment showed non significant differences 

(Table 14). Significant interactions of cadmium x salicylic acid and cadmium x genotype 

were observed whereas salicylic x genotype and cadmium x salicylic acid x genotype 

showed non significant differences. The application of Cd showed decline in shoot K 

contents as the Cd concentration increased in the medium as compared to control (Fig. 

15). Among the genotypes, lesser shoot K contents were observed in Kashmir Basmati as 

compared to other counterparts. The shoot K contents in shoot decreased when SA was 

applied alone in the medium as compared to control. The addition of SA in Cd stressed 

treatments increased shoot K contents ameliorating the adverse effects of Cd toxicity. The 

shoots showed more reductions in K contents than roots.  

In roots K contents, significant differences were observed for the main effects of 

Cd treatment, SA treatment and genotype means (Table 14). The interactions of Cd x SA 

and Cd x G indicated significant differences but non significant differences were 

observed in the interactions of SA x G and Cd x SA x G. The Cd stress at different 

concentrations in the medium showed decline in K contents as compared to control (Fig. 

15). Among the genotypes, the roots of Basmati-198 showed less adverse effects of Cd on 

K contents than other genotypes. The root K contents decreased wth the addition of SA 

alone in the medium as compared to controlm but the application of SA in combination 

with different levels of Cd concentration showed increase in K contents reducing the Cd 

toxicity.  

Table 14: Mean square values showing the effects of Cd, SA and their interactions 
on potassium (K) contents in shoot and root of four basmati rice 
genotypes  

*, *** = significant at 0.05 and 0.001 confidence levels 

 

Source of Variation df Potassium (K)  
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 108.07 *** 92.97 *** 
Salicylic acid (SA) 1 0.402 ns 5.508 * 
Genotype (G) 3 61.61 *** 64.67 *** 
Cd × SA 4 19.18 *** 5.719 *** 
Cd × G 12 4.908 *** 3.185 *** 
SA × G 3 0.336 ns 0.498 ns 
Cd ×  SA × G 12 0.409 ns 0.266 ns 
Error 80 0.485 0.967 
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Fig. 15. Main effects of Cd, SA and their interactions on potassium (K) contents 

in shoot and root of four basmati rice genotypes. Standard errors are 
shown. 
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4.5.3 Calcium (Ca) contents in shoot and root 

Main effects of Cd, SA and genotype means indicated significant differences for 

Ca contents in shoot (Table 15). Significant differences were also observed for 

interactions of cadmium x salicylic acid, cadmium x genotype, salicylic acid x genotype 

and cadmium x salicylic acid x genotype. The contents of Ca reduced when Cd 

concentration in the medium increased as compared to control (Fig. 16). The least 

reduction in shoot Ca contents among the genotypes was observed in Basmati-198. The 

addition of SA alone in the medium decreased the Ca contents in shoots as compared to 

control. SA application in combination with elevating Cd in the medium favoured to 

increase the shoot Ca contents under all Cd levels in all the genotypes but less than 

control. Lesser reductions in root Ca contents were observed as compared to shoots. 

In root Ca contents, significant differences were noted for the main effects of 

cadmium treatment, salicylic acid treatment and genotype means (Table 15). Interactions 

of Cd x SA, Cd x G and SA x G also showed significant differences whereas the 

interaction of Cd x SA x G indicated non significant differences. The increasing Cd 

concentrations in the medium also showed drastic effects on root Ca contents as 

compared to control (Fig. 16). Among the genotypes, Kashmir Basmati showed drastic 

declines in root Ca contents. SA when applied alone in the medium decreased the root Ca 

contents as compared to control. The application of SA in combination with Cd favoured 

the enhancement of root Ca contents but less than control.  

 
Table 15: Mean square values showing the effects of Cd, SA and their interactions 

on calcium (Ca) contents in shoot and root of four basmati rice genotypes  

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Calcium (Ca) 

Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 47.89 *** 66.85 *** 

Salicylic acid (SA) 1 36.99 *** 73.11 *** 

Genotype (G) 3 13.58 *** 26.26 *** 

Cd × SA 4 3.731 *** 5.63 *** 

Cd × G 12 0.808 *** 0.745 *** 

SA × G 3 1.447 *** 2.148 *** 

Cd ×  SA × G 12 0.459 * 0.289 ns 

Error 80 0.227 0.222 
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Fig. 16. Main effects of Cd, SA and their interactions on calcium (Ca) contents in 

shoot and root of four basmati rice genotypes. Standard errors are 
shown. 
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4.5.4 Magnesium (Mg) contents in shoot and root 

The main effects of cadmium treatment, salicylic acid and genotype means for 

magnesium contents in shoot were observed significant (Table 16). Significant 

differences were also observed among interactions of Cd x SA, Cd x G, SA x G and Cd x 

SA x G. Mg contents decreased gradually as Cd concentration increased in the medium at 

all levels as compared to control (Fig. 17). Among the genotypes under Cd stress, more 

reduction in Mg contents was observed in Kashmir Basmati. When SA was added alone 

in the medium, it caused reductions in Mg contents in shoots of all the genotypes as 

compared to control. SA application in combination with Cd increased Mg contents at all 

levels of stress but less than control. More adverse effects of Cd stress in terms of Mg 

contents were observed on shoots than on roots.  

In Mg contents of roots, the main effects of Cd treatment, SA treatment and 

genotype means showed significant differences (Table 16). Interactions of cadmium x 

salicylic acid, cadmium x genotype, salicylic acid x genotype and cadmium x salicylic 

acid x genotype also showed significant differences. Mg contents decreased gradually as 

the concentration of Cd increased in the medium as compared to control at all levels (Fig. 

17). At all levels of Cd stress, more reductions in Mg contents were observed in Kashmir 

Basmati as compared to other genotypes. The application of SA alone in the medium 

caused depressions in Mg contents in roots of all the genotypes as compared to control. 

The addition of SA in the Cd stressed treatments improved the root Mg contents in all the 

genotypes but lees than control.  

Table 16: Mean square values showing the effects of Cd, SA and their interactions 
on magnesium (Mg) contents in shoot and root of four basmati rice 
genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Magnesium (Mg) 
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 182846.4 *** 138893.2 *** 

Salicylic acid (SA) 1 8551.41 *** 5685.63 *** 

Genotype (G) 3 12329.03 *** 14331.52 *** 

Cd × SA 4 6980.47 *** 5141.36 *** 

Cd × G 12 4279.63 *** 5412.13 *** 

SA × G 3 1244.05 * 511.66 *** 

Cd ×  SA × G 12 968.48 ** 297.16 *** 

Error 80 394.78 52.59 
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Fig. 17. Main effects of Cd, SA and their interactions on magnesium (Mg) 

contents in shoot and root of four basmati rice genotypes. Standard 
errors are shown. 
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4.5.5 Phosphorus (P) contents in shoot and root 

Main effects of Cd treatment, SA treatment and genotype means for shoot P 

contents showed significant differences (Table 17). The interactions of Cd x SA and Cd x 

G also showed significant differences whereas non significant differences were observed 

in SA x G and Cd x SA x G means. Reductions in shoot P contents were observed as the 

concentration of Cd increased in the medium as compared to control (Fig. 18). Genotypes 

showed variable response to Cd-induced stress. The least reductions in shoot P contents 

were noted in Basmati-198 as compared to other genotypes showing tolerance against Cd 

toxicity. The addition of SA alone in the medium caused reductions in shoot P contents as 

compared to control, however, application of SA in combination with the elevating Cd 

treatments improved the shoot P contents reducing the Cd toxicity.  

Significant differences for root P contents were observed for the main effects of 

Cd treatment, SA treatment and genotype means (Table 17). Significant differences were 

also observed for the interactions of cadmium x salicylic acid and cadmium x genotype 

whereas the interactions of salicylic acid x genotype and cadmium x salicylic acid x 

genotype showed non significant differences. The increasing Cd concentrations in the 

medium gradually decreased the root P contents as compared to control (Fig. 18). 

Differential behaviour indicated that genotypes differed in the response to Cd-induced 

stress. Among the genotypes, more amounts of P contents were found in Basmati-198 as 

compared to other genotypes. Reductions in root P contents were observed when SA 

alone was added in the medium as compared to control. The addition of SA with the 

increasing Cd treatments caused improvements in root P contents exhibiting tolerance 

against Cd toxicity. 

Table 17: Mean square values showing the effects of Cd, SA and their interactions 
on phosphorus (P) contents in shoot and root of four basmati rice 
genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Phosphorus (P) 
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 49.709 *** 43.078 *** 
Salicylic acid (SA) 1 2.895 ** 2.833 *** 
Genotype (G) 3 11.289 *** 6.812 *** 
Cd × SA 4 1.209 * 1.647 *** 
Cd × G 12 1.261 *** 1.383 *** 
SA × G 3 0.573 ns 0.409 ns 
Cd ×  SA × G 12 0.105 ns 0.144 ns 
Error 80 0.394 0.241 
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Fig. 18. Main effects of Cd, SA and their interactions on phosphorus (P) contents 

in shoot and root of four basmati rice genotypes. Standard errors are 
shown. 
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4.5.6 Leaf nitrogen (N) contents  

In leaf N contents, the main effects of cadmium, salicylic acid and genotype 

means showed significant differences (Table 18). The interactions of cadmium x salicylic 

acid, cadmium x genotype and salicylic acid x genotype showed significant differences 

whilst non significant differences were observed for cadmium x salicylic acid x genotype 

interactions. The leaf N contents showed decline as Cd concentration increased in the 

medium as compared to control (Fig. 19). Among the genotypes, Basmait-198 showed 

lesser depression in N contents whereas drastic reductions were observed in Kashmir 

Basmati. Addition of SA alone in the medium depressed the leaf N contents as compared 

to control. The application of SA in combination with different levels of Cd in the 

medium increased the leaf N contents but less than control.  

 

Table 18: Mean square values showing the effects of Cd, SA and their interactions 
on leaf nitrogen (N) contents of four basmati rice genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

 

 

 

 

 

 

 

 

 

 

Source of Variation df Leaf  Nitrogen (mg/g) 

Cadmium (Cd) 4 161.53 *** 

Salicylic acid (SA) 1 26.07 *** 

Genotype (G) 3 78.91 *** 

Cd × SA 4 15.66 *** 

Cd × G 12 2.49 *** 

SA × G 3 1.5 * 

Cd ×  SA × G 12 0.183 ns 

Error 80 0.432 
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Fig. 19. Main effects of Cd, SA and their interactions on leaf nitrogen (N) contents of  

   four basmati rice genotypes. Standard errors are shown. 
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4.5.7 Manganese (Mn) contents in shoot and root 

The main effects of cadmium, salicylic acid and genotype means showed 

significant differences for Mn contents in shoots (Table 19). Significant differences were 

also observed for interactions of cadmium x salicylic acid and cadmium x genotype 

whereas the interactions of salicylic acid x genotype and cadmium x salicylic acid x 

genotype means showed non significant differences. Shoot Mn contents decreased 

gradually as Cd concentration increased in the medium as compared to control (Fig. 20). 

Least reduction in shoot Mn contents among the genotypes was observed in Basmati-198 

as compared to other genotypes. Shoot Mn contents decreased with the addition of SA 

alone in the medium in all the genotypes as compared to control. SA treatment along with 

different levels of Cd stress in the medium increased the shoot Mn contents but less than 

control.  

For roots Mn contents, significant differences were observed for the main effects 

of Cd treatment and genotype means whereas for SA treatment, non significant 

differences were observed (Table 19). The interactions of Cd x SA and Cd x G showed 

significant differences whilst SA x G and Cd x SA x G interactions indicated non 

significant differences. The Cd stress applied at different levels in the medium decreased 

root Mn contents as compared to control (Fig. 20). Among the genotypes, least reductions 

in root Mn contents were observed in Basmati-198 as compared to other genotypes. SA 

addition alone in the medium caused reductions in root Mn contents of all the genotypes 

as compared to control. The application of SA in combination with elevating Cd levels 

enhanced the Mn contents but less than control.  

Table 19: Mean square values showing the effects of Cd, SA and their interactions 
on manganese (Mn) contents in shoot and root of four basmati rice 
genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

Source of Variation df Manganese (Mn) 
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 272640.9 *** 269801.8 *** 

Salicylic acid (SA) 1 9135.08 *** 9416.41 ns 

Genotype (G) 3 75475.81 *** 57952.94 *** 

Cd × SA 4 3458.26 *** 7313.91 * 

Cd × G 12 8065.51 *** 8707.75 *** 

SA × G 3 88.053 ns 1282.09 ns 

Cd ×  SA × G 12 180.213 ns 794.68 ns 

Error 80 161.96 2569.24 
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Fig. 20. Main effects of Cd, SA and their interactions on manganese (Mn) 

contents in shoot and root of four basmati rice genotypes. Standard 
errors are shown. 

 

 

 

 

 

 

 



 74

4.5.8 Iron (Fe) contents in shoot and root 

Iron contents in shoots showed significant differences for the main effects of Cd 

treatment, SA treatment and genotype means (Table 20). The interactions of cadmium x 

salicylic acid and cadmium x genotype also showed significant differences whilst for 

interactions of salicylic acid x genotype and cadmium x salicylic acid x genotype, non 

significant differences were observed. Fe contents decreased with the increase in Cd 

concentration at all levels in the medium as compared to control (Fig. 21). More 

reductions in Fe contents were observed in the roots of Kashmir Basmati than other 

genotypes. Addition of SA alone in the medium caused depressions in the Fe contents in 

shoots of all the genotypes as compared to control. The application of SA increased the 

Fe contents under different levels of Cd stress but less than control.  

The main effects of Cd treatment, SA treatment and genotype means showed 

significant differences for Fe contents in roots (Table 20). The interactions of Cd x G also 

showed significant differences whereas non significant differences were observed for the 

interactions of Cd x SA, SA x G and Cd x SA x G. The addition of SA alone in the 

medium decreased Fe contents in roots as compared to control (Fig. 21). Among the 

genotypes, Basmati-198 showed less decreases in Fe content than other genotypes. 

Reductions in Fe contents were observed with the increasing Cd concentrations in the 

medium as compared to control. SA when applied in different Cd stressed conditions 

enhanced the Fe contents in all the genotypes alleviating the Cd toxicity but less than 

control.  

Table 20: Mean square values showing the effects of Cd, SA and their interactions 
on iron (Fe) contents in shoot and root of four basmati rice genotypes  

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Iron (Fe) 
Shoot (mg/g) Root (mg/g) 

Cadmium (Cd) 4 366782.5 *** 430749.7 *** 

Salicylic acid (SA) 1 36122.7 *** 25027.41 * 

Genotype (G) 3 280473.36 *** 182687.3 *** 

Cd × SA 4 15053.87 *** 7992.93 ns 

Cd × G 12 15691.69 *** 11936.08 ** 

SA × G 3 5215.43 ns 3879.36 ns 

Cd ×  SA × G 12 1996.49 ns 428.27 ns 

Error 80 2591.83 4306.07 
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Fig. 21. Main effects of Cd, SA and their interactions on iron (Fe) contents in 

shoot and root of four basmati rice genotypes. Standard errors are 
shown. 
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4.6 Correlation 

The results regarding correlation coefficients among different growth and physio-

biochemical parameters are given in table 21. Root and the shoot Cd accumulations 

showed positive correlation with shoot Cd, root Dw/Fw, leaf proline, soluble sugar and 

carbohydrates, amino acids, H2O2 and MDA, and activity of CAT, POD and AsA 

whereas negative association was noted with leaf N content, SOD activity, water and 

osmotic potentials, and all the other root and shoot mineral nutrients (Na, Ca, K, Mg, Mn, 

Fe and P). The root Dw/Fw had significant positive correlation with leaf proline and 

soluble sugars whereas negative association was observed with leaf water and osmotic 

potentials. H2O2 and MDA had positive correlation between each other. Both the H2O2 

and MDA showed positive association with leaf proline, soluble sugar and carbohydrate, 

the CAT and POD activity, and AsA content whilst with leaf N content, and water and 

osmotic potentials, and all other root and shoot mineral nutrients (Na, Ca, K, Mg, Mn, Fe 

and P) negative correlations were observed. The leaf N content had negative correlation 

with leaf proline, soluble sugars and carbohydrates, aminoacid and proteins, and water 

and osmotic potentials whereas positive association was oserved with leaf CAT and POD 

activity, AsA and all other root and shoot mineral nutrients (Na, Ca, K, Mg, Mn, Fe and 

P). The activity of CAT showed positive correlation with POD activity. Positive 

association of both CAT and POD positively correlated with leaf proline, soluble sugars 

and carbohydrates, amino acid and proteins, and AsA whereas with leaf water and 

osmotic potentials, and all the mineral nutrients of root and shoot (Na, Ca, K, Mg, Mn, Fe 

and P) negative association was observed. The activity of SOD showed positive 

correlation with leaf proteins, water potential, root and shoot Fe content, and the shoot 

Ca.  
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Table 21: Correlation coefficients among different growth and physio-biochemical parameters in basmati rice at whole plant level  

  

Shoot 
Cd 

Root  
Cd 

Shoot 
Dw/Fw 

Root 
Dw/Fw 

RL/SL Leaf 
Proline 

Leaf 
TSS 

 

Leaf 
TSC 

Leaf  
TFAA

Leaf 
TSP 

Leaf  
N 

Leaf  
H2O2 

Leaf 
MDA 

Leaf  
SOD 

Leaf  
CAT 

Leaf  
POD 

Leaf  
AsA 

Leaf 
WP 

Leaf  
OP 

Shoot 
K 

Root  
K 

Shoot  
Mg 

Root  
Mg 

Shoot  
Mn 

Root 
Mn 

Shoot  
Fe 

Root  
Fe 

Shoot  
P 

Root  
P 

Shoot  
Na 

Root 
Na 

Shoot 
Ca 

Root Cd 0.953**                                

Shoot Dw/Fw 0.058 0.005                               

Root Dw/Fw 0.215 0.290* 0.061                              

RL/SL -0.144 -0.041 0.121 0.058                             

Leaf Proline 0.896** 0.868** -0.058 0.292* -0.167                            

Leaf TSS 0.956** 0.918** 0.093 0.289* -0.145 0.911**                           

Leaf TSC 0.816** 0.785** 0.036 0.147 -0.131 0.725** 0.740**                          

Leaf  TFAA 0.736** 0.686** 0.123 -0.033 -0.145 0.691** 0.731** 0.607**                         

Leaf TSP 0.279 0.244 -0.116 -0.227 0.043 0.203 0.208 0.387** 0.487**                        

Leaf N -0.959** -0.912** -0.116 -0.241 0.127 -0.887** -0.940** -0.833** -0.721** -0.291*                       

Leaf  H2O2 0.965** 0.927** 0.098 0.225 -0.124 0.902** 0.955** 0.761** 0.731** 0.264 -0.958**                      

Leaf MDA 0.980** 0.955** 0.103 0.275 -0.137 0.901** 0.964** 0.789** 0.728** 0.259 -0.962** 0.973**                     

Leaf  SOD -0.251 -0.324* -0.166 -0.230 0.044 -0.261 -0.273 -0.018 -0.201 0.541** 0.160 -0.235** -0.257                    

Leaf  CAT 0.977** 0.941** 0.070 0.206 -0.119 0.896** 0.955** 0.803** 0.766** 0.317* -0.970** 0.964** 0.981** -0.225                   

Leaf  POD 0.962** 0.914** 0.117 0.223 -0.116 0.882** 0.955** 0.797** 0.735** 0.335* -0.968** 0.969** 0.970** -0.112 0.975**                  

Leaf AsA 0.969** 0.942** 0.061 0.260 -0.119 0.901** 0.964** 0.778** 0.715** 0.260 -0.958** 0.972** 0.978** -0.218 0.979** 0.975**                 

Leaf WP 0.925** 0.912** 0.086 0.329* -0.113 0.908** 0.954** 0.741** 0.670** 0.141 -0.925** 0.955** 0.946** -0.306* 0.926** 0.932** 0.947**                

Leaf OP 0.941** 0.943** 0.009 0.289* -0.057 0.897** 0.935** 0.779** 0.662** 0.321* -0.937** 0.941** 0.947** -0.159 0.942** 0.949** 0.957** 0.920**               

Shoot K -0.958** -0.910** -0.081 -0.225 0.122 -0.903** -0.957** -0.794** -0.734** -0.265 0.950** -0.956** -0.963** 0.204 -0.957** -0.961** -0.964** -0.932** -0.937**              

Root K -0.900** -0.871** -0.045 -0.241 0.136 -0.871** -0.915** -0.741** -0.677** -0.180 0.898** -0.926** -0.912** 0.237 -0.907** -0.901** -0.931** -0.914** -0.883** 0.916**             

Shoot  Mg -0.961** -0.940** -0.081 -0.212 0.077 -0.836** -0.910** -0.815** -0.700** -0.341* 0.944** -0.923** -0.960** 0.132 -0.965** -0.955** -0.946** -0.882** -0.930** 0.929** 0.856**            

Root  Mg -0.959** -0.945** -0.065 -0.262 0.084 -0.857** -0.916** -0.798** -0.697** -0.357* 0.945** -0.925** -0.965** 0.128 -0.964** -0.957** -0.948** -0.890** -0.938** 0.923** 0.849** 0.987**           

Shoot  Mn -0.956** -0.915** -0.105 -0.260 0.120 -0.916** -0.961** -0.769** -0.744** -0.206 0.952** -0.956** -0.965** 0.268 -0.969** -0.953** -0.963** -0.937** -0.929** 0.954** 0.907** 0.924** 0.924**          

Root Mn -0.870** -0.819** -0.208 -0.187 0.161 -0.814** -0.872** -0.693** -0.749** -0.197 0.863** -0.870** -0.883** 0.281 -0.885** -0.874** -0.877** -0.864** -0.803** 0.898** 0.838** 0.848** 0.836** 0.898**         

Shoot  Fe -0.912** -0.887** -0.087 -0.259 0.128 -0.872** -0.933** -0.718** -0.644** -0.090 0.897** -0.930** -0.919** 0.316* -0.909** -0.902** -0.920** -0.917** -0.877** 0.913** 0.887** 0.853** 0.850** 0.916** 0.845**        

Root Fe -0.901** -0.873** -0.134 -0.272 0.125 -0.842** -0.913** -0.726** -0.675** -0.145 0.898** -0.903** -0.914** 0.300* -0.917** -0.905** -0.915** -0.896** -0.850** 0.893** 0.897** 0.872** 0.872** 0.902** 0.855** 0.901**       

Shoot P  -0.920** -0.880** -0.099 -0.208 0.061 -0.835** -0.910** -0.763** -0.649** -0.251 0.898** -0.893** -0.905** 0.201 -0.909** -0.915** -0.904** -0.865** -0.883** 0.912** 0.833** 0.886** 0.880** 0.891** 0.826** 0.881** 0.857**      

Root p -0.894** -0.866** -0.074 -0.212 0.111 -0.802** -0.886** -0.729** -0.626** -0.171 0.880** -0.878** -0.894** 0.258 -0.891** -0.876** -0.897** -0.852** -0.837** 0.874** 0.871** 0.857** 0.855** 0.870** 0.803** 0.892** 0.849** 0.830**     

Shoot  Na -0.931** -0.900** -0.090 -0.155 0.078 -0.812** -0.853** -0.834** -0.726** -0.414** 0.913** -0.894** -0.919** 0.155 -0.938** -0.916** -0.899** -0.847** -0.882** 0.886** 0.837** 0.940** 0.933** 0.892** 0.822** 0.799** 0.854** 0.864** 0.820**    

Root Na -0.946** -0.891** -0.108 -0.192 0.099 -0.895** -0.935** -0.828** -0.742** -0.315* 0.954** -0.935** -0.947** 0.165 -0.967** -0.955** -0.953** -0.897** -0.919** 0.939** 0.879** 0.927** 0.925** 0.952** 0.878** 0.883** 0.879** 0.893** 0.864** 0.892**   

Shoot Ca -0.930** -0.902** -0.155 -0.235 0.132 -0.850** -0.904** -0.784** -0.656** -0.156 0.928** -0.903** -0.934** 0.302* -0.934** -0.921** -0.923** -0.899** -0.872** 0.912** 0.844** 0.924** 0.919** 0.931** 0.872** 0.851** 0.896** 0.875** 0.842** 0.902** 0.909**  

Root Ca -0.960** -0.912** -0.118 -0.229 0.155 -0.876** -0.937** -0.835** -0.721** -0.249 0.950** -0.929** -0.950** 0.234 -0.961** -0.945** -0.951** -0.904** -0.908** 0.936** 0.909** 0.942** 0.931** 0.943** 0.872** 0.891** 0.911** 0.894** 0.911** 0.909** 0.939** 0.936** 

TSS: Total soluble sugars, TSC: Total soluble carbohydrates, TFAA: Total free amino acids, TSP: Total soluble proteins  
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4.7 DISCUSSION 

In this study, efforts have been made to develop an understanding of the 

mechanism of Cd effects through its accumulation in roots, root-to-shoot translocation 

and its toxic effects on various metabolites, antioxidant enzymes and the mineral 

nutrients, and the contribution of SA in alleviating the detrimental effects of Cd toxicity 

on various seedling and other physio-biochemical traits (Table 22). Present studies 

revealed that increasing Cd concentrations in the growth medium caused higher Cd 

accumulation into the roots but with lesser amounts in shoots at all Cd levels. After 

entering the plant system, most of the Cd contents accumulated in the roots (Wagner, 

1993; Zhang, et al., 2009; Hu et al., 2009) and higher Cd accumulation in rice roots as 

compared to shoots had been ascribed to differential distribution pattern of metal in root 

and the shoot (Rascio et al., 2008; Uraguchi et al., 2009b; Amirjani, 2012) or the root 

selectivity of acquiring ions from the solution as compared to shoots (Liu et al., 2006). 

The roots retained most of the accumulated Cd outside the cells in the apoplastic 

environment and the Cd exclusion from the protoplast might be one of the defense 

mechanisms of many plants against metal stress (Rascio et al., 2008). The lesser Cd 

content in shoot had been ascribed to several transport processes (Clemens et al., 2002) 

including binding to extracellular matrix and transport efficieny (Marchiol et al., 1996) or 

Cd immobilization by cell wall and extracellular carbohydrates (Amirjani, 2012). 

However, increases in root and shoot Cd were observed initially rapid at low Cd 

concentration in the medium followed by a steadier slow increase at higher Cd levels thus 

exhibiting a two phase linear model of Cd accumulation as reported in pea (Sandalio et 

al., 2001), maize (Krantev et al. 2008) and wheat (Ci et al. 2010). This type of 

concentration-dependent Cd uptake had been characterized by the Michaelis-Menten 

kinetics in rice (He et al., 2007). However, the association of linear Cd influx with 

apoplast and the saturable component with trasporter-mediated Cd influx across the root 

plasma membrane had been reported in pea plants (Cohan et al., 1998).  

It had been well established that the roots played pivotal role against heavy metal 

stress as the first barrier by their selective uptake/accumulation, metal retention and the 

excretion to other plant organs. The Cd accumulation and its distribution to other plant 

organs, and the heavy metal binding capacity of roots could affect the root-to-shoot Cd 

flow in rice plants. Cd-binding with water-soluble low molecular weight polar 

compounds, and exchangeable acidic polar compounds and ions in the cell wall had 
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significant role in the alleviation of Cd stress through chelating with organic compounds 

and the Cd storage in the vacuole and cell walls (Ramos et al., 2002; Zhang et al., 2009).  

The immobilization of Cd accumulated in roots by means of cell wall and 

extracellular carbohydrates had been emphasized (Wagner, 1993). Genotypic as well as 

organ differences had been characterized in Cd uptake and accumulation in rice (Yan et 

al., 2010; Chou et al., 2011). Lower S/R Cd ratio or Cd translocation factor (TF) as 

compared to control revealed that more increases occurred in root Cd as compared to 

shoot, and the difference in root Cd accumulation and its translocation to shoot exhibited 

variable genotypic responses. The increasing S/R Cd ratio or Cd TF of Kashmir Basmati 

with the elevating Cd levels revealed that this genotype had higher capability of Cd 

translocation to shoot as compared to other genotypes. The differential genotypic 

responses to root Cd accumulation and translocation to shoot revealed their capability to 

cope with the Cd-induced stress and tolerance to Cd toxicity. In Cd-tolerant genotypes, 

the S/R Cd ratio or Cd TF increased at lower Cd levels but decreased at the highest Cd 

stress whereas the Cd-sensitive genotypes showed linear increasing S/R Cd ratio or Cd 

TF with the elevating Cd levels. Higher root Cd content and accumulation at the highest 

Cd level as compared to Cd-sensitive cultivar in rice, and the reverse for shoot Cd 

between the two cultivars had been reported revealing that Cd-tolerant cultivar retained 

higher Cd in roots as compared to the Cd-sensitive cultivar. Besides, S/R Cd ratio or Cd 

TF increased with the elevating Cd level in Cd-sensitive cultivar whereas it decreased in 

Cd-tolerant cultivar (Zhang et al., 2009). The genotypic differences in root and shoot Cd 

uptake, accumulation and distribution had been observed in rice, wheat and other plant 

species (Liu et al., 2007; Alexander et al., 2006; Ci et al., 2010).  
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Table 22: Summarized means of different seedling growth and physio-biochemical parameters in basmati rice at whole plant level 
Treatment Root  

Cd 
Shoot  

Cd 
Seedling 

Cd 
R-S  
TF 

Root 
Length 

Shoot 
Length 

Root 
Dw 

Root 
Fw 

Root 
Dw/Fw 

Shoot 
Dw 

Shoot 
Fw 

Shoot 
Dw/Fw 

Seedling 
Dw/Fw 

Root 
STI 

Leaf  
H2O2 

Leaf  
MDA 

Leaf  
SOD 

Leaf  
CAT 

Leaf 
 POD 

Leaf  
AsA 

Control  

Basmati-198 1.00 1.00 2.00 1.00 10.36 12.27 0.049 0.335 0.146 0.138 0.610 0.226 0.198 100.00 38.61 34.16 20.70 11.18 5.62 14.99 

Basmati-2000 0.67 1.33 2.00 1.99 10.67 11.97 0.047 0.345 0.136 0.134 0.583 0.230 0.195 100.00 38.27 33.85 20.26 11.04 5.29 14.67 

Basmati-370 1.00 0.67 1.67 0.67 10.34 11.08 0.047 0.349 0.135 0.133 0.557 0.239 0.199 100.00 38.50 33.24 20.95 10.04 5.39 14.10 

Kashmir Basmati 0.67 0.67 1.33 1.00 10.33 12.47 0.048 0.335 0.143 0.136 0.516 0.264 0.216 100.00 39.79 33.44 20.53 10.57 5.07 14.67 

Mean 0.83 0.92 1.75 1.17 10.43 11.95 0.048 0.341 0.140 0.135 0.567 0.238 0.202 100.00 38.79 33.67 20.61 10.71 5.34 14.61 

 SA  (0.1 mM)  

Control 0.83 0.92 1.75 1.17 10.43 11.95 0.048 0.341 0.140 0.135 0.567 0.238 0.202 100.00 38.79 33.67 20.70 10.71 5.34 14.61 

Basmati-198 1.00 0.67 1.67 0.667 9.44 9.60 0.041 0.325 0.126 0.125 0.585 0.214 0.182 91.19 39.12 32.02 19.84 11.18 5.62 13.65 

Basmati-2000 1.00 1.00 2.00 1.000 9.50 9.72 0.036 0.346 0.104 0.123 0.539 0.228 0.180 89.05 39.24 32.92 19.86 11.04 5.29 14.00 

Basmati-370 0.67 0.67 1.33 1.000 9.34 9.23 0.040 0.331 0.121 0.127 0.543 0.234 0.191 90.33 38.22 30.43 19.68 10.26 4.72 14.10 

Kashmir Basmati 0.67 0.67 1.33 1.000 10.06 9.71 0.041 0.325 0.126 0.123 0.470 0.262 0.206 97.32 39.40 30.23 19.77 10.16 4.62 12.67 

Mean 0.834 0.750 1.58 0.917 9.59 9.57 0.04 0.33 0.119 0.125 0.53 0.23 0.190 91.97 38.99 31.40 19.79 10.66 5.06 13.61 

Cd stress 

Control 0.83 0.92 1.75 1.17 10.43 11.95 0.048 0.341 0.140 0.135 0.568 0.238 0.202 100.00 38.79 33.67 20.70 10.71 5.34 14.61 

Basmati-198 285.92 49.92 335.83 0.175 8.70 9.31 0.031 0.221 0.148 0.108 0.476 0.226 0.203 83.98 56.37 40.54 22.20 18.55 10.17 19.38 

Basmati-2000 323.75 58.33 382.08 0.180 8.19 8.83 0.028 0.193 0.147 0.099 0.433 0.228 0.205 76.77 67.70 42.61 22.50 21.01 12.05 20.98 

Basmati-370 355.92 75.83 431.75 0.213 7.01 8.29 0.025 0.163 0.156 0.085 0.356 0.239 0.213 67.79 77.70 44.74 23.05 22.63 13.99 22.74 

Kashmir Basmati 475.84 112.75 588.59 0.237 5.73 7.85 0.018 0.137 0.125 0.079 0.318 0.247 0.212 55.39 86.48 46.95 23.06 24.80 15.50 24.78 

Mean 360.36 74.21 434.56 0.201 7.41 8.57 0.025 0.178 0.144 0.093 0.396 0.235 0.208 70.98 72.06 43.71 22.70 21.75 12.93 21.97 

Cd+SA 

Control 0.83 0.92 1.75 1.17 10.43 11.95 0.048 0.341 0.140 0.135 0.568 0.238 0.202 100.00 38.79 33.67 20.70 10.71 5.34 14.61 

Basmati-198 269.25 42.09 311.34 0.156 9.60 10.23 0.033 0.244 0.136 0.115 0.513 0.224 0.199 92.73 49.01 37.66 21.46 15.59 8.37 16.60 

Basmati-2000 295.50 49.25 344.75 0.167 8.98 9.76 0.030 0.21 0.144 0.106 0.479 0.222 0.204 84.22 55.59 39.83 21.83 17.93 10.23 19.09 

Basmati-370 340.25 72.50 412.75 0.213 8.06 9.45 0.028 0.18 0.153 0.099 0.408 0.242 0.221 77.93 63.92 41.86 22.07 20.21 12.08 20.68 

Kashmir Basmati 432.25 96.58 528.83 0.223 6.88 8.78 0.021 0.16 0.131 0.087 0.369 0.236 0.214 66.62 73.88 44.57 22.33 22.08 13.55 22.26 

Mean 334.31 65.10 399.42 0.190 8.38 9.56 0.028 0.198 0.141 0.102 0.442 0.231 0.210 80.37 60.60 40.98 21.92 18.95 11.06 19.66 

Contd…………… 
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Treatment 
Leaf 
WP 

Leaf 
OP 

Leaf 
Proline 

Leaf  
TSS 

Leaf  
TSC 

Leaf  
TFAA

Leaf  
TSP 

Leaf  
N 

Root 
P 

Shoot 
 P 

Root 
 K 

Shoot  
K 

Root  
Mg 

Shoot 
Mg 

Root 
Mn 

Shoot 
Mn 

Root 
Fe 

Shoot 
Fe 

Root 
Ca 

Shoot 
Ca 

Root 
Na 

Shoot 
Na 

Control  

Basmati-198 0.277 0.667 0.092 7.92 0.94 41.7 37.35 17.31 14.69 14.64 15.92 16.28 1631.3 1629.3 536.67 504.33 1243.67 1274.33 10.88 8.21 18.95 14.54 

Basmati-2000 0.303 0.567 0.094 7.82 0.97 43.4 37.34 17.17 14.59 14.73 15.58 16.03 1615.3 1622.0 505.33 536.00 1227.33 1299.67 10.81 7.88 18.94 13.90 

Basmati-370 0.327 0.647 0.096 7.43 1.06 44.8 36.17 15.78 14.43 14.47 15.85 16.23 1645.0 1638.0 544.33 549.33 1219.67 1272.33 10.29 7.82 17.56 14.24 

Kashmir Basmati 0.340 0.650 0.098 7.36 1.11 44.7 37.82 16.12 14.68 14.69 14.17 15.35 1661.3 1665.3 516.33 504.33 1249.33 1268.33 10.15 7.81 17.61 13.89 

Mean 0.312 0.633 0.095 7.63 1.02 43.65 37.17 16.60 14.60 14.63 15.38 15.97 1638.2 1638.7 525.67 523.50 1235.00 1278.67 10.53 7.93 18.27 14.14 

 SA  (0.1 mM)  

Control 0.312 0.633 0.095 7.63 1.02 43.65 37.17 16.60 14.60 14.63 15.38 15.97 1638.2 1638.7 525.67 523.50 1235.00 1278.67 10.53 7.93 18.27 14.14 

Basmati-198 0.412 0.813 0.093 6.89 0.97 45.47 37.09 14.98 14.13 14.42 13.67 12.61 1586.7 1617.0 487.33 471.33 1236.67 1289.67 10.85 8.14 18.11 10.13 

Basmati-2000 0.356 0.743 0.091 6.97 0.97 47.22 37.97 15.77 13.45 14.20 14.42 12.33 1536.7 1612.7 402.00 532.00 1186.33 1263.33 10.78 7.66 18.67 10.41 

Basmati-370 0.335 0.757 0.089 6.91 1.09 44.74 37.08 14.45 14.31 14.53 14.67 12.51 1626.7 1630.7 539.67 529.00 1184.33 1198.33 10.16 7.35 17.36 10.39 

Kashmir Basmati 0.492 0.853 0.089 6.87 1.11 44.87 37.93 13.73 14.05 14.12 13.99 13.49 1652.3 1642.7 498.67 472.67 1205.00 1218.67 10.01 7.71 16.09 10.68 

Mean 0.399 0.792 0.091 6.91 1.03 45.57 37.52 14.73 13.98 14.32 14.19 12.74 1600.6 1625.8 481.92 501.25 1203.08 1242.50 10.45 7.71 17.56 10.40 

Cd stress  

Control 0.312 0.633 0.095 7.63 1.02 43.65 37.17 16.60 14.60 14.63 15.38 15.97 1638.2 1638.7 525.67 523.50 1235.00 1278.67 10.53 7.93 18.27 14.14 

Basmati-198 0.443 1.042 0.103 12.47 1.14 56.50 43.08 12.60 12.51 12.42 12.88 12.30 1491.8 1460.9 401.92 383.67 1073.42 1153.33 7.80 5.85 13.85 9.05 

Basmati-2000 0.542 1.127 0.107 13.82 1.15 58.83 44.62 11.02 12.27 12.22 12.05 11.66 1462.4 1437.8 361.08 355.00 1008.00 1080.75 7.32 5.32 12.86 8.33 

Basmati-370 0.621 1.246 0.109 16.33 1.16 64.89 46.19 9.71 11.47 10.88 10.69 9.71 1448.6 1418.6 297.92 294.33 960.84 1020.83 6.66 4.94 11.53 7.66 

Kashmir Basmati 0.742 1.475 0.116 19.61 1.17 69.73 47.78 8.83 10.86 10.42 8.76 8.34 1415.6 1389.0 280.42 243.83 872.08 903.75 6.06 4.65 10.30 7.09 

Mean 0.587 1.222 0.109 15.55 1.16 62.49 45.42 10.54 11.78 11.48 11.09 10.50 1454.6 1426.6 335.33 319.21 978.58 1039.67 6.96 5.19 12.14 8.03 

Cd+SA Mean  

Control 0.312 0.633 0.095 7.63 1.02 43.65 37.17 16.60 14.60 14.63 15.38 15.97 1638.2 1638.7 525.67 523.50 1235.00 1278.67 10.53 7.93 18.27 14.14 

Basmati-198 0.590 1.087 0.091 10.79 1.13 52.32 40.82 14.68 12.91 12.75 13.54 12.99 1522.4 1491.6 435.59 412.50 1151.50 1256.42 10.27 7.27 15.04 11.51 

Basmati-2000 0.675 1.184 0.096 11.62 1.14 55.09 42.43 12.86 12.71 12.60 12.82 12.52 1484.2 1462.4 393.83 377.84 1052.25 1162.58 9.54 6.71 13.83 10.93 

Basmati-370 0.733 1.435 0.106 13.82 1.15 58.86 43.93 11.38 12.06 11.80 11.72 10.34 1475.7 1455.7 344.09 327.59 992.84 1081.50 8.67 6.05 12.43 9.59 

Kashmir Basmati 0.817 1.598 0.112 16.71 1.16 61.86 46.51 9.76 11.77 11.56 9.63 9.06 1445.2 1419.0 300.17 270.83 894.08 930.25 7.12 5.62 11.78 9.03 

Mean 0.704 1.326 0.101 13.23 1.14 57.03 43.42 12.17 12.36 12.18 11.93 11.23 1481.9 1457.2 368.42 347.19 1022.67 1107.69 8.90 6.41 13.27 10.27 
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The low values of S/R Cd ratio or Cd TF at the highest Cd level revealed that 

lesser amount of Cd was translocated to shoot in Basmati-198 followed by Basmati-2000 

thus retaining greater amounts of Cd in the root whereas higher amount of Cd 

translocation to shoot in Kashmir Basmati showed the highest values of S/R Cd ratio or 

Cd TF exhibiting the susceptibility to Cd toxicity followed by Basmati-370. The variable 

genotypic S/R Cd ratios or Cd TF, Cd-retention capabilities against Cd stress, and the 

differential responses of Cd accumulation and its translocation from root to shoot had 

been observed in rice (Shabbir et al., 2001; Khan and Abdullah, 2003; Ali et al., 2006; 

Zhang et al., 2009; Niaz et al., 2010), and in other plant species and cultivars within the 

species (Penner et al., 1995; Milone et al., 2003; Liu et al., 2007; Uraguchi et al., 

2009a,b). SA application in combination with elevating Cd stress causing declines in the 

increases of root and shoot Cd accumulations in the same two phase linear manner 

exhibited the beneficial effects against Cd toxicity. No effects of SA treatment alone on 

root Cd or slight reduction in shoot Cd as compared to control revealed that the protective 

effect of SA against subsequent Cd toxicity in roots or shoots was likely due to the 

inhibition of Cd uptake. Thus occurrence of possibility of the formation of stable SA-Cd 

complexes might help in the reduction of Cd toxicity after SA application whereas Chao 

et al. (2010) ruled out the formation of SA-Cd complex in rice. This contrast of the 

mechanism of SA on the alleviation of Cd toxicity might be attributed to the SA 

application method and the genotypes used.  

Higher Cd accumulation in root and its translocation to shoot had been described 

the main cause of reduced seedling growth and biomass. Hence the potential of root 

growth had been considered as an index of metal tolerance in plants (Wilkins, 1978). The 

elevating Cd stress hampered the seedling growth as compared to control that was 

evidenced by the reductions in root and shoot lengths, and the increasing root and shoot 

Dw/Fw and seedling Dw/Fw ratios indicating the impact of Cd. At the lowest Cd level, 

less adverse effects were observed on root length whereas with the elevating Cd levels, 

more drastic effects were observed as compared to shoot and higher effects of Cd on root 

growth had been explained due to the root direct contact with Cd, and faster and higher 

root Cd accumulation or faster shoot detoxification rate (Subin and Francis, 2013). The 

inhibition in seedling growth provoked due to the increasing root or shoot and seedling 

Dw/Fw ratios exhibiting positive and the reducing root and shoot length or R/S fresh or 

dry weight ratios showing negative associations with the elevating Cd-induced stress in 

this study might be attributable to the enhancement in growth at lower Cd levels at the 
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expense of abundant food reserve and subsequent depressions due to the increase in dry 

weight (Salisbury and Ross, 1986). The reduction in growth due to the lesser availability 

of food reserve and subsequent increase in dry weight at elevating Cd stress had indicated 

the interference and alterations in cell membrane permeability properties by Cd stress and 

decreased water contents in the cell with poor seedling growth (Subin and Francis, 2013). 

The imbalancement in water status had been demonstratred by the negative correlations 

of seedling parameters (length, dry and fresh weight) with water (Ψw) and osmotic (Ψs) 

potentials under Cd stress indicating the water deficiency for seedling growth. However, 

differential genotypic responses revealed their abilities to withstand the Cd stress. More 

drastic effects of Cd stress noted in Kashmir Basmati were evidenced from the least R/S 

length, and R/S fresh or dry weight ratios. Kashmir Basmati showing more reductions in 

root or shoot length, R/S ratio and STI, and the highest root or shoot Dw/Fw and seedling 

Dw/Fw ratios indicated its sensitivity to Cd stress as compared to other genotypes. 

Genoypic differences for seedling growth traits had been reported in rice (Yan et al., 

2010). Reductions in the seedling traits under SA addition alone in the medium and the 

improvemnts with the elevating Cd stress revealed the beneficial effects of SA to 

ameliorate the Cd-induced toxicity supporting the mitigating effects of SA to Cd-induced 

seedling growth inhibition in rice and other plants (Fariduddin et al., 2003; Shakirova, 

2007; Guo et al., 2009).      

Adverse effects of  Cd toxicity had been established on several plant species 

causing increases in the production of reactive oxygen species (ROS) which damaged the 

cell components resulting to oxidative stress by inducing lipid peroxidation (Sanita di 

Toppi et al., 2007; Sharma and Dietz, 2009). The lipid peroxidation in terms of 

malondialdehyde (MDA) caused effects characterized by H2O2 and MDA accumulations 

(Hsu and Kao, 2007). H2O2 had been considered a signal molecule inducing expression of 

defense gene in the regulation of defense system at low metal concentrations whereas its 

excessive accumulation resulted in cellular oxidative stress leading to programmed cell 

death (Neill, et al., 2002; Polidoros and Scandalios, 1999). Higher leaf H2O2 and MDA 

contents under Cd stress as compared to control in this study revealed that the elevating 

Cd concentrations in the medium produced oxidative stress supporting the fact that plants 

under Cd stress were linked to free radical processes in memebrane components leading 

to alterations in membrane stability and increasing the permeability (Popova et al., 2009). 

The increases in H2O2 and the MDA contents had been supported the Cd-induced 

oxidative stress in rice leaves (Kuo and Kao, 2004; Hsu and Kao, 2007; Hu et al., 2009). 
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Strong correlations of root or shoot Cd revealed that Cd stress would cause to enhance the 

H2O2 and MDA contents whereas SA would help in alleviating the adverse effects of Cd 

stress. When SA applied in combination with Cd, it inhibited the Cd-induced increases in 

H2O2 and MDA contents alleviating Cd-induced toxicity that supported the findings of 

protective effects of SA against subsequent Cd toxicity in terms of H2O2 and MDA 

contents in rice (Choudhury and Panda, 2004; Guo et al., 2009; Chao et al., 2010). The 

differential genotypic behavior revealed their abilities to cope with the oxidative stress. 

Among the genotypes, Kashmir Basmati showed higher contents of H2O2 and MDA than 

other genotypes revealing that this genotype suffered more to Cd-induced high oxidative 

stress.  

The tolerance to heavy metal toxicity and the detrimental environmetal stresses 

had been associated with the enhanced capacity to scavenge and/or to detoxifiy the 

reactive oxygen species. The plants exposed to metal stress suffered to oxidative damages 

due to the differences between ROS production and the detoxification by antioxidant 

defense system (Gomez et al., 1999). The enzyme superoxide dismutase (SOD) had been 

involved in H2O2-metabolization through the determination of cellular H2O2 to eliminate 

the toxicity of O2¯ while peroxidase enzyme (POD) activity reflected the modified 

mechanical properties of the cell wall and cell membrane integrity under stressful 

conditions and the enzyme catalse (CAT) acted as H2O2-scavenger. Differential activities 

of antioxidant enzymes were observed especially the activity of SOD in this study. Cd-

induced stress caused increases in the activities of CAT and POD with the elevating Cd 

levels as compared to control whilst the SOD acitivity initially increased at lower Cd 

levels then it decreased at higher Cd levels as compared to control. The enhancement of 

SOD enzyme activity at lower doses of Cd stress might be attributed to the increased 

expression of genes encoding antioxidant enzymes in response to the increased ROS 

production (Mishra et al., 2006) whereas the depression in the activity might result due to 

the inactivation of the enzyme by H2O2, produced in different cellular compartments or 

from various non-enzymatic and enzymatic processes in the cell (Romero-Puertas et al., 

2007). The increased activities of these enzymes could contribute to the detoxification of 

elevated Cd stress through lignification and the formation of physical barrier (Saffar et 

al., 2009). Differential behaviour of these enzymes exhibited that variations existed 

among the genotypes. Positive correlations of root or shoot Cd and the H2O2 and MDA 

revealed that the activities of CAT and POD would enhance under Cd-induced oxidative 

stress whereas negative associations with the activity of SOD exhibited that higher Cd 



 85

stress might decrease the SOD activity in sensitive plants. SA applied alone in the 

medium slowed the activity of CAT, POD and SOD as compared to control but it 

accelerated the SOD activity at lower Cd levels as compared to the SOD activity at higher 

Cd-induced stress supporting that when SA applied in combination with Cd it increased 

the SOD activity under Cd stress in rice (Choudhury and Panda, 2004). Higher activity of 

the antioxidants had been reported in rice with SA against Cd-induced oxidative stress 

(Panda and Patra, 2007). On the other hand, SA elevated the activity of CAT and the 

POD at higher Cd levels but lesser than the activity of CAT and the POD at the 

corresponding Cd-induced stress revealing suppression in Cd-induced activity of 

antioxidants as that in rice reported by Metwally et al. (2003). Increased activity of CAT 

and the POD under Cd stress also supported the findings of Meng et al. (2009). Ascorbic 

acid (AsA), a low molecular weight non-enzymatic antioxidant, has direct or indirect 

contribution to ROS scavenging. Low leaf AsA content as compared to control with SA 

alone in the medium indicated that Cd stress promoted the production of AsA contents 

with the elevating Cd levels. SA treatmnent under elevating Cd-induced stress suppressed 

the AsA content. The lowering of thiobarbituric acid reactive substances, H2O2 and O2
– in 

rice by SA had provided an additional tolerance to plants against Cd-induced oxidative 

stress (Panda and Patra, 2007). The correlations of H2O2 and MDA with AsA supported 

the progressive involvement of H2O2 and MDA in the production of AsA under Cd-

induced stress. The lowering of AsA content with SA treatment revealed the protective 

SA effect under the elevating Cd stress. Among the genotypes, Kashmir Basmati had the 

highest AsA content indicating that sensitive plant had increased AsA content.  

The enhancement in leaf proline, total soluble sugar and carbohydrate, the amino 

acid and protein, and lower Ψw and Ψs under Cd stress indicated the disturbances in the 

cell system. With the decrease in water transport to the leaf, the accumulating sugars 

might provide the rice plants an adaptive mechanism through osmoregulation under 

unfavourable Cd stress. Besides, soluble sugars supported the plant to maximize 

sufficient carbohydrate storage reserves for initial metabolism under stressful 

environments (Dubey and Singh, 1999). Favourable associations of root or shoot Cd with 

proline, soluble sugar and carbohydrate, amino acid and protein, and the negative 

correlations with Ψw and Ψs supported that water deficiency under Cd stress might induce 

proline, sugar and carbohydrate to alleviate the adverse effects of Cd toxicity by adjusting 

both the Ψw and Ψs. Further, the addition of SA to Cd containing growth medium showed 

beneficial effects on proline, total soluble sugar and carbohydrate, and the amino acid as 
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compared to control and coinciding with the findings of Pooja et al. (2012). Biosynthesis 

of amino acids had been connected to the processes which were dependent on the 

environmental factors and the plants responded to these stresses by increasing the 

contents of amino acids (Hsu and Kao, 2003; Pant et al., 2011). Variable genotypic 

behaviour revealed that Kashmir Basmati produced the highest proline contents by 

activating its ROS scavenging system as well as the antioxidant enzymes and the proline 

production might be the determining factor to cope with the Cd toxicity. The Cd-induced 

accumulations of free amino acids and especially the proline might serve as a compatible 

cytoplasmic solute (Shah and Dubey, 1998). Actually, the activities of proteolytic 

enzymes enhanced by Cd and consequently the amino acid accumulations increased 

which played protecting role against Cd toxicity (Hsu and Kao, 2003). The accumulation 

of soluble sugars under Cd stress acted as an adaptive mechanism by regulating osmotic 

potential and played significant role in plants to maximizing the storage of carbohydrate 

reserves during stressful environments (Chardonnens et al., 1998; Dubey and Singh, 

1999). The favourable associations of proline with CAT, POD and AsA revealed that 

accumulation of proline might help in alleviation of Cd toxicity by enhancing the 

activities of CAT, POD and the AsA. Researchers (Siripornadulsil et al., 2002; Islam et 

al., 2009; Rosa et al., 2009) advocated that accumulation of proline in free form could 

alleviate stress toxicity by enhancing the activity of antioxidants, reducing oxidative 

stress, improving membrane properties and by signaling in sugar metabolism. 

The membrane potential in the root epidermal cells had been considered the 

driving force for the uptake of cations and the toxic heavy metals entering the plant cell 

through the same transport systems being operated for nutrient uptake. The uptake of Cd 

ions occurred with the same transmembrane carriers involved in the uptake of Ca, K, P, 

Mg, Zn, Fe and Cu (Benavides et al., 2005; Roth et al., 2006; Papoyan et al., 2007). 

Adverse effects of Cd had been reported on plant growth, physiological and structural 

processes due to the reduction in chlorophyll content, photosynthesis inhibition and 

alteration in the uptake of macro- and micro-nutrients (Sandalio et al., 2001; Han et al., 

2006; Wu et al., 2007; Sun et al., 2008). Consequent upon the disturbed metabolism due 

to uneven uptake and translocation of mineral nutrients, Cd-induced toxicity might be 

produced in plants. The Cd competition with mineral nutrients for the same transporters 

resulted to mineral nutrients deficiency in the plant. The toxicity under Cd stress reduced 

with optimum availability of mineral nutrients at the transport site causing nutrient 

reductions and/or by the enhancement in biochemical reactions and physiological 
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processes in the plant (Nazar et al., 2012). Generally, elevating Cd-induced stress showed 

modifications to all the mineral nutrients in root as well as in the leaf in this study. More 

reductions were occurred in leaf mineral nutrients as compared to root under Cd-induced 

stress with the exception of Fe exhibiting more reduction in the root. Negative association 

of root or shoot Cd with Fe revealed that Fe-deficient plants might accumulate more Cd. 

Depressions in the Mg and Ca content had been attributed to the occurrence of polyvalent 

Cd cations in the medium (Marschner, 2002) and both these minerals had the ability to 

inhibit the transport of Cd in the root cells via Mg and Ca transporters (Kim et al., 2002) 

or through the competitive antagnostic processes (Gussarson et al., 1996). The reductions 

in the Fe and Mg contents caused chlorosis because these two elements had been the 

essential cofactors of polypeptide enzymes of photosystems (PS-I and PS-II) while the 

Mn cations compete with Cd uptake in plants (Kabata-Pendius and Pendius, 1992). The 

contrasting association of proteins with Mg and Ca revealed that the imbalanced 

concentrations of these ions in the plant might disturb the activities of enzymes involved 

in the synthesis of proteins. Positive correlation of root or shoot Ca revealed disturbances 

in plant water relations under high Cd stress. Through the Ca channel, Cd disturbed plant-

water relationships and caused stomatal closure in many plants leading to lower 

transpiration rate and the inhibition of photosynthesis (Perfus-Barbeoch et al., 2002). 

The tolerance against Cd-induced stress might be improved with the enhanced 

photosynthetic capacity of the plant by nitrogen supplementation. The optimum supply of 

N increased the activity of Rubisco with improved biomass production by enhancing the 

photosynthetic rate. Cd toxicity might be alleviated by the synergistic effects of NO3-N 

and Cd or by the antagonistic effects of NH4+-N and Cd (Jalloh et al., 2009). Nitrate had 

been the principal form of nitrogen absorbed by the plant roots while Cd had an adverse 

effect on its uptake and assimilation in roots (Chaffei et al., 2004; Gill et al., 2011). The 

synthesis of N-containing metabolites (proline, GSH and phyto-chelatins) occurred 

through N metabolism upon exposure to Cd and played significant role to Cd tolerance in 

plants (Sharma and Dietz, 2006). The contrasting association of N with H2O2 and MDA 

revealed that optimal accumulations of N would hamper H2O2 and MDA, and increase the 

activity of antioxidant enzymes alleviating the Cd toxicity. Nitrogen enhanced the 

chlorophyll synthesis as well as the antioxidant enzymes activities partially alleviating the 

ROS accumulation (Lin et al., 2011). Deficient quantities of N would hamper the seedling 

growth in terms of high seedling Dw/Fw ratio under elevating Cd stress with or without 

SA. 
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Phosphorus had the ability to neutralize Cd toxicity by the dilution effect, and 

increasing plant growth and yield. The application of phosphate fertilizers decreased the 

Cd mobility in soil through the change in immobile Cd form (Sarwar et al., 2010). 

Similarly, the improvement in K under stress minimized the oxidative cell damage by 

reducing ROS formation during photosynthesis and inhibiting activation of oxygen 

radical generating NADPH oxidase (Shen et al., 2000). It also protected the plants from 

Cd toxicity by depressing H2O2 and MDA, and increasing the activity of antioxidant 

enzymes (Umar et al., 2008). Negative associations of all the mineral nutrients (N, P, K) 

with root or shoot Cd, H2O2, MDA, and Ψw and Ψs revealed that the lack of these ions 

would further enhance the Cd accumulation favouring oxidative stress to enhance the 

activities of antioxidants for the compensation of Cd toxicity. Reductions in root or shoot 

mineral nutrients as compared to the respective controls when SA applied alone or 

enhancements with the elevating Cd stress in the medium revealed the protective effect of 

SA against Cd stress.Kashmir Basmati had minimum mineral contents as compared to 

others revealing differential genotypic nutrient responses aginst Cd toxicity. 

These studies indicated that the elevating Cd stress in the growth medium caused 

higher Cd accumulation into the root but with lesser amounts in shoot at all Cd levels. 

The rapid higher Cd accumulation in the seedlings (root and shoot) revealed the two 

phase linear model for Cd accumulation. The protective effect of SA against Cd toxicity 

in root or shoot might be ascribed likely to the inhibition of Cd uptake from the medium, 

thus revealing the possibility of occurrence of the formation of stable SA-Cd complexes 

which helped in the reduction of Cd toxicity after SA application. The elevating Cd in the 

medium caused enhanced H2O2 and MDA in root and the shoot causing Cd-induced 

oxidative stress which elevated the activities of enzymes (CAT and POD) resulting in the 

accumulation of solutes and imbalaced mineral nutrients, and the water and osmotic 

potentials inhibiting the seedling growth. Differential behaviour of the activity of SOD 

exhibited that variations existed among the genotypes resulting in the differential 

tolerance to Cd toxicity. Cd-induced stress initially stimulated the activity of SOD at 

lower Cd levels but at the highest Cd level, the SOD activity decreased even lesser than 

control. With the SA application in combination with the elevating Cd, improvements 

were observed in the SOD activity indicating that higher SOD activity might modulate 

the activities of other enzymes and regulate the solutes for the maintenance of seedling 

water relations under Cd-induced oxidative stress and ultimately the seedling growth. 

Physiological and biochemical analysis, and the growth parameters revealed differential 



 89

genotypic responses. Basmati-198 showed more tolerance to Cd-induced oxidative stress 

based on Cd translocation factor and the root STI followed by Basmati-2000 and 

Basmati-370 whereas Kashmir Basmati was observed prone to Cd toxicity. 
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4.8 Phase-II: Callus/Cellular Level 

4.9 Growth parameters 

4.9.1 Callus cadmium (Cd) accumulation and Bioconcentration factor (BCF) 

The main effects of Cd treatment, SA treatment and genotype means showed 

significant differences for callus Cd contents (Table 23). All the interactions of Cd x SA, 

Cd x G, SA x G and Cd x SA x G means also showed significant differences. Callus Cd 

accumulation increased with the increases in Cd concentration in the culture medium 

(Fig. 22). Differential genotypic responses existed to callus Cd accumulation. Among the 

genotypes, Kashmir Basmati accumulated the highest callus Cd as compared to other 

genotypes. The addition of SA alone in the culture medium slightly lowered the callus Cd 

as compared to control. SA application in combination with the elevating Cd in the 

culture medium reduced the callus Cd in all the genotypes as compared to the 

corresponding Cd-stressed callus Cd. Callus Cd accumulation showed substantial linear 

concentration-dependent increases with the increasing Cd concentrations in the culture 

medium.  

The main effects of Cd means showed significant differences whereas for SA and 

genotype means, non significant differences were observed (Table 23). The interaction of 

Cd x G sowed significant whilst for Cd x SA, SA x G and Cd x SA x G, non significant 

differences were noted. Bioconcentration factor (BCF) increased at the lower Cd level 

while declines were observed with the elevating Cd stress as compared to control (Fig. 

22). Among the genotypes, the highest value of BCF was observed in Kashmir Basmati 

being the most sensitive with or without SA treatment. When SA alone added in the 

culture medium, it reduced BCF as compared to control. The application of SA in 

combination with the elevating Cd concentration reduced the BCF in all the genotypes as 

compared to the correspong Cd-stressed BCF.  
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Table 23: Mean square values showing the effects of Cd, SA and their interactions 
on callus Cd accumulation and bioconcentration factor (BCF) of four 
basmati rice genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 
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Fig. 22. Main effects of Cd, SA and their interactions on callus bioconcentration 
factor (BCF) and Cd accumulation of four basmati rice genotypes. Standard errors 
are shown. 

Source of Variation df Callus 

Cadmium (Cd) Bioconcentration  

factor (BCF) 

Cadmium (Cd) 4 785157.3 *** 8.714 *** 

Salicylic acid (SA) 1 30928.4 *** 0.353 ns 

Genotype (G) 3 95619.3 *** 0.236 ns 

Cd × SA 4 7078.27 *** 0.107 ns 

Cd × G 12 16488.3 *** 0.232 * 

SA × G 3 847.21 * 0.013 ns 

Cd ×  SA × G 12 621.78 ** 0.037 ns 

Error 80 235.34 0.124 
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4.9.2 Callus stress tolerance index (STI) 

The main effects of Cd treatment, SA treatment and genotype for callus STI 

showed significant differences (Table 24). Interactions of Cd x SA and Cd x G also 

showed significant differences whereas SA x G and Cd x SA x G interactions indicated 

non significant differences. Cd stress decreased callus STI with the elevating Cd in the 

culture medium whereas the application of SA in combination with the increasing Cd 

improved the callus STI but lesser than control (Fig. 23). Genotypes showed differential 

responses to callus STI under Cd-induced stress. The highest STI was observed in 

genotype Basmati-198 (66.1) being tolerant followed by Basmati-2000 (61.5) and 

Basmati-370 (47.2) whereas the least was observed in Kashmir Basmati (38.7) being the 

most sensitive. When SA applied alone in the culture medium, it decreased the callus STI 

as compared to control. SA application with the elevating Cd stress showed beneficial 

effects improving the STI as compared to control. 

Table 24: Mean square values showing the effects of Cd, SA and their interactions 
on callus STI of four genotypes of basmati rice 

***= significant at 0.001 confidence leve  
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Fig. 23. Main effects of Cd, SA and their interactions on callus stress tolerance 

index (STI) of four basmati rice genotypes. Standard errors are shown.  

Source of Variation Df Callus stress tolerance index (STI) 
Cadmium (Cd) 4 11954.61 *** 

Salicylic acid (SA) 1 699.55 *** 

Genotype (G) 3 3351.32 ***  

Cd × SA 4 732.73 *** 

Cd × G 12 343.58 *** 

SA × G 3 2.289 ns 

Cd ×  SA × G 12 10.602 ns 

Error 80 6.857 
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4.9.3 Callus relative growth rate (RGR-fresh) and callus dry weight  

The main effects of Cd treatment, SA treatment and genotype for callus relative 

growth rate (fresh weight) indicated significant differences (Table 25). Interactions of Cd 

x SA and Cd x G also showed significant differences whereas non significant differences 

were observed for the interactions of SA x G and Cd x SA x G. Reductions were observed 

in RGR at different levels of Cd stress in the culture medium as compared to control (Fig. 

24). Among the genotypes, higher depressions of callus RGR were observed in Kashmir 

Basmati as compared to other genotypes with or without SA treatment. The relative 

growth rate (RGR) decreased with the addition of SA alone in the medium as compared 

to control. The application of SA in combination with the elevating Cd stress improved 

the RGR as compared to the corresponding Cd-stressed callus RGR but less than control.  

For callus dry weight, the main effects of Cd treatment, SA treatment and 

genotype mean showed significant differences (Table 25). Significant differences were 

also observed among interactive effects of Cd x SA, Cd x G, SA x G and Cd x SA x G. 

Callus dry weight showed reductions as the concentration of Cd increased in the culture 

medium (Fig. 24). The least reduction in callus dry weight among the genotypes was 

observed in Basmati-198 with or without SA treatment. When SA alone added to the 

culture medium, callus dry weight decreased as compared to control. Application of SA 

in combination with the increasing Cd concentrations in the culture medium improved the 

callus dry weight but not to the extent of control.  

 
Table 25: Mean square values showing the effects of Cd, SA and their interactions 

on callus RGR (fresh) and dry weight of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Callus fresh wt. ( RGR)

(g) 

Callus dry wt. (g) 

Cadmium (Cd) 4 0.126 *** 0.066 *** 

Salicylic acid (SA) 1 0.011 *** 0.041 *** 

Genotype (G) 3 0.031 *** 0.015 *** 

Cd × SA 4 0.002 ** 0.025 *** 

Cd × G 12 0.005 *** 0.011 *** 

SA × G 3 0.0004 ns 0.017 *** 

Cd × SA × G 12 0.0001 ns 0.014 *** 

Error 80 0.0004 0.001 
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Fig. 24. Main effects of Cd, SA and their interactions on callus relative growth 

rate (RGR-fresh) and dry weight of four basmati rice genotypes. 
Standard errors are shown. 
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4.10 Biochemical parameters 

4.10.1 Callus MDA and H2O2 contents 

The main effects of cadmium treatment, salicylic acid treatment and genotype 

means showed significant differences for MDA contents (Table 26). The interactions of 

cadmium x salicylic acid and cadmium x genotype showed significant differences whilst 

non significant difference were observed in the interactive effects of salicylic acid x 

genotype and cadmium x salicylic acid x genotype means. Cd increased the callus MDA 

content as the Cd concentrations increased in the medium as compared to control (Fig. 

25). Kashmir Basmati accumulated more callus MDA content than other genotypes with 

or without SA application. SA alone added to the callus medium increased the MDA 

content as compared to control. SA treatment in combination with the elvating Cd stress 

decreased the MDA content as compared to the corresponding Cd-stressed MDA.  

For callus H2O2 content, the main effects of SA treatment, Cd treatment and 

genotype means showed significant differences (Table 26). Significant differences were 

also observed between interactions of Cd x SA, Cd x G, SA x G and Cd x SA x G means. 

The elevating Cd in the medium enhanced the callus H2O2 contents as compared to 

control (Fig. 25). Higher callus H2O2 contents were observed in Kashmir Basmati with or 

without SA. When SA alone added to the medium, it slightly increased the H2O2 

concentration as compared to control. The addition of SA along with the increasing Cd 

concentrations in the medium reduced the H2O2 contents as compared to the correspong 

Cd-stressed H2O2 but higher than control.  

Table 26: Mean square values showing the effects of Cd, SA and their interactions 
on callus MDA and H2O2 contents of four basmati rice genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence level 

Source of Variation df Callus 
MDA (nmole/g) H2O2 (µmole/g) 

Cadmium (Cd) 4 610.82 *** 2848.69 *** 

Salicylic acid (SA) 1 208.51 *** 712.22 *** 

Genotype (G) 3 200.72 *** 2036.5 *** 

Cd × SA 4 4.756 ** 64.115 *** 

Cd × G 12 21.76 *** 17.38 ** 

SA × G 3 0.307 ns 20.82 * 

Cd ×  SA × G 12 1.506 ns 18.139 ** 

Error 80 0.93 6.55 
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Fig. 25. Main effects of Cd, SA and their interactions on callus MDA and H2O2 
      contents of four basmati rice genotypes. Standard errors are shown. 
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4.10.2 Callus superoxide dismutase (SOD) and catalase (CAT) activity 

Significant differences of the main effects of Cd, SA and genotype means were 

observed for callus SOD activity (Table 27). Interactive effects of Cd x SA, Cd x G, SA x 

G and Cd x SA x G means also showed significant differences. Cd application initially 

increased the callus SOD activity at 100 and 500 µM as compared to control but 

decreased at 1000 and 1500 µM Cd concentrations even lesser than control. More 

reduction in SOD activity was observed at 1500 µM as compared to control (Fig. 26). The 

callus SOD activity in Kashmir Basmati was higher than other genotypes without SA 

application. SA alone added reduced the callus SOD activity as compared to control. The 

application of SA in combination with Cd at 1000 and 1500 µM improved the callus SOD 

activity even higher than control whereas improvement at 1500 µM Cd level was lesser 

than control.  

The main effects of cadmium, salicylic acid and genotype means showed 

significant differences for callus CAT activity (Table 27). Interactions of cadmium x 

salicylic acid, cadmium x genotype and salicylic acid x genotype means also indicated 

significant differences whilst non significant differences were observed for the interaction 

of cadmium x salicylic acid x genotype means. The increasing Cd in the medium 

enhanced the CAT activity as compared to control (Fig. 26). The highest callus CAT 

activity was observed in Kashmir Basmati at all Cd levels and greater than control with or 

without SA application. The activity of CAT decreased slightly when SA alone added to 

the culture medium as compared to control. The application of SA in combination with 

the elevating Cd stress decreased the callus CAT activity as compared to the 

corresponding Cd-stresses but higher than control.  

Table 27: Mean square values showing the effects of Cd, SA and their interactions 
on callus SOD and CAT activities of four basmati rice genotypes 

*, **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Callus 
SOD (units/mg pro) CAT (units/mg pro) 

Cadmium (Cd) 4 465.99 *** 494.91 *** 
Salicylic acid (SA) 1 1.422 * 86.045 *** 
Genotype (G) 3 1.399 ** 113.57 *** 
Cd × SA 4 35.504 *** 5.997 *** 
Cd × G 12 51.196 *** 9.492 *** 
SA × G 3 0.761 * 2.991 *** 
Cd ×  SA × G 12 0.658 ** 0.311 ns 
Error 80 0.271 0.235 
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Fig. 26. Main effects of Cd, SA and their interactions on callus SOD and CAT  
      activities of four basmati rice genotypes. Standard errors are shown. 
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4.10.3 Callus peroxidase (POD) and ascorbic acid (AsA) activity 

The main effects of cadmium treatment, salicylic acid treatment and genotype 

means showed significant differences for callus POD activity (Table 28). The interactive 

effects of Cd x SA, Cd x G, SA x G and Cd x SA x G means also showed significant 

differences. Cd increased the callus POD activity as the cadmium concentration increased 

in the culture medium as compared to control (Fig. 27). Among the genotypes, the highest 

caluus POD activity was observed in Kashmir Basmati as compared to others with or 

without SA application. The callus POD activity slightly increased when SA added in the 

culture medium as compared to control. SA treatment in combination with elevating Cd 

stress decreased the callus POD activity as compared to the corresponding Cd stress but 

higher than control.  

For callus ascorbic acid, the main effects of Cd, SA and genotype means showed 

significant differences (Table 28). Interactive effects of cadmium x salicylic acid, 

cadmium x genotype and salicylic acid x genotype means showed significant differences 

whereas non significant differences were observed for interaction of cadmium x salicylic 

acid x genotype means. Cd application increased the callus AsA content as the Cd 

concentrations increased in the medium as compared to control (Fig. 27). The highest 

callus AsA contents were observed in Kashmir Basmati as compared to control with or 

without SA application. The SA added alone in the culture medium reduced the callus 

AsA content as compared to control. SA treatment in combination with the increasing Cd 

stress reduced the callus AsA content as compared to the corresponding Cd stress but 

higher than control.  

Table 28: Mean square values showing the effects of Cd, SA and their interactions 
on callus POD and AsA activities of four basmati rice genotypes 

* **, *** = significant at 0.05, 0.01 and 0.001 confidence levels 

Source of Variation df Callus 
POD  (units/mg pro) AsA  (µg/g) 

Cadmium (Cd) 4 475.17 *** 519.44 *** 
Salicylic acid (SA) 1 105.59 *** 131.52 *** 
Genotype (G) 3 99.877 *** 116.3 *** 
Cd × SA 4 8.396 *** 2.053 *** 
Cd × G 12 8.376 *** 10.717 *** 

SA × G 3 1.056 * 1.969 *** 
Cd ×  SA × G 12 0.794 ** 0.504 ns 
Error 80 0.293 0.318 
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Fig. 27.  Main effects of Cd, SA and their interactions on callus POD and AsA  
       activities of four basmati rice genotypes. Standard errors are shown. 
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4.11 Solute Analysis 

4.11.1 Callus free proline contents 

The main effects of cadmium, salicylic acid and genotype means indicated 

significant differences for callus proline (Table 29). Significant differences were observed 

for all the interactions of Cd x SA, Cd x G, SA x G and Cd x SA x G. Cd increased the 

callus proline with the increments in Cd concentration in the medium as compared to 

control (Fig. 28). Under elevating Cd stress, more accumulation of proline occurred in 

Kashmir Basmati than other genotypes as compared to control with or without SA 

application. The addition of SA alone in the culture medium slightly increased the callus 

proline as compared to control. The application of SA in combination with elevating Cd 

stress in the culture medium decreased the callus proline as compared to the 

corresponding Cd-stressed but higher than control.  

Table 29: Mean square values showing the effects of Cd, SA and their interactions 
on callus free proline contents of four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

LSD 5%= 0.0089
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Fig. 28. Main effects of Cd, SA and their interactions on callus free proline 

contents of four basmati rice genotypes. Standard errors are shown. 

Source of Variation df Callus Proline (µmol/g) 

Cadmium (Cd) 4 0.032 *** 

Salicylic acid (SA) 1 0.007 *** 

Genotype (G) 3 0.024 *** 

Cd × SA 4 0.0007 *** 

Cd × G 12 0.002*** 

SA × G 3 0.0002 ** 

Cd ×  SA × G 12 0.00008 ** 

Error 80 0.00003 
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4.11.2 Callus total soluble sugar and carbohydrate contents 

Significant differences of the main effects of cadmium treatment, salicylic acid 

treatment and genotype means were observed for callus total soluble sugars (Table 30). 

Cd x SA, CD x G and SA x G interactions also showed significant differences whereas 

non significant differences were observed for the interactions of Cd x SA x G. Cd stress 

icreased the callus total soluble sugars with the increase in Cd concentrations in the 

medium as compared to control (Fig. 29). Among the genotypes, Basmati-198 

accumulated lesser amount of callus total soluble sugars than others with or without SA 

application. SA addition alone to the culture medium reduced the callus total soluble 

sugars as compared to control. Generally, the application of SA in the medium with the 

elevating Cd concentrations reduced the callus total soluble sugars with respect to the 

corresponding Cd-induced stress but higher than control.  

The main effects of Cd treatment, SA treatment and genotype e means indicated 

significant differences for callus total soluble carbohydrates (Table 30). Significant 

differences were also observed for the interactions of Cd x SA and Cd x G means while 

the interactions of SA x G and SA x Cd x G showed non significant differences. Cd 

application enhanced the callus total soluble carbohydrates as the Cd concentration 

increased in the medium as compared to control (Fig. 29). Among the genotype, Basmati-

198 showed lesser callus total soluble carbohydrates than others but higher than control 

with or without salicylic acid. SA addition alone to the culture medium slightly increased 

the callus total soluble carbohydrates as compared to control. The addition of SA in 

combination with the increasing Cd stress reduced the callus total soluble carbohydrates 

in parallel to the corresponding Cd level but greater than control.  

Table 30: Mean square values showing the effects of Cd, SA and their interactions 
on callus total soluble sugar and carbohydrate of four basmati rice 
genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

Source of Variation df Callus 
Soluble Sugars (mg/g) Carbohydrates (mg/g) 

Cadmium (Cd) 4 616.39 *** 0.094 *** 
Salicylic acid (SA) 1 286.78 *** 0.004 *** 
Genotype (G) 3 251.7 *** 0.015 *** 
Cd × SA 4 10.443 *** 0.0009 * 
Cd × G 12 16.089 *** 0.003 *** 
SA × G 3 4.567 * 0.0002 ns 
Cd ×  SA × G 12 0.955 ns 0.0002 ns 
Error 80 1.623 0.0003 
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Fig. 29. Main effects of Cd, SA and their interactions callus total soluble sugar 

and carbohydrate of four basmati rice genotypes. Standard errors are 
shown. 
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4.11.3 Callus total free amino acid and soluble protein contents 

The main effects of Cd, SA and genotype means indicated significant difference 

for callus total free amino acids. Interactions of Cd x SA, Cd x G, SA x G and Cd x SA x 

G means also showed significant differences (Table 31). Cd stress increased the callus 

total free amino acids with the increments in Cd concentration as compared to control but 

at 1500 µM concentration, a decreasing trend was observed but greater than control (Fig. 

30). More accumulation of callus total free amino acids was observed in Kashmir Basmati 

than others as compared to control with or without SA application. SA addition alone to 

the culture medium increased the callus total free amino acids as compared to control. SA 

applied in combination with the elevating Cd stress decreased the total free amino acids 

while at 1500 µM of Cd stress, SA enhanced the total free amino acids as compared to the 

corrrespong level of Cd stress. However, the total free amino acid contents were higher 

than control.  

For callus total soluble proteins, the main effects of Cd, SA and genotype means 

showed significant differences (Table 31). The interaction of Cd x G showed significant 

differences whereas non significant differences were noted in the interactions of Cd x SA, 

SA x G and Cd x SA x G means. The Cd stress increased the callus total soluble proteins 

with the increasing Cd concentrations in the medium except at 1500 µM of Cd stress, 

where it reduced the total soluble proteins but higher than control (Fig. 30). Among thde 

genotypes, more callus total soluble proteins were accumulated in Kashmir Basmati than 

others as compared to control with or without SA application. SA applied in combination 

with the elevating Cd toxicity, callus total soluble proteins decreased with the 

corresponding level of Cd stress but at 1500 µM of Cd stress, it enhanced the total soluble 

proteins than in the correspong Cd level even higher than control. 

Table 31: Mean square values showing the effects of Cd, SA and their interactions 
on callus total free amino acids and protein of four basmati rice genotypes 

*, *** = significant at 0.05 and 0.001 confidence levels 

Source of Variation df Callus 
Amino Acids (mg/g) Protein (mg/g) 

Cadmium (Cd) 4 3827.87 *** 380.21 *** 
Salicylic acid (SA) 1 1090.1 *** 121.79 *** 
Genotype (G) 3 1878.06 *** 70.102 *** 
Cd × SA 4 161.53 *** 4.037 ns 
Cd × G 12 120.39 *** 11.876 * 
SA × G 3 28.886 * 1.323 ns 
Cd × SA × G 12 31.067 *** 1.12 ns 
Error 80 9.484 5.12 
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Fig. 30. Main effects of Cd, SA and their interactions on callus total free amino  
     acids and soluble protein of four basmati rice genotypes. Standard errors  
     are shown. 
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4.11.4 Callus water and osmotic potentials 

The main effects of cadmium, salicylic acid and genotype means showed 

significant differences callus water potential (Table 32). The interaction of Cd x G 

showed significant differences whereas non significant differences were observed for the 

interactions of Cd x SA, SA x G and Cd x SA x G means. The application of Cd at 

different concentrations in the culture medium adversely affected the callus water 

potential (Fig. 31). More reductions in callus water potential were observed in Kashmir 

Basmati than other genotypes as compared to control with or without SA application. SA 

applied alone to the callus medium showed decline in water potential as compared to 

control. SA added in combination with different Cd concentrations caused decreases in 

the callus water potential (more negative value) as compared to control.  

For callus osmotic potential, the main effects of Cd treatment, SA treatment and 

genotype means showed significant differences (Table 32). Significant differences were 

also observed for the interactions of cadmium x salicylic acid, cadmium x genotype and 

cadmium x salicylic acid x genotype means whereas interaction of salicylic acid x 

genotype means indicated non significant differences. Cd decreased the callus osamotic 

potential with the increasing Cd concentrations in the culture medium (Fig. 31). More 

reductions in callus osmotic potential were observed in Kashmir Basmati than other 

genotypes as compared to control with or without SA application. Reduction in callus 

osamotic potential (more negative value) was observed as compared to control when SA 

alone was added in the culture medium. SA applied in combination with the elevating Cd 

levels further reduced the callus osmotic potential as compared to the corresponding Cd 

stress and leeser than control.      

Table 32: Mean square values showing the effects of Cd, SA and their interactions 
on callus water and osmotic potentials of four basmati rice genotypes 

*** = significant at 0.001 confidence level 

Source of Variation df Callus 
Water potential (Ψw)  

(-MPa) 
Osmotic potential (Ψs) 

(-MPa) 
Cadmium (Cd) 4 0.531 *** 1.873 *** 
Salicylic acid (SA) 1 0.259 *** 0.549 *** 
Genotype (G) 3 0.228 *** 0.393 *** 
Cd × SA 4 2.963 ns 0.029 *** 
Cd × G 12 0.009 *** 0.033 *** 
SA × G 3 0.002 ns 0.004 ns 
Cd ×  SA × G 12 0.003 ns 0.008 *** 
Error 80 0.002 0.002 
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Fig. 31. Main effects of Cd, SA and their interactions on callus water and 

osmotic potentials of four basmati rice genotypes. Standard errors are 
shown. 
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4.12 Mineral nutrients 

4.12.1 Callus sodium (Na) and potassium (K) contents 

The main effects of Cd treatment, SA treatment and genotype mean for Na content 

in calli showed significant differences (Table 33). The interactions of Cd x SA and Cd x 

G showed significant differences whilst the interactions of SA x G and Cd x SA x G 

showed non significant differences. The elevating Cd stress in the culture medium 

reduced callus Na contents in all the genotypes as compared to control (Fig. 32). Basmati-

198 showed less reduction in Na content than other genotypes with or without SA 

treatment. The application of SA in combination with the increasing Cd levels in the 

medium improved the Na content as compared to the corresponding Cd stress but less 

than the control.  

For callus K content, significant differences of the main effects of cadmium, 

salicylic acid and genotype means were noted (Table 33). The interactive effects of 

cadmium x salicylic acid and cadmium x genotype were observed significant whereas non 

significant differences were observed for the interactive effects of salicylic acid x 

genotype and cadmium x salicylic acid x genotype means. The increasing Cd 

concentrations in the medium also decreased callus K contents as compared to control 

(Fig. 32). Kashmir Basmati showed more reductions in callus K contents at all levels of 

Cd stress as compared to other genotypes with or without SA treatment. SA increased K 

contents in calli in combination with elevating Cd concentrations as compared to the 

corresponding Cd stress but not to the extent of control.  

Table 33: Mean square values showing the interactive effect of Cd, SA and their 
interactions on callus sodium (Na) and potassium (K) contents of four 
basmati rice genotypes 

 *** = significant at 0.001 confidence levels 

 

Source of Variation df Callus 
Sodium (Na) 

(mg/g) 
Potassium (K) 

(mg/g) 
Cadmium (Cd) 4 383.43 *** 76.901 *** 
Salicylic acid (SA) 1 112.04 *** 12.516 *** 
Genotype (G) 3 90.43 *** 54.04 *** 
Cd × SA 4 13.47 *** 2.067 *** 
Cd × G 12 3.968 *** 1.792 *** 
SA × G 3 0.522 ns 0.414 ns 
Cd ×  SA × G 12 0.813 ns 0.218 ns 
Error 80 0.645 0.334 
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Fig. 32. Main effects of Cd, SA and their interactions on callus sodium (Na) and  

 potassium (K) contents of four basmati rice genotypes. Standard errors 
are shown. 
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4.12.2 Callus calcium (Ca) and magnesium (Mg) contents 

The main effects of cadmium, salicylic acid and genotype means for Ca content in 

calli had significant differences (Table 34). Significant differences were also observed in 

the interactive effects of Cd x SA and Cd x G whilst the interactive effects of SA x G and 

Cd x SA x G showed non significant differences. The increasing Cd concentrations 

decreased the callus Ca contents as compared to control (Fig. 33). More reduction of 

callus Ca contents was observed in Kashmir Basmati than other genotypes with or 

without SA treatment. SA addition alone slightly decreased the callus Ca contents as 

compared to control. The SA application in combination with different Cd concentrations 

in the medium increased the callus Ca contents as compared to the corresponding Cd 

stress but not to the extent of control. 

Significant differences in the main effects of Cd treatment, SA treatment and 

genotype means were noted for callus Mg content (Table 34). Cd x SA, Cd x G, SA x G 

and Cd x SA x G interactions also showed significant differences. Callus Mg contents 

decreased as the Cd concentrations increased in the medium as compared to control (Fig. 

33). The least reduction under Cd stress in callus Mg contents were observed in Basmati-

198 as compared to other genotypes with or without SA treatment. The addition of SA 

alone in the medium slightly reduced the callus Mg contents as compared to control. SA 

treatment with the elevating Cd stress improved the callus Mg contents as compared to 

the corresponding Cd stress but less than control.  

Table 34: Mean square values showing the interactive effect of Cd, SA and their 
interactions on callus calcium (Ca) and magnesium (Mg) contents of 
four basmati rice genotypes 

**, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation Df Callus 
Calcium (Ca) 

(mg/g) 
Magnesium (Mg) 

(mg/g) 
Cadmium (Cd) 4 124.19 *** 176843.3 *** 
Salicylic acid (SA) 1 53.93 *** 8076.84 *** 
Genotype (G) 3 34.94 *** 4962.36 *** 
Cd × SA 4 5.343 *** 9485.59 *** 
Cd × G 12 1.738 *** 9555.69 *** 
SA × G 3 0.209 ns 4026.07 *** 
Cd ×  SA × G 12 0.31 ns 2674.36*** 
Error 80 0.33 170.04 
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Fig. 33. Main effects of Cd, SA and their interactions on callus calcium (Ca) and  
magnesium (Mg) contents of four basmati rice genotypes. Standard errors 
are shown. 
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4.12.3 Callus phosphorus (P) and nitrogen (N) contents 

The main effects of cadmium, salicylic acid and genotype means indicated 

significant differences for callus P content (Table 35). All the interactions of cadmium x 

salicylic acid, cadmium x genotype, salicylic acid x genotype and cadmium x salicylic 

acid x genotype also showed significant differences. Declines in callus P contents were 

observed at all levels of Cd stress as compared to control (Fig. 34). Among the genotypes, 

less reduction in allus P contents were noted in Basmati-198 as compared to others with 

or without SA treatment. SA addition alone to the callus medium reduced the callus P 

contents as compared to control. The callus P contents increased when SA was applied 

with the increasing Cd stress in the medium but not to the extent of control.  

For Nitrogen content, the main effects of Cd treatment, SA treatment and 

genotype means showed significant differences (Table 35). Significant differences were 

also observed for the interactive effects of Cd x SA and Cd x G, whilst interactive effects 

of SA x G and Cd x SA x G means showed non significant differences. The elevating Cd 

stress in the medium reduced the callus N contents as compared to control (Fig. 34). More 

reductions in callus N contents were observed in Kashmir Basmati than others as 

compared to control with or without SA application. SA added alone to the culture 

medium decreased callus N contents as compared to control. The application of SA with 

the elevating Cd stress improved the callus N contents but not to the extent of control.  

 
Table 35: Mean square values showing the effects of Cd, SA and their interactions 

on callus phosphorus (P) and nitrogen (N) contents of four basmati rice 
genotypes 

*** = significant at 0.001 confidence levels 

 

Source of Variation df Callus 

Phosphorus (P) 
(mg/g) 

Nitrogen (N) 
(mg/g) 

Cadmium (Cd) 4 146689.9 *** 192.13 *** 

Salicylic acid (SA) 1 144651.5 *** 48.61 *** 

Genotype (G) 3 144325.6 *** 153.99 *** 

Cd × SA 4 143294.7 *** 6.849 *** 

Cd × G 12 143454.6 *** 3.124 *** 

SA × G 3 143754.3 *** 0.322 ns 

Cd ×  SA × G 12 143690.1 *** 0.604 ns 

Error 80 1.756 0.452 
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Fig. 34. Main effects of Cd, SA and their interactions on callus phosphorus (P) and 

nitrogen (N) contents of four basmati rice genotypes. Standard errors are      
shown. 
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4.12.4 Callus and manganese (Mn) and iron (Fe) contents  

The main effects of cadmium treatment, salicylic acid treatment and genotype 

mean showed significant differences for callus Mn content (Table 36). Interactions of Cd 

x SA, Cd x G and Cd x SA x G also showed significant differences whereas SA x G 

showed non significant difference. The elevating Cd stress in the medium showed drastic 

declines in callus Mn contents as compared to control (Fig. 35). More reductions in callus 

Mn contents were observed in Kashmir Basmati than other genotypes with or without SA 

treatment. When SA alone added to the culture medium, it reduced the callu Mn contents 

as compared to control. The SA applied in combination with the elevating Cd stress 

improved the callus Mn contents but not to the extent of control.  

Significant differences of the main effects of Cd treatment, SA treatment and the 

genotype means were observed for callus Fe content (Table 36). Significant differences 

were also observed in the interactions of Cd x SA, Cd x G, SA x G and Cd x SA x G 

means. The application of Cd showed declines in callus Fe contents as the Cd 

concentration increased in the medium as compared to control (Fig. 35). More reductions 

in callus Fe contents were observed in Kashmir Basmati as compared to other genotypes 

with or without SA treatment. The callus Fe contents slightly reduced when SA alone 

added to the culture medium as compared to control. The application of SA in 

combination with the elevating Cd stress improved the callus Fe contents but not to the 

extent of control.  

 
Table 36: Mean square values showing the interactive effect of Cd, SA and their 

interactions on callus manganese (Mn) and iron (Fe) contents of four 
basmati rice genotypes 

 **, *** = significant at 0.01 and 0.001 confidence levels 

Source of Variation df Callus 
Manganese (Mn) 

(mg/g) 
Iron (Fe) 
(mg/g) 

Cadmium (Cd) 4 181229.9 *** 399866.2 *** 
Salicylic acid (SA) 1 15341.6 *** 8308.35 *** 
Genotype (G) 3 96077.2 *** 176313.08 *** 
Cd × SA 4 9756.7 *** 7888.76 *** 
Cd × G 12 10383.01 *** 11865.08 *** 
SA × G 3 2049.82 ns 1340.32 *** 
Cd ×  SA × G 12 2885.89 ** 1271.32 *** 
Error 80 939.26 96.68 
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Fig. 35. Main effects of Cd, SA and their interactions on callus manganese (Mn) 

and iron (Fe) contents of four basmati rice genotypes. Standard errors 
are      shown. 
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4.13 Correlations 

The results regarding correlation coefficients among different callus growth and 

physio-biochemical parameters are given in table 37. The callus Cd accumulation showed 

significantly negative correlation with callus Dw/Fw ratio, water and osmotic potentials, 

SOD activity and content of all the nutrients (Ca, Mg, K, Mn, Fe, Na, and N) while 

positive associations were observed with H2O2 and MDA, activity of CAT and POD, 

production of proline, soluble sugar and carbohydrates, amino acid and proteins. Callus 

Dw/Fw ratio showed positive correlation with SOD, water and osmotic potentials, and the 

nutrients (Ca, Mg, K, Mn, Fe Na and N) whereas it had negative association with proline, 

soluble sugar and carbohydrates, CAT and POD activity and AsA. Positive correlation 

was observed between H2O2 and MDA. Both the H2O2 and MDA showed positive 

association with CAT, POD and AsA but negative with water and osmotic potentials, 

SOD activity and the mineral nutrients (Ca, Mg, K, Mn, Fe, Na, and N). Callus N content 

showed positive association with water and osmotic potentials, and mineral nutrients (Ca, 

Mg, K, Mn, Fe and Na) but negative with proline, amino acid and proteins, soluble sugar 

and carbohydrates, activity of CAT and POD, and AsA. The activity of CAT and POD, 

and the AsA showed positive correlation with proline, amino acid and proteins, soluble 

sugar and carbohydrates, and negative with all the nutrients, and water and osmotic 

potentials. The callus water potential showed positive correlation with the activity of 

SOD and all mineral nutrients (Ca, Mg, K, Mn, Fe and Na) but negative association with 

proline, soluble sugar and carbohydrates, amino acid and proteins, activity of CAT and 

POD, and the AsA.   
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Table 37: Correlation analysis among different growth and physio-biochemical parameters in basmati rice at callus level 

  
Callus  

Cd 
Callus 
Dw/Fw 

Callus 
Proline 

Callus 
TSS 

Callus 
TSC 

Callus 
FAA 

Callus 
TSP 

Callus
N 

Callus 
H2O2 

Callus 
MDA 

Callus 
SOD 

Callus 
CAT 

Callus 
POD 

Callus  
AsA 

Callus
WP 

Callus
OP 

Callus
K 

Callus 
Mg 

Callus 
Mn 

Callus
Fe 

Callus
P 

Callus  
Na 

Ccallus 
Dw/Fw 

-
0.507** 

                     

Callus Proline 
0.817** 

-
0.453** 

                    

Callus TSS 
0.873** 

-
0.380** 

0.931**                    

Callus TSC 0.847** -0.332* 0.732** 0.844**                   

Callus FAA 0.639** -0.077 0.598** 0.764** 0.753**                  

Callus TSP 0.382** 0.147 0.275 0.488** 0.570** 0.891**                 

Callus N 
-
0.852** 

0.398** 
-
0.926** 

-
0.952** 

-
0.829** 

-
0.731**

-
0.454**                

Callus H2O2 
0.886** 

-
0.420** 

0.906** 0.940** 0.850** 0.745** 0.494** -
0.962**               

Callus MDA 
0.900** 

-
0.459** 

0.894** 0.954** 0.870** 0.780** 0.517** -
0.932** 0.949**              

Callus SOD 
-
0.439** 

0.470** 
-
0.453** 

-0.270 -0.100 0.136 0.423** 0.281 -0.257 -0.238             

Callus CAT 
0.931** 

-
0.403** 

0.865** 0.951** 0.904** 0.792** 0.544** -
0.919** 0.936** 0.963** -0.215            

Callus POD  
0.910** 

-
0.433** 

0.885** 0.959** 0.889** 0.797** 0.537** -
0.938** 0.941** 0.972** -0.204 0.984**           

Callus AsA 
0.902** 

-
0.440** 

0.901** 0.952** 0.870** 0.791** 0.526** -
0.947** 0.959** 0.972** -0.220 0.976** 0.980**          

Callus WP (˗) 
0.854** 

-
0.387** 

0.935** 0.952** 0.803** 0.695** 0.408** -
0.950** 0.928** 0.906** -0.339* 0.909** 0.920** 0.924**         

Callus OP (˗) 
0.893** 

-
0.390** 

0.817** 0.924** 0.893** 0.818** 0.589** -
0.914** 0.924** 0.954** -0.122 0.967** 0.974** 0.959** 0.883**        

Callus K 
-
0.829** 

0.419** 
-
0.890** 

-
0.928** 

-
0.826** 

-
0.736**

-
0.498** 0.934** -

0.934**
-
0.909** 0.225 

-
0.913**

-
0.916** 

-
0.921**

-
0.947**

-
0.899**       

Callus Mg 
-
0.901** 

0.456** 
-
0.704** 

-
0.783** 

-
0.780** 

-
0.603** -0.338* 0.730** -

0.748**
-
0.818** 0.367* 

-
0.862**

-
0.842** 

-
0.822**

-
0.741**

-
0.830** 0.686**      

Callus Mn 
-
0.847** 

0.419** 
-
0.870** 

-
0.892** 

-
0.799** 

-
0.695**

-
0.451** 0.892** -

0.914**
-
0.895** 0.206 

-
0.900**

-
0.909** 

-
0.919**

-
0.894**

-
0.882** 0.871** 0.714**     

Callus Fe 
-
0.868** 

0.469** 
-
0.951** 

-
0.948** 

-
0.797** 

-
0.636** -0.314* 0.942** -

0.934**
-
0.940** 0.353* 

-
0.924**

-
0.940** 

-
0.942**

-
0.935**

-
0.902** 0.922** 0.749** 0.893**    

Callus P 
-
0.906** 

0.467** 
-
0.808** 

-
0.828** 

-
0.771** 

-
0.555** -0.277 0.825** -

0.847**
-
0.858** 0.387** -

0.883**
-
0.877** 

-
0.878**

-
0.812**

-
0.837** 0.781** 0.807** 0.822** 0.874**   

Callus Na 
-
0.917** 

0.452** 
-
0.873** 

-
0.939** 

-
0.890** 

-
0.777**

-
0.518** 0.936** -

0.938**
-
0.967** 0.238 

-
0.972**

-
0.976** 

-
0.974**

-
0.914**

-
0.966** 0.915** 0.818** 0.914** 0.931** 0.873**  

Callus Ca 
-
0.919** 

0.425** 
-
0.852** 

-
0.912** 

-
0.876** 

-
0.755**

-
0.502** 0.928** -

0.942**
-
0.938** 0.229 

-
0.952**

-
0.962** 

-
0.962**

-
0.900**

-
0.956** 0.884** 0.813** 0.911** 0.917** 0.889** 0.965** 

 TSS: Total soluble sugars, TSC: Total soluble carbohydrates, TFAA: Total free amino acids, TSP: Total soluble proteins 
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4.14 DISCUSSION 

The in vitro study was carried out to assess the Cd accumulation in rice callus and 

its toxic effects on various metabolites, antioxidant enzymes and the mineral nutrients, 

and the contribution of SA in ameliorating the adverse Cd effects on callus growth (Table 

38). In the present studies, callus Cd accumulation revealed a rapid linear trend with the 

elevating Cd contentrations in culture medium which caused drastic reductions in the 

callus relative growth rate (RGR) and dry weight inhibiting the callus growth. The 

increasing callus Cd with the elevating Cd stress had been reported in sunflower 

(Azevedo et al., 2005), Sesbania drummondii (Israr et al., 2006) and safflower 

(Namjooyan et al., 2012). The differential genotypic response to Cd accumulation 

revealed that Kashmir Basmati had higher callus Cd accumulation producing lower callus 

fresh and dry weight, and the Dw/Fw ratio as compared to other genotypes evidenced 

from the negative association of callus Cd with callus RGR, dry matter and Dw/Fw ratio 

resulting callus growth inhibition. Reductions in callus fresh and dry weight under Cd 

stress had been observed in Brassica juncea callus (Shekhawat et al., 2010) and more 

rapid Cd accumulation hampering the callus growth had been observed in sugarcane 

callus (Fornazier et al., 2002). Callus stress tolerance index (STI) decreased with the 

elevating Cd concentrations in the culture medium. As evident from the callus Cd 

accumulation and the STI factor, differential genotypic behaviour was observed for the 

capability to accumulate Cd metal and to limit its drastic effect. At 500 µM Cd though the 

Cd accumulation was very similar, Basmati-198 exhibited high STI compared to Kashmir 

Basmati. The superior ability of Basmati-198 to better cope with Cd toxicity as compared 

to Kashmir Basmati was elicited at the highest Cd level. At 1500 µM Cd, Basmati-198 

exhibited callus STI even higher than that of Kashmir Basmati at 500 µM Cd stress. 

Contrarily, Kashmir Basmati showed drastic reduction in callus growth. At the highest Cd 

level, lower BCF value of Basmati-198 might be ascribed to the maintenance ability of 

metal influx and efflux matrix whereas marked callus growth reduction in Kashmir 

Basmati attributed to cell membrane damage. Differential genotypic behaviour under Cd 

stress had been reported in P. nigra clones (Iori et al., 2012). On the other hand SA 

application with the elevating Cd stress reduced the callus Cd accumulation and BCF, 

improved the RGR-fresh and dry weight, Dw/Fw ratio and the STI factor exhibiting 

ameliorative effects to Cd-induced toxicity. Slight effects of SA treatment alone on callus 

Cd as compared to control revealed that the protective effect of SA against subsequent Cd 

toxicity to callus was likely due to the inhibition of Cd uptake. Thus the possibility of the 
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formation of stable SA-Cd complexes which might help in reduction of Cd toxicity after 

SA application cannot be ignored whereas Chao et al. (2010) 

ruled out the formation of SA-Cd complex in rice. This contrast of the mechanism of SA 

on the alleviation of Cd toxicity might be ascfribed to SA application and the plant 

material used.  

Cd accumulation induced oxidative stress by generating reactive oxygen species 

(ROS) and disrupting the proteins in membrane and lipid bilayer by forming various 

reactive lipid radicals and aldehydes (Reinheckel et al., 1998), and the activity of 

lipoxygenase which had been involved in the peroxidation of lipids (Arvind and Prasad, 

2003). The positive associations of callus Cd with H2O2 and the MDA revealed that Cd 

stress might cause enhancements in the H2O2 and MDA contents resulting in Cd-induced 

oxidative stress. Increased contents of callus H2O2 and MDA with the elevating Cd 

concentrations revealed that Cd-induced oxidative stress might cause greater damage to 

cell membranes inhibiting the callus growth. Under Cd stress, increased H2O2 content had 

been reported in rice callus (Hu et al., 2009) and the MDA content in the callus tissues of 

Brassica juncea (Shekhawat et al., 2010). The mutual treatment of SA and Cd in this 

study reduced the H2O2 and MDA contents helpful in the improvement of tolerance 

against Cd stress. Variable genotypic response revealed that differences existed among 

the genotypes to cope with the ROS scavenging systems. More accumulations of H2O2 

and MDA contents were observed in Kashmir Basmati than in other genotypes. 

Differential response to the reactive oxygen species scavenging mechanism through the 

adaptation of different biochemical strategies had been reported in rice cultivars (Wang et 

al., 2013). 
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Table 38: Summarized means of different seedling growth and physio-biochemical parameters in basmati rice at callus level 
Treatment 

Callus 
Cd 

Callus  
RGR 

Callus  
BCF 

Callus  
STI 

Callus  
Dw 

Callus  
Fw 

Callus 
Dw/Fw 

Callus  
H2O2 

Callus  
MDA 

Callus  
SOD 

Callus  
CAT 

Callus  
POD 

Callus  
AsA 

Control  

Basmati-198 0.667 0.327 1.000 100.00 0.301 0.327 0.920 81.21 46.00 31.64 21.10 10.00 24.54 

Basmati-2000 0.500 0.320 0.667 100.00 0.290 0.320 0.906 81.29 45.78 31.98 21.07 9.84 24.04 

Basmati-370 0.500 0.319 0.333 100.00 0.289 0.319 0.906 71.67 45.13 30.31 20.67 9.00 24.75 

Kashmir Basmati 0.500 0.347 1.000 100.00 0.304 0.347 0.876 76.20 45.58 30.66 20.64 9.00 24.18 

Mean 0.542 0.328 0.750 100.00 0.296 0.328 0.902 77.59 45.62 31.15 20.87 9.46 24.38 

SA  (0.1 mM)  

Control 0.542 0.328 0.750 100.00 0.296 0.328 0.902 77.59 45.62 31.15 20.87 9.46 24.38 

Basmati-198 0.500 0.304 0.667 86.38 0.260 0.304 0.855 80.20 45.95 30.29 20.84 9.93 21.75 

Basmati-2000 0.500 0.295 0.500 86.21 0.250 0.295 0.847 80.93 45.54 30.03 21.34 9.18 22.31 

Basmati-370 0.500 0.321 0.500 84.43 0.244 0.321 0.760 73.94 43.01 29.62 20.51 9.15 19.84 

Kashmir Basmati 0.500 0.342 0.667 84.11 0.280 0.342 0.819 75.57 43.58 29.81 20.72 9.87 21.10 

Mean 0.500 0.316 0.583 85.28 0.259 0.316 0.820 77.66 44.52 29.94 20.85 9.53 21.25 

Cd stress  

Control 0.542 0.328 0.750 100.00 0.296 0.328 0.902 77.59 45.62 31.15 20.87 9.46 24.38 

Basmati-198 280.50 0.230 0.475 66.11 0.199 0.230 0.866 89.91 52.15 32.15 28.41 16.02 29.55 

Basmati-2000 305.50 0.209 0.569 61.47 0.178 0.209 0.853 95.49 54.92 32.73 29.44 17.72 31.58 

Basmati-370 317.83 0.161 0.731 47.15 0.136 0.161 0.848 102.87 57.26 33.12 31.19 19.91 34.26 

Kashmir Basmati 338.08 0.135 0.757 38.73 0.053 0.137 0.858 108.97 59.57 33.47 33.32 21.89 35.44 

Mean 310.48 0.184 0.633 53.36 0.158 0.184 0.856 99.31 55.98 32.87 30.59 18.89 32.71 

Cd+SA  

Control 0.542 0.328 0.750 100.00 0.296 0.328 0.902 77.59 45.62 31.15 20.87 9.46 24.38 

Basmati-198 256.25 0.264 0.413 75.91 0.229 0.264 0.866 81.82 48.58 33.17 25.29 14.14 28.16 

Basmati-2000 267.00 0.226 0.531 70.00 0.203 0.226 0.898 90.14 51.55 33.66 27.16 15.80 29.68 

Basmati-370 287.17 0.187 0.574 57.61 0.167 0.187 0.892 96.90 54.73 33.52 29.77 16.91 31.95 

Kashmir Basmati 328.25 0.165 0.639 47.20 0.144 0.165 0.872 102.70 56.72 33.42 31.70 19.24 33.70 

Mean 284.67 0.210 0.539 62.68 0.185 0.210 0.882 92.89 52.89 33.44 28.48 16.52 30.87 

Contd……….. 
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Treatment Callus 
WP 

Callus 
OP 

Callus 
Proline 

Callus  
TSS 

Callus  
TSC 

Callus 
TFAA 

Callus  
TSP 

Callus 
N 

Callus 
P 

Callus 
K 

Callus 
Mg 

Callus 
Mn 

Callus 
Fe 

Callus 
Ca 

Callus 
Na 

Control  

Basmati-198 0.250 0.397 0.137 10.16 0.96 45.43 40.18 22.34 14.29 15.37 1658.67 573.50 1254.17 14.83 24.99 

Basmati-2000 0.280 0.383 0.142 10.36 1.03 46.73 41.87 21.13 14.35 15.59 1685.83 515.60 1293.00 14.47 24.93 

Basmati-370 0.312 0.400 0.142 10.22 1.01 47.14 41.55 20.11 14.58 15.21 1660.40 554.20 1329.17 14.02 24.86 

Kashmir Basmati 0.306 0.453 0.147 10.26 1.11 42.75 40.15 19.89 14.48 14.40 1659.33 539.40 1252.83 14.01 24.02 

Mean 0.287 0.41 0.142 10.25 1.03 45.51 40.94 20.87 14.43 15.14 1666.06 545.68 1282.29 14.33 24.70 

SA  (0.1 mM) 

Control 0.287 0.408 0.142 10.25 1.03 45.51 40.94 20.87 14.43 15.14 1666.06 545.68 1282.29 14.33 24.70 

Basmati-198 0.329 0.682 0.138 9.01 0.96 46.87 39.89 21.68 13.98 14.64 1626.65 524.10 1250.00 14.49 24.54 

Basmati-2000 0.315 0.672 0.154 9.17 1.04 46.68 40.54 19.97 14.23 14.97 1665.33 497.90 1255.67 14.14 24.21 

Basmati-370 0.323 0.683 0.143 9.53 1.05 47.80 41.10 20.93 14.35 14.91 1624.00 494.30 1196.00 13.69 23.54 

Kashmir Basmati 0.345 0.663 0.147 9.95 1.10 51.00 40.19 18.53 14.33 14.48 1662.33 519.30 1239.50 13.68 23.88 

Mean 0.328 0.675 0.146 9.42 1.04 48.09 40.43 20.28 14.22 14.75 1644.58 508.90 1235.29 14.00 24.04 

Cd stress  

Control 0.287 0.408 0.142 10.25 1.03 45.51 40.94 20.87 14.43 15.14 1666.06 545.68 1282.29 14.33 24.70 

Basmati-198 0.410 0.87 0.163 16.44 1.16 62.52 45.60 18.36 12.87 13.24 1540.96 440.23 1162.79 11.13 18.82 

Basmati-2000 0.483 1.01 0.178 19.15 1.17 70.91 47.32 16.31 12.76 12.71 1506.10 402.53 1093.79 9.67 16.95 

Basmati-370 0.545 1.14 0.211 21.23 1.18 77.60 49.99 14.54 11.97 11.45 1478.34 341.50 1031.04 8.86 15.32 

Kashmir Basmati 0.671 1.23 0.241 26.08 1.20 84.96 52.37 12.64 11.85 9.70 1461.46 298.53 926.00 8.27 13.61 

Mean 0.527 1.06 0.198 20.73 1.18 74.00 48.82 15.46 12.36 11.78 1496.72 370.69 1053.41 9.48 16.17 

Cd+SA  

Control 0.287 0.408 0.142 10.25 1.03 45.51 40.94 20.87 14.43 15.14 1666.06 545.68 1282.29 14.33 24.70 

Basmati-198 0.510 1.04 0.143 13.76 1.15 59.56 44.52 20.27 13.25 13.92 1582.75 475.00 1181.50 12.58 21.09 

Basmati-2000 0.580 1.08 0.162 15.72 1.16 67.09 46.52 18.45 13.07 13.75 1543.01 426.89 1122.04 11.69 19.31 

Basmati-370 0.669 1.24 0.183 17.89 1.16 74.71 48.78 15.82 12.32 12.41 1509.57 374.09 1067.50 10.53 18.10 

Kashmir Basmati 0.731 1.33 0.222 20.91 1.17 76.50 52.21 14.25 12.23 10.65 1482.99 331.68 972.79 9.92 16.51 

Mean 0.622 1.17 0.178 17.07 1.16 69.47 48.01 17.20 12.72 12.68 1529.58 401.91 1085.96 11.18 18.75 
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The variable activities of antioxidant enzymes were observed under Cd stress in 

the rice callus. At lower Cd concentrations, SOD activity initially increased but 

significant decreases were observed with the elevating Cd concentrations. The enhanced 

SOD activity at lower Cd levels had been attributable to the increased level of ROS 

causing increases in the expression of gene responsible for encoding SOD (Bowler et al., 

1992) whereas the depressed SOD activity at higher Cd-induced stress might be the result 

of inactivation of the enzyme by H2O2, produced in different cellular compartments (Dixit 

et al., 2001; Romero-Puertas et al., 2007) or due to increased Cd-binding to the functional 

groups of the enzyme interfering with folding the catalytic properties of SOD (Prasad, 

1995; Joshi and Mohanty, 2004). The contrasting correlation of callus Cd with SOD 

activity showed that elevating Cd-induced stress might cause adverse effects on the 

activity of SOD. This demonstrated greater sensitivity of SOD to Cd stress as compared 

to other enzymes in this study. Similar trends in the SOD activity under Cd stress had 

been observed in Sesbania drummondi callus (Israr et al., 2006), B. juncea callus 

(Shekhawat et al., 2010) and the adapted calli of sunflower and safflower (Gallego et al., 

2002; Namjooyan et al., 2012). The SA application at higher Cd levels showed 

improvement in the SOD activity exhibiting beneficial effects. However, the progressed 

CAT activity with the increasing Cd levels in the culture medium had been observed in 

agreement with that of Leucaena leucocephalla callus (Rout et al., 1999) and Trema 

orientalis callus (Samantaray et al., 1999). The increased CAT activity following Cd 

levels had been ascribed to the H2O2 metabolization by CAT and the regulation of CAT 

activity by the H2O2 concentration (Polidoros and Scandalios, 1999). The elevating Cd 

stress in the culture medium enhanced POD activity which coincided with that of 

sugarcane callus (Fornazier et al., 2002). The positive associations of callus Cd and H2O2 

and MDA contents with the activities of CAT and POD and the AsA revealed a Cd-

dependent response. A dose dependent modulation of enzyme activity by Cd had been 

described in plants (Benavides et al., 2005). The differential genotypic behaviour 

revealed that variations existed among the genotypes to tolerate the Cd-induced oxidative 

stress. The highest activities of CAT and POD were observed in the callus of Kashmir 

Basmati as compared to other genotypes but the SA application with the elevating Cd 

stress enhanced the activities of CAT and POD but lesser than the corresponding Cd-

induced stress revealing suppression in Cd-induced activity of antioxidants among the 

genotypes at all Cd levels.  
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The elevating Cd stress in the culture medium enhanced the contents of free 

proline, total soluble sugar and carbohydrate, amino acid and protein causing disturbances 

in the callus Ψw and Ψs. The decrease in water and osmotic potentials might be ascribed 

to the accumulation of solutes reflecting disorder in the cell metabolism due to oxidative 

stress in rice callus tissues (Ahmad et al., 2007). The positive association of callus Cd, 

and H2O2 and MDA with these solutes and negative with callus Ψw and Ψs revealed that 

water-deficient callus under Cd stress might induce proline, sugar and carbohydrate to 

cope with the adverse effects of Cd by adjusting the callus Ψw and Ψs and more 

production of amino acid and proteins. Increases of free proline and soluble 

carbohydrates and reduced water relations had been observed in callus tissues of wheat 

genotypes under osmotic stress (Javed and Ikram, 2008; Al-Khayri and Al-Bahrany, 

2002) and also in callus of basmati rice under salinity stress (Ahmad et al., 2007). The 

increasing contents of amino acid and proteins had been reported in callus of wheat 

genotypes under salt stress (Javed, 2002), cultured cells of potato and soybean under 

osmotic stress (Heng-Long et al., 1999; El-Sayed and Kirkwood, 1992) and in callus 

tissue of Alternanthera philoxeroides under copper stress (Xu et al., 2011). The amino 

acid synthesis had been connected to the processes dependent on the environmental 

factors and the plants responded to these stresses by increasing the amino acid contents 

(Hsu and Kao, 2003; Pant et al., 2011). The differential genotypic responses revealed that 

Kashmir Basmati produced the highest proline contents by activating its ROS scavenging 

system as well as the antioxidant enzymes and the production of proline might be 

considered the determining factor to withstand the Cd-induced stress. The Cd-induced 

accumulations of free amino acids and especially the proline might serve as a compatible 

cytoplasmic solute (Shah and Dubey, 1998). Actually, the activities of proteolytic 

enzymes enhanced by Cd and consequently the amino acid accumulations increased 

which played protecting role against Cd toxicity (Hsu and Kao, 2003). However, the 

addition of SA to Cd containing growth medium showed enhancements in proline, total 

soluble sugar and carbohydrate, and the amino acid and protein as compared to control 

but lesser than the correspong Cd-stressed levels. 

The mineral nutrients had been playing important role in productivity optimization 

and the agricultural sustainability. The decline in callus N, P and K under Cd-induced 

stress with the elevating Cd concentrations in the culture medium, and also the 

differential behaviour of genotypes showed variations according to the Cd levels and the 

genotype. The callus Cd correlated negatively with these minerals revealing adverse Cd 
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effects on the callus growth. In other words, the optimal supply of these nutrients might 

depress the Cd-inhibitory effects on callus growth. Inhibition in Cd toxicity had been 

proposed in different plant species with the supplementation of N in sunflower (Pankovic 

et al., 2000), P in maize (Wang et al., 2009) and K in maize and kidney (Obata et al., 

1994). The negative association of callus Cd with these ions (N, P, K), and Ψw and Ψs, 

and positive with H2O2 and MDA  revealed that under water-deficient callus, oxidative 

stress due to higher callus Cd would accelerate the activities of antioxidants to 

compensate the Cd adverse effects on callus growth due to disturbed water relations. The 

inorganic cations had been considered an integral part in plants due to their functions in 

various metabolic systems/carriers and their accumulations might disturb the plant 

growth. Under various Cd levels in the culture medium, reduced contents of cations (Na, 

Ca, Mg, Mn and Fe) were observed in the present study. The contrasting associations of 

callus Cd, H2O2, MDA, and Ψw and Ψs with these nutrients revealed that insufficient 

nutrients might cause Cd-induced oxidative stress with the result of higher activities of 

antioxidants and interruptions in callus growth due to imbalanced water status. However, 

dissimilar SOD activity revealed that higher SOD activity might modulate other enzymes 

and regulate the solutes to maintain water relations under oxidative stress and ultimately 

the callus growth. The declines of callus Mg, Ca and Mn contents had been observed in 

sunflower (Azevedo et al., 2005) and the involvement of Ca had been reported for 

differential behavior towards nutrient accumulation (Perfus-Barbeoch et al., 2001). The 

contribution of higher callus Ca caused lesser reduction in sunflower callus Ca with 

higher maintenance capacity of membrane integrity (Azevedo et al., 2005). In this study, 

lesser reductions in mineral nutrients were observed in Basmati-198 than other genotypes 

whilst more reductions were recorded in Kashmir Basmati revealing differential 

genotypic responses of callus tissues to mineral nutrients. With the SA addition alone in 

the culture medium slight depressions as compared to respective controls revealed the 

beneficial effects of SA on these nutrients, however, SA application with the elevating Cd 

stress improved the accumulations of these cations.  

A rapid linear trend of callus Cd accumulation was observed in this study and the 

callus Cd exhibited differential genotypic behaviour. Slight effects of SA treatment alone 

on callus Cd as compared to control revealed the protective effect of SA against 

subsequent Cd toxicity to callus likely due to the inhibition of Cd uptake. Thus the 

formation of stable SA-Cd complexes which helped to the reduction of Cd toxicity after 

SA application might be possible. Callus Cd-induced stress enhanced the H2O2 and MDA 
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which caused elevations in the activities of enzymes (CAT and POD) resultimg in the 

accumulation of solutes, deficient mineral nutrients and the lowered callus Ψw and Ψs 

which curbed the callus growth (lower RGR and Dw/Fw ratio). On the other hand, callus 

Cd-induced stress enhanced the SOD activity at lower Cd doses, and then declined at the 

higher Cd levels even lower than the control whereas with the application of SA in 

combination with elevating Cd, improvements were observed in the SOD activity. This 

revealed that higher SOD activity might modulate the activities of other enzymes and 

regulate the solutes for the maintenance of callus water relations under oxidative stress 

and ultimately the callus growth. Based on callus BCF and STI factors, and other growth 

and physio-biochemical parameters, Basmati-198 showed tolerant behaviour to Cd stress 

following Basmati-2000 and Basmati-370 whereas more sensitivity to Cd toxicity was 

observed in Kashmir Basmati.   
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4.15 GENERAL DISCUSSION 

This study was conducted to assess the Cd toxicity on growth, physio-biochemical 

parameters and the activities of antioxidants as well as the SA-mediated alleviation of Cd-

induced toxicity at whole plant and callus levels in four genotypes of basmati rice. 

Research efforts were focused to develop an understanding of the mechanism of Cd 

effects through its accumulation, translocation and the relationships of Cd contents with 

solutes, mineral nutrients and the antioxidants, and then the contribution of SA in 

alleviating the toxic effects of Cd toxicity. A variable Cd accumulation pattern was 

observed between seedling and callus in the both growth media. The seedlings (root and 

shoot) showed two phase linear concentration-dependendent Cd accumulation whereas in 

callus, a rapid linear Cd accumulation pattern was observed. The two phase linear 

concentration-dependent Cd influx had been reported in rice (He et al., 2007), maize, pea 

and wheat roots (Sandalio et al., 2001; Krantev et al., 2008; Ci et al., 2010). With the 

elevating Cd stress in both the growth media, Cd accumulation increased in seedling as 

well as in the callus, however, callus showed lower Cd accumulation exhibiting less 

sensitivity to Cd exposure as compared to the seedling. Plants had the ability to adopt the 

tolerance strategies of either excluding the metal from the cell or tolerate the metal 

(Azevedo et al., 2005) and the results of this study revealed the development of both 

systems in rice depending on the system culture. The variable Cd accumulation response 

of seedling and the callus might be attributed to the culture systems or the environment. 

The lower Cd accumulation in sunflower had been ascribed to be dependent on the 

environment and/or culture systems (Azevedo et al., 2005).  

The pivotal role of roots against heavy metal stress has been well established by 

their selective behaviour of root-shoot Cd translocation, metal retention and excretion to 

other plant organs, and the root metal binding capacity which could affect the root-shoot 

Cd flow (Ramos et al., 2002; Arao et al., 2003; Zhang, et al., 2009). With the increasing 

Cd stress, Cd accumulation increased in roots, however, variable root-shoot Cd 

transportation among the genotypes showed organ specific behaviour being more root Cd 

accumulation as compared to the shoot and this variation might be attributed to the root 

differential metal behaviour (Amirjani, 2012) or the root selectivity to ion acquisition 

(Liu et al., 2006; Rascio et al., 2008; Uraguchi et al., 2009b). The suppressed shoot Cd 

translocation from root might be the result of transport mechanism or root Cd-binding 

capability involved in the detoxification of Cd in rice plants. The root Cd accumulation 
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and its distribution to other plant organs had been linked to binding capacity with 

extracellular matrix, the transport efficieny or immobilization of Cd by cell wall and 

extracellular carbohydrates (Wagner, 1993; Marchiol et al., 1996; Clemens et al., 2002; 

Amirjani, 2012). The difference in Cd translocation to shoot exhibiting variable genotypic 

tolerance response to Cd toxicity was evidenced from the S/R Cd ratios (Cd TF) and also 

from bioconcentration factor (BCF) in callus. The S/R Cd ratio or Cd TF increased with 

the elevating Cd-induced stress but variable genotypic responses revealed their 

differential Cd-detoxification and the Cd-binding abilities. In the tolerant genotypes, the 

S/R Cd ratio (Cd TF) decreased at the highest Cd stress whereas the reverse was observed 

in susceptibles. The lowest values of S/R Cd ratio (Cd TF) and callus BCF of Basmati-

198 revealed that lesser amount of Cd was translocated to shoot in this genotype followed 

by Basmati-2000 thus retaining greater amounts of Cd in the root whereas Kashmir 

Basmati translocated higher Cd contents to shoot which was revealed by the highest 

values S/R Cd ratio (Cd TF) and callus BCF exhibitibg the susceptibility to Cd stress 

followed by Basmati-370. The variable genotypic S/R Cd ratios (Cd TF) and Cd-binding 

abilities to Cd stress, and the differential responses of Cd accumulation and its 

translocation from root to shoot in whole plant, and in callus had been observed in 

different plant species and cultivars within the species (Penner et al., 1995; Shabbir et al., 

2001; Khan and Abdullah, 2003; Milone et al., 2003; Ali et al., 2006; Liu et al., 2007; 

Zhang et al., 2009; Uraguchi et al., 2009a, b; Niaz et al., 2010; Iori et al., 2012). This 

study showed that the uneven genotypic Cd accumulation between root and shoot, and the 

callus differential behaviour for the capability to accumulate Cd metal and to limit its 

drastic effect might be a strategy of rice seedling or callus in response to Cd-induced 

stress helping in Cd tolerance and to some extent preventing from Cd toxicity. No effects 

of SA alone on root Cd or slight reduction in shoot Cd and in the callus Cd as compared 

to their respective controls revealed the protective effect of SA against subsequent Cd 

toxicity attributing to the inhibition of Cd uptake in root or shoot and in callus from the 

media. The inhibitions of Cd uptake were evidenced from the declines of Cd 

accumulation under SA application with the elevating Cd stress in the root or shoot and 

callus possibly forming the stable SA-Cd complexes which might help in SA-mediated 

Cd toxicity whereas Chao et al. (2010) ruled out the formation of SA-Cd complex in rice, 

and in the callus. This contrast in the mechanism of SA on the alleviation of Cd toxicity 

might be ascribed to the differences in SA application method and the genotypes used.  
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Higher Cd concentrations caused inhibitions in root growth and cell division due 

to its uptake by roots and translocation to different parts in the plants. The inhibition in 

growth, yield reductions, chlorosis, anatomical alterations, morphological, and other 

physiological and metabolic activities in different cell compartments had been the main 

toxic symptoms of metals in plants (Maksymiec et al., 2007). Hence the potential of root 

growth had been considered as an index of metal tolerance in plants (Wilkins, 1978) and 

the initial response of metal toxicity in plants had been observed mainly through growth 

inhibitions (Hassan and Mansoor, 2014; Mahmood et al., 2007) as well as biomass 

reductions (Verma et al., 2008; Shekhawat et al., 2010; Canakci and Karaboga, 2013) and 

callus growth inhibition (Fornazier et al., 2002). Root Cd accumulation and translocation 

to shoot or callus Cd caused reductions in seedling and callus growths and their 

biomasses. Roots showed more sensitivity to Cd toxicity exhibiting higher declines in 

length, dry and fresh weights as compared to shoot or callus that might be attributed to 

the drastic depressions of K, Ca, Mg, and Fe contents in roots, and the increasing root 

Dw/Fw ratios at the highest Cd concentration in the medium. Higher erratic effects of Cd 

on roots and the association of Cd-induced root growth inhibition with deficient 

concentrations of root K, Ca, Mg, and Fe, and the increasing Dw/Fw ratios had been 

reported in rice and other plant species (Greger and Lindberg, 1986; Moya et al., 1993; 

Drazic et al., 2006; Liu et al., 2013; Farid et al., 2013). The root inhibition had also been 

desribed due to the products of endosperm mobilization in rice (Amirjani, 2012). More 

tolerance was observed in callus as compared to seedling reflecting lesser reductions in 

dry, fresh or D/F weight ratios which might be ascribed to higher accumulation of callus 

proline, sugar, carbohydrate and proteins than in seedling. The application of SA with the 

increasing Cd stress showed beneficial effects on these parameters in both the media. The 

genotypic behavior towards root, shoot or R/S length ratio, and their fresh and dry or D/F 

weight ratios revealed their differential capabilities to withstand the Cd toxicity. Kashmir 

Basmati showing lesser R/S length ratio, root STI, fresh and dry or D/F weight ratios of 

root or shoot and callus than other genotypes as well as the decreasing ratios of both the 

R/S length and D/F weight ratios as compared to control was observed more prone to Cd 

toxicity as compared to other genotypes.  

The plants tolerant to heavy metal stress had effective and efficient mechanisms to 

restrict the excessive metal concentrations in the compartments of cells (Salt et al., 1999; 

Wojcik et al., 2005; Ma et al., 2005; Ueno et al., 2005) through the blockage of essential 

functional groups or the displacement of essential metal ions in biomolecules 
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(Schutzendubel and Polle, 2002). However, some metal ions remained in the cytoplasm 

resulting in the induction of oxidative stress by generating reactive oxygen species (ROS) 

which caused hinderance in the cell metabolism (Foyer et al., 1994). The plant 

antioxidant defense systems played vital role against the toxic oxygen intermediates 

(Tuteja, 2007; Khan and Singh, 2008; Singh et al., 2008; Gill et al., 2011) and the 

biological membranes had been the first target of ROS species (Sandalio et al., 2001; 

Rellan-Alvarez et al., 2006; Guo et al., 2009; Asensi-Fabado and Munne-Bosch, 2010; 

Jozefczak et al., 2012) producing oxidative stress characterized by H2O2 and MDA 

accumulations (Hsu and Kao, 2007). However, the pragmatic approach of exogenous 

application of SA might be used to induce the Cd tolerance. In the present studies, Cd-

induced oxidative stress produced by enhanced H2O2 and the MDA contents as compared 

to the controls in leaf as well as in the callus was evidenced from the strong correlations 

of root or shoot and callus Cd with H2O2 and MDA contents. The increased H2O2 and 

MDA contents by Cd-induced oxidative stress had been demonstrated in rice leaves (Kuo 

and Kao, 2004; Hsu and Kao, 2007; Guo et al., 2009; Hu et al., 2009) linking to free 

radical processes which led to alterations in membrane stability and enhanced 

permeability (Popova et al., 2009). The declines in the Cd-induced increases in H2O2 and 

MDA contents with or without SA accelerated the antioxidant systems alleviating the Cd 

toxicity and providing additional tolerance against oxidative stress. The protective effects 

of SA and tolerance against Cd-induced oxidative stress had been reported in rice 

(Choudhury and Panda, 2004; Panda and Patra, 2007; Guo et al., 2007; Guo et al., 2009; 

Chao et al., 2010). The genotypic responses to the production of H2O2 and MDA in 

leaves and callus showed their differential ability to cope with the Cd-induced stress. 

Among the genotypes, higher contents of H2O2 and MDA in Kashmir Basmati than other 

genotypes revealed its susceptibility to Cd-induced oxidative stress. The plants exposed to 

metal stress suffered to oxidative damages due to the differences between ROS 

production and the detoxification by antioxidant defense system (Gomez et al., 1999).  

The Cd-induced inhibitions or stimulations in the activities of antioxidant systems 

(enzymatic and non-enzymatic) before the appearance of any visible symptoms of 

toxicity (Correa et al., 2006) and increases in the ROS hunting enzyme activities of CAT, 

APX and SOD (Wu et al., 2003) provided further protections under oxidative stress (Sun 

et al., 2007). In this study, the enhanced activities of SOD, CAT, POD and AsA were 

observed in both seedlings and in the callus with the elevating Cd stress. No or slight 

depressions in the activities of these systems as compared to respective controls when SA 
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applied alone to the both media revealed the SA protective effects to Cd toxicity. SA 

enhanced the activities of SOD, CAT, POD and the AsA under Cd stress but lesser than 

those at the corresponding Cd increments alone in the both media revealing suppressions 

in Cd-induced activities of these antioxidants which coincided with the results obtained in 

rice (Metwally et al., 2003). Higher activities of antioxidants with the SA application 

under Cd-induced oxidative stress had been reported in rice (Guo et al., 2007; Panda and 

Patra, 2007; Guo et al., 2009). The correlations of H2O2 and MDA with CAT, POD and 

AsA supported the progressive involvement of H2O2 and MDA in the production of these 

antioxidants under Cd-induced stress, and the increased activities of these enzymes could 

contribute to the detoxification of elevated Cd stress through lignification and the 

formation of physical barrier (Saffar et al., 2009). However, variable responses of SOD 

activity with or without SA application in the seedlings and callus might be attributable 

due to the increased expression of genes encoding antioxidant enzymes or the SOD 

inactivation by H2O2 resulting in the modulation of other enzymes and the differential 

genotypic tolerance to Cd stress. The variable SOD activity was further evidenced by the 

negative associations of root or shoot and callus Cd, and the H2O2 and MDA contents 

with SOD revealing that higher Cd stress might cause depressions in SOD activity which 

supported the SA-caused depressions in the SOD activity under Cd stress in rice 

(Choudhury and Panda, 2004). The enhancements in SOD activity at lower Cd levels as 

compared to control had been ascribed to the increased expression of genes encoding 

antioxidant enzymes in response to the increased ROS production (Mishra et al., 2006) 

whereas declines in the activity might result due to the inactivation of the enzyme by 

H2O2 (Romero-Puertas et al., 2007). Variable activity of SOD under Cd stress had been 

reported in B. juncea seedling and callus (Shekhawat et al., 2010). The differential 

behaviour of this enzyme in both media exhibited that variations existed among the 

genotypes. The higher SOD activity was observed in Basmati-198 under the most 

stressful conditions whereas the highest activities of CAT and the POD were observed in 

Kashmir Basmati. The negative correlations of root or shoot and callus Cd with SOD 

revealed that higher Cd stress might decrease the SOD activity in sensitive plants as was 

observed in Kashmir Basmati.  

Cd toxicity had been reported the main cause of inhibition in rice seedling vigor, 

stunted growth, induction of proline and certain other proteins, and depressinos in the 

activities of many hydrolytic enzymes (Shah and Dubey, 1998; Shah et al., 2001). The 

enhancements in free proline, total soluble sugar and carbohydrate, amino acid and 
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protein, and lower Ψw and Ψs under Cd stress in both media indicated the disturbances in 

the cell system. Water deficiency due to Cd stress induced proline, sugar and 

carbohydrate to alleviate the adverse effects of Cd toxicity by adjusting the leaf and callus 

Ψw and Ψs evidenced by the positive correlations of root or shoot and callus Cd with 

proline, soluble sugar and carbohydrate, amino acid and protein, and the contrasting 

associations with Ψw and Ψs in the both media. With the decrease in water transport, the 

accumulating sugars might provide the rice plants an adaptive mechanism through 

osmoregulation under unfavourable Cd stress. The Cd-induced accumulations of free 

amino acids and especially the proline might serve as a compatible cytoplasmic solute 

(Shah and Dubey, 1998). Besides, the accumulation of soluble sugars through the 

regulation of osmotic potential supported the plants to maximizing the storage of 

carbohydrate reserves during stressful environments (Chardonnens et al., 1998; Dubey 

and Singh, 1999). The synthesis of compatible solutes accumulating in cytosol and other 

organelles in plants had significant role in osmostic adjustment and detoxification of ROS 

under stress conditions (Bohnert and Jenson, 1996; Nuccio et al., 1999). The 

accumulation of proline might help in alleviating the Cd toxicity by enhancing the 

activities of CAT, POD and the AsA supported by the positive correlations of proline 

with CAT, POD and AsA. Several scientists emphasized the accumulation of free proline 

in alleviating Cd toxicity by the enhancement in the antioxidant activities/proteolytic 

enzymes and membrane properties, reducing oxidative stress, activating amino acid 

accumulations and signaling in sugar metabolism (Siripornadulsil et al., 2002; Hsu and 

Kao, 2003; Islam et al., 2009; Rosa et al., 2009; Pant et al., 2011; Pooja et al., 2012). The 

higher accumulations of free proline, total soluble sugar and carbohydrate observed under 

Cd stress in callus as compared to seedling might be the possible reason of the callus 

improved Cd tolerance. Higher intercellular proline had been correlated with its ROS-

detoxifying ability and with the improved tolerance against metal-induced oxidative stress 

(Siripornadulsil et al. 2002; Tripathi et al., 2004). However, variable accumulations of 

free amino acid and protein under Cd stress exhibited differential behaviour in the both 

media. Increases in amino acid and protein contents at lower Cd levels and declines at the 

highest Cd level might be attributable due to the enhanced protein degradation process 

attributable to increased protease activity (Pooja et al., 2012). However, SA applied in 

combination with elevating Cd stress lowered these solutes but higher than Cd-induced 

stress in the both media. The differential genotypic response to proline induction causing 

enhanced accumulations of solutes (free proline, soluble sugar and carbohydrate, and 
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amino acid and protein) under Cd stress in both media might be the determining factor in 

Kashmir Basmati to cope with the Cd toxicity by activating its ROS scavenging system as 

well as the antioxidants especially the SOD.  

The Cd toxicity caused reductions in the availability of mineral nutrients at the 

transport site resulting deficiency in the nutrients and/or by the disturbance of plant 

metabolism (Nazar et al., 2012). The antagonistic influences of Cd on the uptake and 

utilization of essential nutrients had been well documented by various researchers 

(Connolly et al., 2002; Adhikari et al., 2006; Ghnaya et al., 2007). The Cd toxicity might 

alter the activities of root plasmalemma transporters due to its competition for the uptake 

of nutrients (Astolfi et al., 2003; Reeves and Chaney, 2008; Wahid et al., 2009). In the 

present studies, Cd-stress dependent declines were observed in the contents of N, P, K, 

Mg, Mn, Fe, Ca and Na in root or shoot as well as in the callus as compared to their 

respective controls supported by the contrasting associations of root or shoot and callus 

Cd with these ions but with lesser adverse effects on callus exhibiting more tolerance to 

Cd stress than root or shoot. Similar trend of nutrient contents had been observed in 

sunflower leaves and callus (Azevedo et al., 2005) whereas variable correlations of root 

or shoot Cd with Fe, Mn and Mg had also been reported in rice (Liu et al., 2003). The 

differential behavior of these ions had been ascribed to the influence of medium and salt 

composition on nutrient absorption in various plant species (Santos et al., 2001; 

Bavaresco and Poni, 2003; Venuto et al., 2003) or the inherent characteristics of both 

culture systems and tissue organization (Azevedo et al., 2005). The negative associations 

of all the root or shoot and callus mineral nutrients with H2O2, MDA, and Ψw and Ψs 

revealed that insufficient amounts of mineral nutrients might cause Cd-induced oxidative 

stress resulting in elevated activities of antioxidant systems and cessations in growth due 

to disturbed water relations. However, differential SOD activities in the both growth 

media revealed that higher SOD activity might modulate the activities of other enzymes 

and regulate the solutes for the maintenance of water relations under oxidative stress and 

ultimately the growth. The depressions in nutrient contents due to SA addition alone or 

improvements in combination with elevating Cd in both media revealed the SA 

ameliorating effect to Cd-induced inhibition of these nutrients that might be ascribed to 

the induction of H+-ATPase activity (Gordon et al., 2004) responsible for increased 

absorption of nutrients. The SA-alleviating effects on Cd-induced inhibition of K, Ca, Fe 

and Mg, Cd management, and maintenance of ionic homeostasis had been reported in flax 

(Belkhadi et al., 2010). The variable responses of genotypes to mineral nutrients under Cd 
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stress in the both media might be the determining factor in Kashmir Basmati to cope with 

the Cd toxicity by activating its ROS scavenging system as well as the antioxidants 

especially the SOD.  

In summary, variable Cd accumulation and uptake pattern was observed in 

seedling and callus. Roots showed higher Cd accumulation as compared to shoot and 

callus. The lower Cd accumulation of callus than root exhibited less sensitivity of callus 

to Cd stress. A two phase linear concentration-dependent Cd accumulation pattern was 

observed in root and shoot whereas in callus Cd accumulated in a linear concentration-

dependent fashion with the elevating Cd levels in the both culture media. However, 

protective effect of SA on root or shoots and the callus against Cd toxicity inhibited Cd 

uptake from the both media revealing the possibility of occurrence of the formation of 

stable SA-Cd complex. Higher amounts of H2O2 and MDA caused Cd-induced oxidative 

stress elevating the activities of antioxidants which accelerated the accumulation of 

solutes disturbing nutrients and water status in the both media. The uneven SOD activity 

exhibited that differences existed among the genotypes to withstand the Cd toxicity. The 

application of SA in combination with the elevating Cd stress showed improvements in 

the SOD activity indicating that higher SOD activity might modulate the activities of 

other enzymes and regulate the solutes maintaining water relations under Cd-induced 

oxidative stress and ultimately the growth in the both culture media. Based on Cd 

translocation factor and the root STI, and the callus BCF and STI factors, Basmati-198 

showed more tolerance to Cd toxicity followed by Basmati-2000 and Basmati-370 

whereas Kashmir Basmati was observed prone to Cd toxicity. 
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4.16 FUTURE PROSPECTS 

 

Present studies revealed the beneficial effects of exogenous SA application for the 

enhancement of tolerance against Cd-induced stress through improving the growth in 

basmati rice. Attempets were made to explore the physiological and biochemical 

phenomena affected by elevating Cd stress and their apparent normalization by the 

application of SA at whole plant and callus levels. However, there is dire need to further 

study the distribution of Cd and modulation by SA mitigating the adverse effects of Cd at 

molecular, sub-cellular and genetic levels. Furthermore, as noted from the changes in 

most of the attributes in rice genotypes in the both culture media, the exploration of the 

anticipated signaling properties of SA in gene expression should also be addressed in 

plants under elevating Cd stress. At a broader canvas, for in vitro and in vivo studies the 

application of SA might help plants to adapt under Cd stress.  
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SUMMARY 

 

Rice (Oryza sativa L.) shows sensitivity to heavy metal stress, and Cd has been 

regarded as more toxic than other heavy metals. The present studies were conducted to 

understand the mechanism of Cd effects through its accumulation, translocation and the 

relationships of Cd contents with solutes, mineral nutrients and the antioxidants, and then 

the contribution of SA in alleviating the toxic effects of Cd toxicity in basmati rice 

genotypes. The experiments were conducted in two phases (plant and callus) to 

understand the mechanism of SA-mediated alleviation of Cd toxicity. Four basmati rice 

genotypes (Basmati-198, Basmati-2000, Basmati-370 and Kashmir Basmati) were used 

under different combinations of Cd (control, 100, 500, 1000 and 1500 µM) without or 

with SA (0.0 and 0.1 mM). 

At plant level, the studies revealed that elevating Cd stress in the growth medium 

caused higher Cd accumulation into the root but with lesser amounts in shoot at all Cd 

levels. The rapid higher Cd accumulation in the seedlings (root and shoot) revealed the 

two phase linear model for Cd accumulation. The protective effect of SA against Cd 

toxicity in root or shoot might be ascribed likely to the inhibition of Cd uptake from the 

medium, thus revealing the possibility of occurrence of the formation of stable SA-Cd 

complexes which helped in the reduction of Cd toxicity after SA application. The 

elevating Cd in the medium caused enhanced H2O2 and MDA in root and the shoot 

causing Cd-induced oxidative stress which elevated the activities of enzymes (CAT and 

POD) resulting in the accumulation of solutes and imbalanced mineral nutrients, and the 

water and osmotic potentials inhibiting the seedling growth. Differential behaviour of the 

activity of SOD exhibited that variations existed among the genotypes resulting in the 

differential tolerance to Cd toxicity. Cd-induced stress initially stimulated the activity of 

SOD at lower Cd levels but at the highest Cd level, the SOD activity decreased even 

lesser than control. With the SA application in combination with the elevating Cd, 

improvements were observed in the SOD activity indicating that higher SOD activity 

might modulate the activities of other enzymes and regulate the solutes for the 

maintenance of seedling water relations under Cd-induced oxidative stress and ultimately 

the seedling growth. Physiological and biochemical analysis, and the growth parameters 

revealed differential genotypic responses. Basmati-198 showed more tolerance to Cd-

induced oxidative stress based on Cd translocation factor and the root STI followed by 
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Basmati-2000 and Basmati-370 whereas Kashmir Basmati was observed prone to Cd 

toxicity. 

At callus level, a rapid linear trend of callus Cd accumulation was observed and 

the callus Cd exhibited differential genotypic behaviour. Slight effects of SA treatment 

alone on callus Cd as compared to control revealed the protective effect of SA against 

subsequent Cd toxicity to callus likely due to the inhibition of Cd uptake. Thus the 

formation of stable SA-Cd complexes which helped to the reduction of Cd toxicity after 

SA application might be possible. Callus Cd-induced stress enhanced the H2O2 and MDA 

which caused elevations in the activities of enzymes (CAT and POD) resultimg in the 

accumulation of solutes, deficient mineral nutrients and the lowered callus Ψw and Ψs 

which curbed the callus growth (lower RGR and Dw/Fw ratio). On the other hand, callus 

Cd-induced stress enhanced the SOD activity at lower Cd doses, and then declined at the 

higher Cd levels even lower than the control whereas with the application of SA in 

combination with elevating Cd, improvements were observed in the SOD activity. This 

revealed that higher SOD activity might modulate the activities of other enzymes and 

regulate the solutes for the maintenance of callus water relations under oxidative stress 

and ultimately the callus growth. Based on callus BCF and STI factors, and other growth 

and physio-biochemical parameters, Basmati-198 showed tolerant behaviour to Cd stress 

following Basmati-2000 and Basmati-370 whereas more sensitivity to Cd toxicity was 

observed in Kashmir Basmati. 

Summarizing the results of plant and callus together, variable Cd accumulation 

and uptake pattern was observed both in seedling and callus. Roots showed higher Cd 

accumulation as compared to shoot and callus. The lower Cd accumulation of callus than 

root exhibited less sensitivity of callus to Cd stress. A two phase linear concentration-

dependent Cd accumulation pattern was observed in root and shoot whereas in callus Cd 

accumulated in a linear concentration-dependent fashion with the elevating Cd levels in 

the both culture media. However, protective effect of SA on root or shoots and the callus 

against Cd toxicity inhibited Cd uptake from the both media revealing the possibility of 

occurrence of the formation of stable SA-Cd complex. Higher amounts of H2O2 and 

MDA caused Cd-induced oxidative stress elevating the activities of antioxidants which 

accelerated the accumulation of solutes disturbing nutrients and water status in the both 

media. The uneven SOD activity exhibited that differences existed among the genotypes 

to withstand the Cd toxicity. The application of SA in combination with the elevating Cd 

stress showed improvements in the SOD activity indicating that higher SOD activity 
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might modulate the activities of other enzymes and regulate the solutes maintaining water 

relations under Cd-induced oxidative stress and ultimately the growth in the both culture 

media. Based on Cd translocation factor and the root STI, and the callus BCF and STI 

factors, Basmati-198 showed more tolerance to Cd toxicity followed by Basmati-2000 

and Basmati-370 whereas Kashmir Basmati was observed prone to Cd toxicity. 

In conclusion, these studies revealed a two phase concentration-dependent linear 

model of Cd accumulation in root and shoot at whole plant level whereas callus showed 

concentration-dependent linear pattern. The roots accumulated and retained higher 

amounts of Cd as compared to shoot and callus. Callus culture showed lesser sensitivity 

to Cd as compared to root at whole plant level. The irregular activity of SOD exhibited 

that differences existed among the genotypes to withstand Cd toxicity modulating the 

activities of other enzymes with the regulation of solutes maintaining water relations 

under Cd-induced oxidative stress and ultimately the growth of seedling as well as the 

callus. SA showed protective effects on root or shoots and the callus against Cd toxicity, 

and inhibited Cd uptake from the both media revealing the possibility of occurrence of the 

formation of stable SA-Cd complex. Among the genotypes, Kahmir Basmati exhibited 

more sensitivity to Cd-induced stress as compared to other gentotypes. 
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